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Preface

This book originates from the Symposium A-5 “Thermoelectric materials for sus-
tainable development” organized in the framework of the conference IUMRS-ICAM
2017 (International Union of Materials Research Societies-International Conference
on Advanced Materials) from August 27 to September 1, 2017, at Yoshida Campus
of Kyoto University, in Kyoto, Japan (http://www.iumrs-icam2017.org/).

The symposium A-5 (http://www.iumrs-icam2017.org/program/forums/a-5.
html) was focused on state of the art of thermoelectrics, from materials science
to applications. A variety of topics were covered: metals, alloys, oxides, sulfides,
selenides, and tellurides as thermoelectric materials, in the form of thin films, bulk,
and single crystals, considering synthesis and characterization, device development,
theory, and applications.

Symposium A-5 was highly successful, extending for 5 days (Monday to Friday),
with 19 sessions in parallel (it was one of the only three symposia in [UMRS-ICAM
organized with parallel sessions).

Symposium A-5 counted 183 talks (including 10 keynotes and 30 invited talks)—
which made it the biggest symposium in [IUMRS-ICAM 2017—and 61 posters.
High level of presentations and lively discussion contributed to the quality of the
symposium.

Symposium A-5 was enriched with the 2nd AAT Summer School on Thermo-
electrics, organized by AAT (Asian Association of Thermoelectrics) as pre-event of
the conference on August 27 (counting about 80 attendees), and satellite workshop
on “Advanced Materials and Principles to Develop Viable Thermoelectrics &
Effective Thermal Management” held at NIMS, Tsukuba, on September 2 (counting
about 40 attendees).

Social part was also included, with symposium dinner in a famous hotel on Kamo
River, the pulsing heart of the historical Kyoto City.

Symposium A-5 was one of the “Bilateral MRS-J/E-MRS” symposia at [UMRS-
ICAM 2017 and counted also as the second edition of the AAT conference. Financial
support from MRS-J and endorsement by AAT, THO (Team Harmonized Oxides,
Japan), and AIT (Italian Thermoelectric Society) are gratefully acknowledged.
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vi Preface

Many outstanding oral and invited presentations were given during the sympo-
sium. The symposium organizers were inspired by them to disclose such excellent
papers to the widest scientific community. One of the hot topics of the symposium—
the thermoelectric thin films—was selected as subject of a focused research
collection. This is a reason why we invited our distinguished colleagues to share
their results and we publish this book entitled Thermoelectric Thin Films: Materials
and Devices.
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Introduction

Thermoelectricity is a well-known phenomenon enabling the conversion of heat into
electric energy without moving parts. Its exploitation has been widely considered
to contribute to the increasing need for energy along with the concerns about the
environmental impact of traditional fossil energy sources.

Macroscale heat harvesting (macroharvesting) by thermoelectricity is meeting
an increasing interest, from automotive to waste heat recovery from industrial
plants. A much less considered application of thermoelectricity is microharvesting,
namely, once again the conversion of heat into electricity but at the milliwatts scale.
Microharvesting is sensibly one of the possible routes to provide full autonomy to
sensing nodes to be deployed within wireless sensor networks, a key component
of the so-called Internet of Things. To this aim, the availability of efficient thin-
film thermoelectrics is of paramount relevance, also in view of the possibility of
their integration within microelectronic devices. Such a request has contributed over
the last decade to a surge of interest toward thermoelectric materials that may be
effectively obtained as thin films.

This research effort has naturally met with a host of preparation and processing
techniques making use of nanotechnology easily implantable in thin films. As
an example, the insertion of nanodefects as phonon scatterers is regarded as a
promising way to improve the performance of thermoelectric oxides. Compared to
bulk materials, in thin films, it is much easier to design nanostructures and to tailor
defect size and distribution through nanoengineering approach using a variety of
techniques (chemical and physical depositions). Thus, research on nanoengineered
thin films and device-based is one of the emerging fields in thermoelectric commu-
nity.

This book aims to collect the state-of-the-art techniques and methodologies
involved in thermoelectric thin-film growth, characterization, and device processing.
His book involves widespread contributions on several categories of thermoelectric
thin films: oxides, chalcogenides, iodates, nitrides, and polymers. It is a unique book
which will cover a wide spectrum of topics related to thermoelectric thin films: from
organic chemistry to devices, from physical chemistry to applied physics, and from
synthesis to device implementation.

vii



viii Introduction

As the first available book solely dedicated to thermoelectric thin films, this will
be invaluable to the experts to consolidate their knowledge and provide insight and
inspiration to beginners wishing to learn about thermoelectric thin films.
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Chapter 1 )
Thin Films of Bismuth-Telluride-Based Gecite
Alloys

Masayuki Takashiri

1.1 Introduction

Thin films of bismuth telluride (BiyTe3), antimony telluride (SbyTes), and bismuth
selenide (BipSe3) are expected to be useful as miniaturized thermoelectric power
generators in energy-constrained embedded systems owing to their excellent elec-
trical and thermal properties near 300 K [1-4]. Their alloys have rhombohedral
tetradymite-type crystal structures with the space group D; J (R3m) and hexagonal
unit cells [5]. As an example, the crystal structure of Bip Tes is described in Fig. 1.1.
The unit cell is composed of five covalently bonded monatomic sheets along the
c-axis in the sequence ~Te(D—Bi-Te@-Bi-TeW—. The superscripts (1) and (2)
denote two different chemical states of the anions. The bonds between Te!!) and
Bi include both covalent and ionic bonds, while Te® and Bi are purely bonded by
a covalent bond. A very weak van der Waals attraction exists between neighboring
TeD) layers. The crystal structures of SbyTes and BiySes are equal to that of Bip Tes,
but their lattice parameters are different, as presented in Table 1.1 [6]. The lattice
parameter along the c-axis is approximately 7 times larger than that along the a-
or b-axis, which contributes to the material’s remarkable anisotropic thermoelectric
properties [7-10]. The maximum electrical conductivity is approximately 10> S/cm.
The electrical conductivity along the a,b-plane is approximately three times larger
than that along the c-axis [6]. The lattice thermal conductivity along the a,b-
plane (1.5 W/(m-K)) is approximately two times larger than that along the c-axis
(0.7 W/(m-K)) [11]. The Seebeck coefficient of Bi;Tes almost does not exhibit
anisotropy [7]. The Seebeck coefficient varies from —200 to 200 wV/K upon
addition of acceptor or donor impurities. In order to reduce the lattice thermal

M. Takashiri (B<)
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Fig. 1.1 Schematic crystal
structure of BipTes

Table 1.1 Lattice constants
and bandgaps of
Bi; Tes-based materials [6]

M. Takashiri

Te(2)
Bi

Te(1)
4—_

() Te(1) @ Te(2) @ Bi

Van der Waals gap

Lattice constant

a,b-axis | c-axis | Band gap

A A eV
BiyTes; |4.35 30.3 0.13
SbyTe; |4.25 30.3 0.22
BiySe; |4.14 28.6 |0.12

conductivity, ternary alloys such as (Bij.,Sby)>Tes and Bix(Sej-,Te,)3 are prepared
[12, 13]. (Bij-xSby)2Tes is formed by replacing Sb atoms with Bi atoms, and exhibits
a p-type conduction behavior. On the other hand, Biy(Sej.,Te,)3 is formed by
replacing Se atoms mainly with Te® atoms, and exhibits an n-type conduction

behavior.

Figure 1.2 shows the band structure of BiTes determined by a first-principle
calculation [14]. It should be noted that BirSes, SbyTes, and ternary alloys exhibit
similar band structures [15—17]. Even though the band structure slightly changes
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Fig. 1.2 Band structure of BiyTes

with the calculation parameters, Bip Tes exhibits properties of an indirect-transition-
type semiconductor with a band gap of 0.1-0.2 eV. Its complex crystal structure
yields a valence band maximum in the middle of the Z-F direction and conduction
band minimum in the middle of the '-Z or Z-F direction. Upon carrier doping,
Biy Tes exhibits a multi-valley structure.

1.2 Thin-Film Deposition Methods

1.2.1 Conventional Deposition Methods for BiyTe3-Based Alloy
Thin Films

Various film deposition methods including sputtering [18—20], vacuum evaporation
[21-24], electrodeposition [25-28], drop-casting [29—-32], pulsed laser deposition
[33-36], metal organic chemical vapor deposition (MOCVD) [37-39], and molec-
ular beam epitaxy (MBE) [40—42] have been used to deposit BipTez-based alloy
thin films. As mentioned above, the advantages of the thin-film technology are
the reductions in device size and manufacturing cost by incorporating nanoscale
effects. Among the various film deposition methods, sputtering, electrodeposition,
and printing are the most favorable to realize the advantages of the film deposition.
Therefore, we introduce these three deposition methods in this section.

1.2.2 Sputtering Deposition Method

In sputtering, high-energy particles are incident on a target material; they remove
constituent atoms of the target from its surface, which are then deposited as a
thin film on a substrate. Generally, the sputtering deposition methods are divided
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Fig. 1.3 Schematic diagram of the RF magnetron sputtering system

into direct-current (DC) sputtering and radio-frequency (RF) sputtering. The com-
portments in the vacuum chamber of both DC and RF sputtering are basically the
same. The difference is the application of a DC or RF power between the substrate
and target to generate the plasma. One of the advantages of the RF sputtering
is the ability to use insulator targets and deposit insulating films and conductive
oxide films. In addition, to increase the deposition rate and decrease the thin film
damage due to high-energy anion impacts, a magnetic field is introduced into the RF
sputtering. Figure 1.3 shows a schematic diagram of the RF magnetron sputtering
equipment. By installing a permanent magnet on the back of the target, a parallel
leakage magnetic field from the target surface to the center is generated. Owing to
the parallel magnetic field on the front face of the target, the secondary electrons
emitted from the target surface drift on the target owing to the Lorentz force,
enabling to efficiently organize the ionization effect even at a low discharge gas
pressure. Therefore, an improvement in deposition rate by a high-current-density
discharge could be achieved. In addition, to further improve the thermoelectric
performance, one approach is to increase the electrical conductivity through an
increase in the number of charge carriers in the films by adding H, gas during
the sputtering (in general, pure Ar gas atmospheres are used) [43—46]. It has been
reported that the electrical conductivities of transparent conducting oxide (TCO)
films, including indium tin oxide (ITO) and doped zinc oxide (Zn0O), increased with
the introduction of H, gas.

We present typical BirTes thin films prepared using RF magnetron sputtering
with the introduction of Hy gas [47]. The surface morphologies analyzed by
scanning electron microscope (SEM) of BipTes thin films with different mixing
ratios are shown in Fig. 1.4. The surface morphologies of the thin films were
strongly dependent on the mixing ratio. The thin film prepared with pure Ar had
a relatively rough surface with densely arranged irregular crystal grains with sharp
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Fig. 1.4 SEM images showing the surface morphologies of the BipTe3 thin films. (a—d) Surface
morphologies of the samples with Hy/(H, + Ar) mixing ratios of 0%, 5%, 10%, and 15%,
respectively [47]

edges (Fig. 1.4a). At a mixing ratio of 5% (Fig. 1.4b), hexagonal plate-like crystal
grains with a plate thickness of ~300 nm and diameter of ~100 nm were randomly
arranged, and voids were observed between the grains. When the mixing ratio
was further increased to 10% (Fig. 1.4c), isotropic granular grains with sizes of
~100 nm were densely arranged. The increase in the mixing ratio to 15% (Fig. 1.4d)
yielded slightly smaller rounded crystal grains, compared to those observed for the
mixing ratio of 10%; the sizes of the voids between the grains slightly increased.
These changes in surface morphology implied that surface atoms, particularly those
located at the edges of the grains, evaporated when the proportion of Hy gas
increased.

Figure 1.5 shows the atomic compositions of the thin films with different
H>/(H, + Ar) ratios, determined by electron probe microanalyzer (EPMA). The
atomic concentrations of tellurium and bismuth varied with the mixing ratio.
The samples with mixing ratios of 0%, 5%, and 10% exhibited approximately
stoichiometric proportions. However, when the mixing ratio increased to 15%, the
concentration of bismuth increased, while that of tellurium decreased. The atomic
composition was: Bi: 56 at.% and Te: 44 at.%, which significantly deviated from
the stoichiometric proportion (Bi: 40 at.% and Te: 60 at.%). Considering both
deposition rate and atomic composition, Te atoms were mainly evaporated from the
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Fig. 1.5 Atomic concentrations of bismuth and tellurium as a function of the H>/(H; + Ar) mixing
ratio [47]

film surface by a chemical reaction with hydrogen, producing hydrogen telluride
[48, 49].

Figure 1.6 shows relationships between Hy/(Hy + Ar) and in-plane thermoelec-
tric properties of the BixTes thin films. The Seebeck coefficient was significantly
influenced by the proportion of Hy gas, as shown in Fig. 1.6a. The Seebeck
coefficient of the BipTe3 thin film at a mixing ratio of 0% was —126 wWV/K;
when the mixing ratio was increased, the absolute value decreased. In particular,
the Seebeck coefficient significantly decreased at a mixing ratio of 15%, as the
atomic concentrations of Bi and Te considerably deviated from the stoichiometric
proportions of Bi;Tes, and thus, the BiTe phase appeared [50]. Figure 1.6b shows
that the electrical conductivities of the Bi;Tes thin films prepared with the mixing
ratios of 0% and 5% were 351 and 429 S/cm, respectively. The latter value was not
the highest value of all of the samples even though this thin film had the largest
crystallite size and highest degree of crystal orientation, possibly owing to the
appearance of voids between the grains and oxygen concentration inside the film
higher than those inside the films prepared at the mixing ratios of 10% and 15%.
For the mixing ratio of 10%, the electrical conductivity increased to 741 S/cm.
This increase was thought to be determined by two factors. The first factor was
a reduction in the oxygen concentration inside the thin film contributing to an
increase in mobility or suppression of the decrease in mobility due to the lower
crystal orientation [51]. The other factor was the appearance of Te vacancies acting
as donors, leading to an increase in the carrier concentration [52, 53]. We considered
that the appearance of the Te vacancies contributes more than the reduction in the
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oxygen concentration, as the variation in the content of tellurium is larger than
that of oxygen. An excessive thermal annealing has caused a similar phenomenon
[54, 55]. When the mixing ratio was further increased, the electrical conductivity
significantly increased. The thin film prepared at a mixing ratio of 15% exhibited
the highest electrical conductivity of 1547 S/cm, even though it exhibited the
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smallest crystallite size and voids between the grains. This phenomenon can also be
explained by the appearance of the BiTe phase [50]. The power factor as a function
of the Hy:Ar mixing ratio is shown in Fig. 1.6¢c. The power factor of the thin film
at the mixing ratio of 0% was relatively low, 5.6 uW/(cm-K2), which was attributed
to the lower electrical conductivity owing to the smaller crystallite size and higher
oxygen concentration, despite the relatively high Seebeck coefficient. The power
factor increased with the mixing ratio. At the mixing ratio of 10%, the power
factor reached the highest value of 9.0 wW/(cm-K?), owing to the relatively high
electrical conductivity and Seebeck coefficient. When the mixing ratio was 15%,
the power factor was significantly decreased owing to the decrease in the Seebeck
coefficient. Therefore, a moderate mixing ratio (10%) of H, gas promoted a low
oxygen concentration in the thin film without causing voids, leading to the higher
electrical conductivity and power factor.

1.2.3 Electrodeposition Methods

The electrodeposition method is one of the wet processes in a solution phase.
There are mainly two types of electrodepositions: electrolytic and non-electrolytic
platings. The electrodeposition method generally has advantages such as a lower
cost, compared with the dry process techniques. In addition, the electrodeposition is
a low-temperature process below 80 °C. Another advantage of the electrodeposition
is the high deposition rate, which enables to deposit a thick film in a short time.
Regarding the BirTes-based alloy thin films, the electrolytic plating has been used
since Takahashi et al. electrodeposited Biy Tes-based alloy films for the first time in
the 1990s [56]. Figure 1.7 presents a schematic diagram of the electrolytic plating
method. The thin films are generally prepared using a standard three-electrode cell
system, with working, counter, and reference electrodes inserted in an electrolyte
solution. The thin film is deposited on the working electrode when a constant
voltage (potentiostatic electrodeposition) or constant current density (galvanostatic
electrodeposition) is applied between the working and counter electrodes.

We present typical SbyTes thin films prepared using potentiostatic electrodeposi-
tions [57]. In order to increase the film crystallinities, thermal annealing at different
temperatures was performed. The SEM images in Fig. 1.8 show that the surface
morphologies of the electrodeposited SbyTes films are strongly affected by the
annealing temperature. Figure 1.8a shows that the as-deposited film is covered with
approximately spherical grains of a smooth surface; the grain size is approximately
1 pwm. When the thin film is annealed at 200 °C, the shape of the grains remains
unchanged, but the grain size increases to approximately 2 pwm (Fig. 1.8b). The
grain shape and size of the thin film annealed at 250 °C are almost the same as
those of the thin film annealed at 200 °C (Fig. 1.8c). At an annealing temperature
of 300 °C, the grain size remains unchanged from that of the thin film at 250 °C,
but the grain surface becomes confetti-like (Fig. 1.8d). The surface of the thin film
annealed at 350 °C seems to have needle-shaped crystals growing on the spherical
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Fig. 1.7 Schematic diagram of the electrodeposition system
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Fig. 1.8 SEM images of the surface morphologies and grain structures of the SbyTes thin films
annealed at (a) room temperature (as-deposited), (b) 200, (¢) 250, (d) 300, (e) 350, and (f) 400 °C
[57]

grains, with an increased space between grains (Fig. 1.8e). Furthermore, when the
annealing temperature increases to 400 °C, the surface morphology significantly
changes (Fig. 1.8f). The thin film exhibits a porous structure with irregularly shaped
submicron grains.

The dependence of the atomic composition on the annealing temper-
ature and impurities originated from the SUS304 stainless-steel substrate
(Fe:Cr:Ni = 70:19:9) is shown in Fig. 1.9. It should be noted that the EMPA
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Fig. 1.9 Annealing temperature dependences of the atomic compositions of the Sb,Tes thin films,
determined by EPMA [57]

measurement was performed after the thin films were removed from the substrates.
The as-deposited thin-film data are plotted at 27 °C. The as-deposited film
and the film annealed at 200 °C exhibit the stoichiometric atomic composition
(Sb:Te = 40:60); no contamination from the substrate is observed. When the
annealing temperature is increased to 250 °C, the atomic concentrations of tellurium
and antimony decreased, and small amounts of iron and chromium can be observed.
This indicates that the elements in the substrate gradually diffuse into the SbyTes
thin film upon the increase in the annealing temperature. With the further increase
in the annealing temperature to 300 °C, the atomic concentrations of tellurium
and antimony continue to decrease, and Fe, Cr, and Ni impurities are detected. In
particular, the atomic concentration of Fe reaches approximately 13 at.%. Finally,
the thin film annealed at 400 °C has a significantly increased of impurities. The
total atomic concentration of impurities from the substrate reaches approximately
50 at.%.

Figure 1.10 shows relationships between the annealing temperature and in-plane
thermoelectric properties of the SbyTes thin films. In Fig. 1.10a, the as-deposited
thin film and thin film annealed at 200 °C with relatively high Seebeck coefficients
of approximately 170 wV/K. In general, antimony telluride alloys exhibit high
Seebeck coefficients at their stoichiometric atomic compositions. With the increase
in the annealing temperature, the Seebeck coefficient decreases. The Seebeck
coefficient of the thin film annealed at 350 °C is 66 wV/K. At the annealing
temperature of 400 °C, the Seebeck coefficient —37 wV/K, indicating that the thin
film has become an n-type semiconducting material, as the SboTes crystal structure
does not exist in the thin film at this annealing temperature. In Fig. 1.10b, the
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Fig. 1.10 Annealing
temperature dependences of
the (a) Seebeck coefficients,
(b) electrical conductivities,
and (c) power factors of the
Sb,Tes thin films [57]
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as-deposited thin film exhibits a very low electrical conductivity, possibly as this
film has a lower mobility owing to the low crystallinity and small crystallite size,
whereas the carrier concentration is suitable leading to the high Seebeck coefficient.
The electrical conductivity rapidly increases between the annealing temperatures of
200 and 300 °C. The thin film annealed at 300 °C exhibits the maximum electrical
conductivity of 1034 S/cm. The rapid increase in the electrical conductivity is due to
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the crystallinity improvement and increase in the carrier concentration induced by
the impurity contamination. At the annealing temperature of 350 °C, the electrical
conductivity rapidly decreases, possibly as the gaps between the grains increase,
as shown in Fig. 1.9e. The lowest electrical conductivity is observed for the thin
film annealed at 400 °C owing to its porous structure, as shown in Fig. 1.9f. We
calculated the power factor using the measured Seebeck coefficient and electrical
conductivity, as shown in Fig. 1.10c. The dependence of the power factor on the
annealing temperature has a similar trend as that of the electrical conductivity. We
obtain antimony telluride thin films with higher thermoelectric performances at the
annealing temperatures of 250 and 300 °C. The thin film annealed at 300 °C exhibits
the maximum power factor of 13.6 WW/(cm-K?2). As mentioned above, the thin
film annealed at 300 °C contains a certain amount of impurities from the substrate.
The impurities contribute to the decrease in the Seebeck coefficient as well as to
the increase in the electrical conductivity. The contribution to the increase in the
electrical conductivity surpasses that to the decrease in the Seebeck coefficient.

1.2.4 Combination Method of Sputtering and Electrodeposition

As mentioned above, electrodeposition is one of the most favorable methods as it
is very cost-effective owing to its simple scalability and low operating temperature
without the requirement for vacuum conditions. However, one of the drawbacks
of electrodeposition is that films are deposited only on conductive electrodes.
Therefore, to measure their thermoelectric properties or fabricate thermoelectric
devices, the films should be transferred from conductive to insulating substrates
using resin adhesives. During this transfer, micropores appear in the films, hindering
their electrical conductions. Therefore, a method that can suppress the micropores
in the films should be developed. A possible method is to electrochemically deposit
the films on seed layers, thus generating films with the same compositions as those
of the electrodeposited films using a dry process such as sputtering on insulating
substrates [58]. The thermoelectric properties of these electrodeposited films can
be measured without the transfer process. Furthermore, this method is expected to
promote the crystal growth of electrodeposited films owing to the formation of a
homogeneous interface.

We present typical as-grown Bi;Tes electrodeposited films using sputtered
BiyTes seed layers (AES films). Figure 1.11 shows the SEM surface and cross-
section morphologies of a typical AES film. Figure 1.11a shows that the AES film
is composed of nanoscale (smaller than 0.5 wm) crystal grains with a densified
morphology and smooth and homogeneous surface. A cross-section image of the
AES film is shown in Fig. 1.11b. The interface between the electrodeposited film
and seed layer is clearly observed; no voids are observed. The grain size of the elec-
trodeposited film was larger than that of the seed layer. The measured thicknesses
of the electrodeposited film and seed layer were 1.6 and 1.3 pm, respectively. For
comparison, we analyzed the surface morphologies of the standard electrodeposited
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Fig. 1.11 SEM images showing the morphologies of the Bi,Tes films. (a, b) Surface and cross-
section images of the AES film, respectively; (c, d) top and bottom surface images of the standard
electrodeposited film, respectively [58]

film. The top surface image (Fig. 1.11c) shows dendritic growths on the film surface,
leading to the rough appearance of the surface. Figure 1.11d shows the bottom
surface of the film after detachment from the stainless-steel substrate. A large area
of micropores was observed between the crystal grains. Consequently, we attributed
the lower electrical conductivity and lower absolute Seebeck coefficient of the
standard electrodeposited film to the presence of micropores.

Figure 1.12 shows the in-plane thermoelectric properties of the Biy Tes films as a
function of the applied current density. As a reference, the thermoelectric properties
of BipTes films obtained by the standard electrodeposition are also presented in
the figure. The reference samples were formed on a stainless-steel substrate using
potentiostatic electrodeposition, and subsequently detached from the stainless-steel
substrate using epoxy resin. As shown in Fig. 1.12a, the electrical conductivity
of the AES film at an applied current density of 1.8 mA/cm? was 646 S/cm.
When the current density was increased to 2.1 mA/cm?, the electrical conductivity
of the AES film increased, reaching the highest value of 674 S/cm. With the
further increase in the current density, the electrical conductivity decreased. The
electrical conductivity of the AES film deposited at an applied current density of
2.6 mA/cm? was 523 S/cm. The electrical conductivities of the electrodeposited
films followed a similar trend with that of the AES films; however, the electrical
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Fig. 1.12 (a) Electrical
conductivities, (b) Seebeck
coefficients, and (c) power
factors of the BipTes films,
including the AES film,
electrodeposited film, and
reference standard
electrodeposited film, as a
function of the applied
current density [58]
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conductivity magnitudes of the electrodeposited films were higher than those of the
AES films. This indicates that the electrical conductivity of the electrodeposited
film was higher than that of the seed layer. The highest value of 821 S/cm was
observed for the electrodeposited film obtained at a current density of 2.1 mA/cm?.
Furthermore, the electrical conductivity of the standard electrodeposited film was
approximately 200 S/cm, in the range of the applied current density. Therefore,
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the electrodeposition using a seed layer contributed to the improvement in the
electrical conductivity. Figure 1.12b shows that the Seebeck coefficient of the AES
film at an applied current density of 1.8 mA/cm? is —91 wV/K. When the current
density was increased, the Seebeck coefficient of the AES film did not significantly
change. The Seebeck coefficient of the AES film at an applied current density of
2.6 mA/cm? was —96 nV/K. To the best of our knowledge, this Seebeck coefficient
is significantly higher than the previously reported values. The Seebeck coefficients
of the electrodeposited films exhibited a similar trend with that of the AES films.
The Seebeck coefficients of the electrodeposited films were in the range of —67
to —75 wV/K. The absolute values were approximately 25% lower than those of
the AES films. The standard electrodeposited film exhibited a Seebeck coefficient
of approximately —50 wV/K. Therefore, the electrodeposition using the seed layer
also improved the Seebeck coefficient. The power factor as a function of the applied
current density is shown in Fig. 1.12c. The standard electrodeposited film exhibited
a power factor of approximately 0.5 u W/(cm-K?) within the applied current density
range. Moreover, the power factor of the AES film at an applied current density
of 1.8 mA/cm? was 5.4 wW/(cm-K?). With the increase in the current density, the
power factor of the AES film linearly decreased. For the electrodeposited film, the
power factor at an applied current density of 1.8 mA/cm? was 4.2 wW/(cm-K?).
With the increase in the current density, the power factor linearly decreased with
approximately the same slope as that of the AES films. Overall, the power factors
of the electrodeposited films were approximately 15% lower than those of the AES
films, indicating that the power factors of the electrodeposited films were lower
than that of the seed layer. However, the power factors of the electrodeposited
films were 7-9 times higher than that of the standard electrodeposited film. The
maximum power factor in this study is comparable to the excellent values of as-
grown electrodeposited Bi—Te—Se ternary compounds [59, 60]. In summary, the
electrodeposition using the seed layer significantly improved the power factor
mainly owing to the increase in the electrical conductivity.

1.2.5 Printing Method

Unlike other film deposition methods such as the dry and wet processes, the printing
method uses nanoparticle inks, which are applied to a substrate. This method is
the most convenient procedure for the preparation of thin layers with fine patterns.
There are mainly two types of printing methods: screen printing and inkjet printing
[61-63]. Screen printing is a kind of stencil printing. It is not to print with a plate
coated with ink, but to print squeezing ink out of holes made on a plate itself.
Inkjet printing is a type of printing that propels drops of ink onto a substrate.
One of the important factors in the printing methods is the quality of the ink
including thermoelectric nanoparticles. The size and shape of the nanoparticles
affect the thermoelectric performance [64—66]. For the analysis of the thermoelectric
properties of printed thin films, the drop-cast method is the most appropriate as the
thin film can be formed simply by dropping the ink on the substrate and drying it.
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The methods for production of nanoparticles can be roughly divided into two types.
One of them is a top-down method, in which bulk solids are physically transformed
into nanoparticles by pulverization [29, 67]. The other type is a bottom-up method of
synthesis of atoms and molecular aggregates (crystals, amorphous particles) through
atomic- and molecular-level chemical reactions [68—70].

A common bottom-up synthesis method is ball-milling or bead-milling, based
on the most basic crushers used for fine pulverizations of powders and powder
raw material particles. Figure 1.13 shows a schematic diagram of the ball-milling
method. In this method, the powder material, which should be pulverized, and hard
balls, such as metal (stainless steel or tungsten) balls, are placed in a crushing vessel
(pot). The pot is placed on the roller of the ball mill equipment and rotates them
in the direction of rotation. The raw material powders are pulverized more finely
by gradually grinding them by collisions and frictions between the balls in the pot.
SEM micrographs of Big 4Tes oSb1 ¢ nanoparticles fabricated using bead-milling are
shown in Fig. 1.14 [32]. The average size of the nanoparticles is approximately
50 nm. The selected area electron diffraction (SAED) pattern of the nanoparticles
in Fig. 1.15 shows a dotted structure of diffraction rings with bright spots [29]. This
indicates that the nanoparticles exhibit a polycrystalline structure.

We present typical nanoparticle (Big4Te30Sby ) thin films prepared using the
drop-casting method [32]. In order to connect the nanoparticles to each other,

Fig. 1.13 Schematic diagram
of the ball-milling method

Rotation

/

Orbital motion ' .
Raw material powder

Centripetal force
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Fig. 1.14 SEM micrograph of the Big 4Tes oSbj ¢ nanoparticles [32]

Fig. 1.15 Electron
diffraction pattern of the
Bigp4Te3 gSby ¢ nanoparticles
[32]

thermal annealing at different temperatures was performed. The cross-section
and surface micrographs of the thin films shown in Fig. 1.16 reveal the effects
of the annealing temperature. The thin film annealed at 300 °C contains only
nanoparticles, which essentially have the same sizes as those in Fig. 1.14. At
the annealing temperature of 350 °C, crystal flakes with hexagonal shapes with
widths and thicknesses of approximately 500 nm and 50 nm, respectively, were
formed on the surface of the thin film. With the further increase in the annealing
temperature, the crystal flakes on the surface became larger. The crystal flakes
on the nanoparticles exhibited single-crystalline structures [29]. The in-plane
thermoelectric properties of the nanoparticle thin films measured at approximately
300 K are shown in Fig. 1.17. At the annealing temperature of 300 °C, the Seebeck
coefficient and electrical conductivity of the thin film are 258 wV/K and 1.3 S/cm,
respectively. The electrical conductivity is low as the organic components such as
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Fig. 1.16 Cross-section and Cross-section Surface
surface SEM micrographs of

the Big4Te30Sb1 6
nanoparticle thin films
sintered at various
temperatures [32]

the surfactant remain on the surfaces of the nanoparticles so that electrons cannot
pass through the surfactant layer between the nanoparticles. With the increase
in the annealing temperature, the Seebeck coefficient of the thin film decreased,
while the electrical conductivity increased. At an annealing temperature of 500 °C,
the Seebeck coefficient and electrical conductivity of the thin film are 65 wV/K
and 109 S/cm, respectively. The highest achieved thermoelectric power factor is
1.3 wW/(cm-K?) at an annealing temperature of 350 °C. Compared to that of the
bulk material, the thermoelectric power factors of the nanoparticle thin films are
low. In order to further improve the thermoelectric properties of the nanoparticle thin
films, it is necessary to investigate in detail the origin of the degraded thermoelectric
properties.

The bottom-up synthesis method generally utilizes a homogeneous nucleation
followed by a solid-phase precipitation. For the synthesis of thermoelectric
nanoparticles including nanoplates, nanosheets, nanorods, etc., liquid-phase
methods (hydrothermal method, liquid-phase precipitation method, and electro-
chemical synthesis), gas-phase methods (chemical vapor deposition and chemical
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vapor transport), and solid-phase method (spinodal decomposition method) are
commonly employed [71-73]. Among them, the hydrothermal method can be used
to effectively fabricate nanoscale single-crystals, which are very favorable for a
thermoelectric performance improvement. Therefore, the hydrothermal synthesis
will be described below as a typical example of a bottom-up synthesis method.

The hydrothermal synthesis is a synthesis or crystal growth of a compound
performed in the presence of hot water at high temperature and pressure. As
substances insoluble in water are easily dissolved at normal temperature and
pressure, it is possible to synthesize and grow substances that normally cannot be
obtained. In particular, a hydrothermal synthesis method using an organic solvent
instead of hot water is referred to as solvothermal method. In the bismuth tellurium
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system, it is common to use the solvothermal method. Figure 1.18 shows a schematic
diagram of the hydrothermal synthesis. The starting material and water (organic
solvent) are usually placed in a sealed container (autoclave); the container is sealed
and heated to obtain the product. After the synthesis, the products are naturally
cooled down to room temperature. The products were collected using centrifugation
and were washed several times in distilled water and absolute methanol. Finally,
they were dried in vacuum at a temperature lower than 100 °C for approximately
24 h. A transmission electron microscope (TEM) image of a typical BirTes
nanoplate synthesized using the solvothermal method is shown in Fig. 1.19 [66].
The shape of the nanoplate is a regular hexagon, whose surface is significantly
flattened. The edge size of the nanoplate was approximately 900 nm and the
thickness was expected to be very small (smaller than 50 nm) as the mesh structure
behind the nanoplate can be observed. The SAED pattern shown in the inset of
Fig. 1.19 was obtained from the tip of the hexagonal nanoplate. The hexagonally

Stainless-steel autoclave Heat block

\

Heat insulating

material Hot plate with magnetic stirrer

Fig. 1.18 Schematic diagram of the hydrothermal synthesis [31]

Fig. 1.19 TEM image of a
Bi, Te3 nanoplate prepared by
a solvothermal synthesis. The
inset shows the corresponding
SAED pattern [66]
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symmetric spot pattern indicated single crystallinity and can be indexed on the
basis of a rhombohedral cell. Briefly, the mechanism of crystal growth of BiTes
nanoplates is as follows. Once the Bi;Te; nuclei were generated by the chemical
reactions, they aggregated. When the radius of the aggregated nuclei became
larger than that of their critical nucleus, Bi;Tes nanoparticles were generated. The
formation of the nanoplate was also attributed to the inherent crystal structure.
Owing to the high surface energy of the nuclei, the aggregated BiyTes particles
were not in thermodynamic equilibrium and were metastable; therefore, BirTes
nanoplates with better crystallinities became thermodynamically preferred. After
the formation of BiTe3 nanoplates, the Ostwald ripening process proceeded. The
smaller nanoparticles adsorbed around plates were consumed and grew gradually
leading to larger nanoplates along the top—bottom crystalline plane. This occurred
as the rhombohedral Bi; Te3 can be described as a stack of infinite layers extending
along the top—bottom crystalline plane connected by van der Waals bonds, as shown
in Fig. 1.1. From a thermodynamic perspective, the free energy of a broken covalent
bond is higher than that of a dangling van der Waals bond. This implies that the
Bi,Tes crystal growth along the top—bottom crystalline plane should be significantly
faster than that along the c-axis, which is perpendicular to the top—bottom planes,
as the crystalline facets tend to develop on the low-index plane.

Typical nanoplate (BipTes) thin films were prepared using the drop-casting
method [66]. In order to connect the nanoplates to each other, thermal annealing
at different temperatures was performed. Cross-section and surface micrographs of
the as-prepared thin film are shown in Fig. 1.20. The surface image in Fig. 1.20a
shows that the thin film is composed of high-purity hexagonal nanoplates with
edge sizes in the range of 500-2000 nm (average size of 1000 nm). The hexagonal
nanoplates were well aligned in the direction of the film surface, but some apertures
were observed in the thin film. A cross-sectional image of the nanoplate thin film
is shown in Fig. 1.20b. The hexagonal Bi,Te3 nanoplates were well piled up; the
approximate thickness of the thin film was 40 wm. Figure 1.21 shows SEM images
of the surface morphologies of the Bi; Te3 nanoplate thin films obtained at different

 — - i ) s
[ s~

20,0k SEM)

Fig. 1.20 (a) Surface and (b) cross-sectional morphologies of an untreated Bi,Te3 nanoplate thin
film, observed by SEM [66]
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Fig. 1.21 SEM images of the surface morphologies of the Bi,Tesz nanoplate thin films annealed
at (a) 200, (b) 250, (c) 300, (d) 350, and (e) 400 °C [66]

annealing temperatures. Overall, in all of the Bip Te3 nanoplate thin films obtained at
annealing temperatures of 200—-400 °C, high-purity nanoplates were well aligned in
the direction of the film surface. In terms of fine structure, the nanoplate thin films
annealed at 200 and 250 °C clearly exhibited the edges of the hexagonal nanoplates
(Figs. 1.21a, b). However, with the increase in the annealing temperature to 300 and
350 °C, the edges of the hexagonal nanoplates gradually disappeared (Figs. 1.21c,
d). The shape of the nanoplates annealed at 400 °C was not hexagonal, but circular
(Fig. 1.21e), as Bi or Te atoms at the edges of the hexagonal nanoplates evaporated
during the thermal annealing at the higher temperature.
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The in-plane thermoelectric properties of the nanoplate thin films measured at
approximately 300 K are shown in Fig. 1.22. The thermoelectric properties of two
samples, untreated thin film and thin film annealed at 200 °C, are not included in
Fig. 1.22 as their electrical resistivities were too high so that the thermoelectric
properties could not be measured. This indicates that the nanoplates did not tightly
join with each other when the annealing temperature was smaller than 200 °C.

Fig. 1.22 In-plane
thermoelectric properties of
the BipTes nanoplate thin
films as a function of the
annealing temperature. (a)
Seebeck coefficient, (b)
electrical conductivity, and
(c) power factor [66]
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Figure 1.22a shows that the Seebeck coefficient of the nanoplate thin film annealed
at 250 °C was —300 w V/K, higher than those reported for Bi Te3 materials [6]. With
the increase in the annealing temperature, the Seebeck coefficient became positive.
The nanoplate thin film annealed at 300 °C exhibited a Seebeck coefficient of
190 wV/K. With the increase in the annealing temperature, the Seebeck coefficients
of the nanoplate thin films approached the value of zero. This occurred as the atomic
composition of the thin film was different from the stoichiometric composition
owing to the partial atomic evaporation. Figure 1.22b shows that the electrical
conductivity of the nanoplate thin film annealed at 250 °C was 39 S/cm, which is
the highest value in this study. This indicates that the contact between nanoplates
was enhanced by the thermal annealing. The annealing temperature dependence
of the power factor of the nanoplate thin films is shown in Fig. 1.22c. The power
factor of the nanoplate thin film rapidly decreased with the increase in the annealing
temperature. The maximum power factor of 3.5 wW/(cm-K?) was obtained at the
annealing temperature of 250 °C.

1.3 Thin-Film Thermoelectric Generators

Typical thin-film thermoelectric generators prepared by RF magnetron sputtering
are presented in this section. The fabrication process of the multi-layered ther-
moelectric generator is illustrated in Fig. 1.23 [3]. Initially, we prepared a glass
substrate (Eagle XG, Corning) (20 x 30 mm?; thickness: 0.3 mm), thinner than
that used in the experiments to understand the optimal conditions for thermal
annealing, for fabrication of as thin as possible generators. A p-type SboTes film
with a thickness of 1.0 mm was deposited on one side of the glass substrate, and
an n-type film with a thickness of 1.0 mm was sequentially deposited on the other
side of the substrate by RF magnetron sputtering. Following the film deposition, a
thermal annealing was carried out at the optimal temperature. The p-type film was
then connected with the n-type film by spraying silver paste at the one-side edge
face of the substrate. After baking the sample to dry the silver paste, the sample
was wrapped with an insulation tape, except the part of the opposite edge side of
the sample on which silver paste was not sprayed (step 3). Silver paste was then
sprayed on the unwrapped positions of both p-SbyTes and n-BiyTes films (step 4).
In the next step (step 5), a piece of the obtained sample was connected with others as
p-n junctions connected in series. In step 6, 11 pieces of samples were connected in
series followed by baking of the samples to connect each piece of the sample tightly.
Finally, the multi-layered sample was bundled by wrapping the insulation tape.
A cross-section photograph of the obtained multi-layered thermoelectric generator
shows that the total thickness of the generator is ~7 mm, and that there are no clear
gaps between the pieces.

A photograph of the measurement system of the multi-layered thermoelectric
generator is shown in Fig. 1.24a. In order to achieve a temperature difference
between the ends of the generator, the lower half of the generator was dipped in hot
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Fig. 1.23 Fabrication process of the multi-layered thermoelectric generator [3]

water, while the upper half was maintained in the atmosphere. The temperatures on
both sides were monitored using thermocouples (K-type) attached on the generator.
Two electrodes were connected to the BipTes and SboTes sides of the substrate.
The temperature difference was generated by changing the temperature of the hot
water; the open-circuit voltage (V,.) was measured using a digital multimeter. The
performance of the multi-layered thermoelectric generator as a function of the
temperature difference is shown in Fig. 1.24b. The temperature difference at the
ends was changed from 11 to 28 K. At a temperature difference of 11 K, V.
of 23.7 mV was achieved. With the increase in the temperature difference, V.
linearly increased. V,. of 32.0 mV was achieved at a temperature difference of 28 K.
Our results were in relatively good agreement with those in previous studies with
similar device structures and temperature differences [74—76]. The maximum output
power (Pmax) is expressed as: Ppax = Voe2 /4R otal, Where Rioral is the measured total
resistance of the multi-layered thermoelectric generator, which mainly comprises
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a Electrode #1 (Bi,Tes-side)
Electrode #2 (Sb,Tes-side)
Thermocouple #1
(in atmosphere)
Multi-layered-stack
thermoelectric generator
Thermocouple #2
(in hot water)
Hot water
b 40 0.20
= g
E 30 | 4015 =
= 5}
(0]
e —
2 20+t 4010 3
3 3
5 i g
g E
5 10 + —40.05 §
0 ! ! ! 0.00
0 10 20 30 40

Temperature difference [K]

Fig. 1.24 (a) Photograph of the measurement system of the multi-layered thermoelectric gener-
ator. (b) Open-circuit voltages and maximum output powers of the multi-layered thermoelectric
generator at various temperature differences [3]

the resistances of the p- and n-type thin films, Rgim, and contact resistance, R..
Riotal of the generator measured using a digital multimeter was 1.6 k2. Ppax was
estimated to be 0.08 wW at the temperature difference of 11 K. Py, increased
with the temperature difference; Ppax of 0.15 wWW was achieved at the temperature
difference of 28 K.

1.4 Summary

In this chapter, the crystal structures of BiTes-based alloys were presented.
An overview of thin-film deposition methods was also presented, and typical
conventional deposition methods such as sputtering, electrodeposition, and printing



1 Thin Films of Bismuth-Telluride-Based Alloys 27

were introduced using typical experimental results of Bi Te3-based alloy thin films.
As the presented film fabrication methods have distinct characteristics, the film
fabrication method should be selected according to the application. Finally, a typical
thin-film thermoelectric generator, consisting of a multi-layered structure of p-
type SbyTes and n-type BiyTes thin films, was introduced. BirTes-based alloys are
relatively old thermoelectric materials whose research and development began in
the 1950s. However, the material properties have been improved using the latest
thin-film process technologies by nanostructuring, which makes this research field
very attractive with significant potentials for novel findings.
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Chapter 2 )
Wearable Thermoelectric Devices Check for

Seungwoo Han

2.1 Introduction

Wearable thermoelectric devices are of particular interest as alternative power
sources for wearable devices, which are becoming more and more popular. Because
wearable devices are worn on the human body, it is possible to generate electricity
with thermoelectric devices using body heat, without the need for other heat sources.

The most significant issue for a wearable thermoelectric device is flexibility; it
must maintain its performance even when bent during use. Unlike conventional
thermoelectric devices, the materials, fabrication processes, and device design
must be modified to impart flexibility to the devices. Existing rigid ceramic
substrates cannot be used, nor can bulk thermoelectric materials. The joint between
the electrodes and the thermoelectric legs in a thermoelectric device reduces its
flexibility. Hence, the structure of the thermoelectric device may need to be changed
to provide the necessary flexibility.

Wearable thermoelectric devices are subjected to cyclic loads during continuous
use. Repetitive loading generates cracks within the thermoelectric device, thereby
increasing the internal resistance of the device and eventually causing it to fail.
Therefore, to develop and commercialize a wearable thermoelectric device, it is
essential to establish a method for evaluating the reliability of the thermoelectric
element under cyclic loading.

Herein, the current state of wearable thermoelectric device research is reviewed
in terms of materials, devices, and applications. A method for evaluating the
reliability of a wearable thermoelectric device is presented.
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2.2 Materials

When a wearable thermoelectric device is used, the bending stress generated
increases with increasing device thickness; a more detailed description of this is
given in Sect. 5. Therefore, it is advantageous to apply films of thermoelectric
materials to wearable thermoelectric devices, rather than using bulk thermoelectric
materials.

We et al. [1] synthesized a thermoelectric paste and used it to fabricate flexible
thermoelectric devices. The paste was composed of metal powders (75 wt%; Bi, Sb,
and Te), glass powder (2.4 wt%), binder (0.2 wt%), and solvent (22.4 wt%). The
high-purity (99.5%) metal powders consisted of particles smaller than 5 mm. The
Bi:Te powder mixing ratio was 35:65 and the Sb:Te ratio was 40:60 (ratios expressed
as atomic percentages). The pastes were thoroughly mixed for 24 h using a ball
mill. The glass powder improved adhesion between the substrate and the paste. The
electrical conductivities of the formed SbyTes and BiyTes films were 3.41 x 10*
and 0.73 x 104 S/m, respectively, and their Seebeck coefficients were 92.6 and
—137.8 WV/K, respectively.

Kim et al. [2] made printable thermoelectric inks. Powdered Bigps5Sb;sTes
and BiySep3Te, 7 were suspended in an adhesive binder solution. The suspension
composed of 78-82 wt% powder and 18-22 wt% binder was mixed with a vortex
mixer. A dispenser was used to fill the holes in the fabric with the thermoelectric
ink. The viscous printable ink was injected using a syringe. The dispensed ink was
dried at room temperature for 24 h, followed by curing at 100 °C in a vacuum oven
for 2 h. The synthesized materials were in the form of a uniform and dense matrix.
The measured Seebeck coefficients of the formed Big5Sbi 5Tes and BiySep3Ter 7
were 0.53 and —0.19 mV/K, respectively.

Francioso et al. [3] deposited thermoelectric thin films on a 50-pm-thick Kapton
substrate using radio-frequency magnetron cosputtering (Fig. 2.1). High-purity bis-
muth (99.999%), antimony (99.555%), and tellurium (99.555%) four-inch-diameter

CHNR-IMM 0OPO 506V 0,000 00nm WD B Amm CHI-IMM W0 SOKY XE0O000  100nm WD 1mm

Fig. 2.1 Scanning electron microscopy images of deposited bismuth telluride (left) and antimony
telluride (right) thin films. Reproduced with permission from Francioso et al. [3]
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targets were used for the deposition of n- and p-type films. The total argon flow rate
during deposition was 25 sccm and the chamber pressure was 7.9 x 10~3 mbar. The
deposited p- and n-type thin films were 500-nm thick. Subsequent thermal treatment
of the samples was performed in a conventional tubular oven under flowing nitrogen
gas (5 L/min at 2 bar pressure) at three different temperatures (175 °C, 225 °C, and
275 °C). The mobilities increased with increasing grain size and reached maximum
values of 15.10 and 38.37 cm?/Vs for the p- and n-type materials, respectively.

Researchers have thus achieved flexibility in wearable thermoelectric devices by
using thermoelectric thin-film materials, thermoelectric pastes, and thermoelectric
inks. In addition to securing improved flexibility and increasing the thermoelectric
performance of the material, other techniques such as vacuum deposition, heat
treatment, and chemical synthesis had to be developed.

2.3 Device Design and Fabrication

A conventional thermoelectric device made with bulk material is a vertical device
in which electric current and heat flow are perpendicular to each other. Vertical
thermoelectric devices have the advantage of improving power generation with
increasing temperature difference (AT) between the upper and lower plates of the
device (see Eq. 2.1). However, it is difficult to bond rigid thermoelectric legs to
electrodes. This issue must be solved to make commercially viable vertical wearable
thermoelectric devices. On the other hand, a planar thermoelectric device in which
the electric current and heat flow are both in the horizontal direction is much easier
to manufacture and a flexible structure can be readily realized. However, there is a
disadvantage in that the high- and low-temperature parts of the device are located
close to the heat source, thereby reducing the temperature difference.

The following section provides some representative examples of how research
has enabled the development of flexible thermoelectric devices.

Power o« AT? (2.1

To achieve wearable functionality in thermoelectric devices, researchers have
proposed replacing the rigid substrate with a flexible one, or using a fabric as a
substrate. A new type of device structure was also developed which removes the
substrate and supports the device using a flexible, low-thermal-conductivity filler,
such as a polymer.

Lu et al. [4] described a wearable vertical thermoelectric power generator based
on commercially available silk fabrics. Figure 2.2 shows the fabrication process.
A 4 x 8 cm? section of silk fabric coated with a layer of polyvinyl alcohol was
pricked with a needle to generate holes at designated locations, to ensure good
contact on both the sides of the material. The power generator was composed of 12
thermocouples and thermoelectric material columns of ca. 300-pm thick and 4-mm
diameter. The generator converted thermal energy into electricity for temperature
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Fig. 2.2 Schematic illustration of the fabrication process of a silk-based thermoelectric power
generator. Reproduced with permission from Lu et al. [4]. (a) Pretreatment of the silk fabric (b)
deposition of nanomaterials on the silk fabric (¢) connection of p-type and n-type columns with
silver foils (d) side view of the TE power generator

Fig. 2.3 Wearable thermoelectric device containing a polydimethylsiloxane filler. Reproduced
with permission from Francioso et al. [5]

differences ranging from 5 to 35 K. The maximum voltage and power outputs were
ca. 10 mV and 15 nW, respectively.

Francioso et al. [5] reported a heat-sink-free flexible thermoelectric generator
(TEG; Fig. 2.3) fabricated using low-cost screen-printing technology. The designed
thermopile consisted of 450 thermocouples prepared by blade coating p- and n-
type materials into 2-mm-tall vertical cavities of prepatterned polydimethylsiloxane
(PDMS) of total area 98 x 98 mm?. The distinguishing feature of this device was
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‘ P

Fig. 2.4 Planar thermoelectric device. Reproduced with permission from Lu et al. [6]. (a) Printed
device with 3 pairs of p-n legs (b) whole printed device on glass (c¢) flexible device on polyimide

the absence of substrate; the PDMS was used as a filler to support the device
structure. A thermoelectric power generator including 45 thermocouples and having
a footprint area of about 2.2 x 1073 m? generated approximately 27 nW of power
at a temperature difference of 10 K.

Lu et al. [6] developed a planar flexible thermoelectric device on polyimide
substrates by inkjet printing using a 30-pL piezoelectric printhead (Fig. 2.4). The
device was first prepared by printing the silver electrodes followed by sintering at
250 °C for 30 min. In the second step, p- and n-type legs were printed on top of
the printed silver electrodes. The thickness of the printed parts of the device could
be adjusted by simply repeating the printing process to form as many layers as
required. The P and N inks were printed in 150 layers. This research demonstrated
the potential of using inkjet printing to fabricate flexible TEGs that are suitable for
various applications, such as for harvesting body heat as a wearable power supply.

Kim et al. [2] used a polymer-based fabric as the substrate because of its softness,
flexibility, and light weight. A conductive thread was used to make the electrical
connections and the fabrics ensured that human wearers could move comfortably.
The conductive thread was sewn on the fabric. The prepared printable thermoelectric
ink was then dispensed into the windows of the fabric. Figure 2.5 shows the high
flexibility and durability of the TEG. After several bending tests, there was no
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Fig. 2.5 Wearable fabric-based thermoelectric device. Reproduced with permission from Kim
et al. [2]. (a) the printed 12-couple TEG (b) the disenser-printed thermocouples (c¢) bending the
wearable TEG by hand

further change in the electrical properties of the TEG. Such testing confirmed
that the TEG was sufficiently strong for flexible applications. The total internal
resistance of the 12 thermocouples was ca. 902 .

2.4 Applications

Wearable thermoelectric devices are designed and manufactured to be worn by
human beings. This section reviews the published research in the context of
application areas.

Lu et al. [4] monitored the voltage outputs of an arm-attached generator before
and after 30 min of walking at ca. 4 km/h (Fig. 2.6). A significant increase in the
voltage output was observed when the device was attached to the arm; 5 to 35 s after
the device was attached, the voltage decreased continuously and finally stabilized.
After exercise, the voltage output was higher than that for a stationary wearer during
the time interval of 5-30 s. The results indicate that the device could effectively
harvest waste heat from the human body.

Kim et al. [2] demonstrated that a thermoelectric device can be integrated in
the fabric of a shirt (Fig. 2.7). The fabricated device was worn on the wearer’s
chest because the chest is a large area and is the warmest part of the body. The
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Fig. 2.6 An arm-attached thermoelectric generator. Reproduced with permission from Lu et al.
(4]
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Fig. 2.7 Thermoelectric device applied to a T-shirt. Reproduced with permission from Kim et al.

(2]

measured skin temperature was about 32 °C and the ambient temperature was 25 °C.
The voltage was highest at first contact of the generator with the skin. After that,
the voltage remained at a constant level once thermal equilibrium was achieved. A
higher voltage was maintained while walking (at 1 m/s) than in the stationary state.
The measured voltages were ca. 2.7 mV for the stationary state and 4.8 mV while
walking.

Hyland et al. [7] compared the power-generating performance of thermoelectric
devices as a function of location on the human body, i.e., wrist, forearm, or chest,
and also when applied to a T-shirt (Fig. 2.8). The highest power produced, ca.
20 wW/cm?, was found with the upper arm model when the air speed was fastest,
at ca. 1.4 m/s. The least efficient model was the T-shirt model, which consistently
produced the lowest power but nevertheless showed reasonable power in the range of
2-8 WW/cm? at similar air velocities. The best power production resulted from the
upper arm movement because of the variability of the air flow and good skin contact.
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Fig. 2.8 Power output of a thermoelectric device applied to a T-shirt and at different locations on
the human body

A potential application of this research is powering a wearable electrocardiogram
sensor via a thermoelectric device on the upper arm.

The researchers clearly succeeded in generating electricity by applying a wear-
able thermoelectric device to different parts of the human body, i.e., wrist, arm,
and chest. Maintaining the generated power will increase the utility of wearable
thermoelectric devices. To accomplish this, it is necessary to solve the problem of
continuous cooling of the side of the thermoelectric device opposite that in contact

with the human body.

2.5 Reliability

Wearable thermoelectric devices require power supply systems that can withstand
the repetitive bending that is unavoidable in their practical applications. When a
wearable thermoelectric device is worn by a user, different bending loads are applied
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to the device. These loads depend on the curvature of the object in contact. Consider
a wearable thermoelectric device having thickness /4, length b, and being made
of a uniform internal material (Fig. 2.9). When a moment M in the longitudinal
direction is applied to the thermoelectric device and the device is bent by the radius
of curvature p, the moment M is expressed by Eq. (2.2) and the radius of curvature
p is given by Eq. (2.3) [8]. The bending stress o inside the thermoelectric device is
given by Eq. (2.4), where y is the distance from the neutral axis where the bending
stress is zero [8]. As y increases, the bending stress acting on the thermoelectric
elements increases, which results in the maximum stress o max at the surface of the
device where tension occurs, and the minimum stress o min at the surface where
compression occurs.

A wearable thermoelectric device is subjected to cyclic bending (Fig. 2.10) with
repeating wearing and non-wearing. The cyclic bending loads generate fatigue;
cracks form in the thermoelectric device, which ultimately fails. The curvature—
fatigue life relationship (Fig. 2.11, where the curvature is defined as the reciprocal
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of the radius of curvature p) can be developed by measuring the resistance of a
thermoelectric device while applying a cyclic bending load to it.

The applied bending stress for a given curvature generated by bending the
thermoelectric element can be calculated by finite element analysis. The results are
then used to obtain the stress—fatigue life relationship (Fig. 2.12) by converting the
curvature to the corresponding stress. Fitting the log—log curve in Fig. 2.12 provides
the stress—fatigue life relationship of Eq. (2.5), where C and b are the exponents
of the fitting equation [9]. If we know the curvature of the surface to which the
wearable thermoelectric device is applied, Eq. (2.5) can be used to predict the
number of times the thermoelectric device can be worn.

Establishment of this reliability evaluation procedure could provide a basis for
commercializing wearable thermoelectric devices.

YV ER’b 22)
N 12(1-2%)p '
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2.6 Summary

Research to date on wearable thermoelectric devices has explored many different
materials and device technologies for a wide range of applications.

The compositions of pastes, inks, and thin films have been studied extensively for
thermoelectric materials. Fabrics, polymeric fillers, flexible substrates, and planar
thermoelectric devices have been developed. Wearable thermoelectric devices have
been applied in fields that are not suitable for conventional bulk-type thermoelectric
devices, e.g., for power generation using body temperature (wrist-, upper arm-, and
chest-contact), as wearable sensors, and in a T-shirt.

The fields of application have greatly expanded with the achievement of wearable
functionality in thermoelectric devices. It is anticipated that further developments
in thermoelectric technology will increase the variety of applications. However,
for commercialization, it is essential to develop a technology for evaluating the
reliability of a wearable thermoelectric device against cyclic loading during use.
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Chapter 3 )
Theory and Simulations of Lattice Shethie
Thermal Conduction

Matukumilli V. D. Prasad and Umesh V. Waghmare

3.1 Introduction

Heat flow is ubiquitous in nature and occurs at several scales from the thermal
evolution of the terrestrial planets to the frictional dissipation in biological systems.
Its implications are far-reaching. In condensed matter systems, controlling the heat
flow, especially through innovative conduction mechanisms, has been crucial to
advances in various technologies such as thermoelectrics, thermal management
and information processing [1]. Reducing thermal conduction, for example, can
enhance the thermoelectric efficiency. Understanding of the physics of heat transport
in nanomaterials can help in engineering the phonon flow to realize exciting
applications like hot-spot cooling and waste heat harvesting [2-5].

Calculations of phonon or lattice thermal conductivity, «, have been carried out
through either classical kinetic theory or atomistic molecular dynamics (MD). For
simple systems, MD has proven to predict thermal transport accurately [6], it is
challenging to treat complex systems due to the difficulty of obtaining accurate
interatomic potentials. However, it is interesting to note that MD captures effects
of anharmonicity up to all orders. A more popular approach is within the kinetic
theory using linearized Boltzmann—Peierls phonon transport equation (BTE) which
describes the propagation of interacting phonons in a solid [7]. For many decades,
its exact solution has remained as an intractable problem, and several methods have
been developed to solve it within some approximations [8]. Omini and Sparavigna’s
iterative approach [9], partly due to advances in computational resources, succeeded
in obtaining numerically exact solution of the full BTE.
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Calculations of « using BTE in conjunction with ab initio lattice dynamics
have become feasible recently. As they uncover microscopic mechanisms based on
phonon scattering rates and scattering phase space (which are difficult to access
through experiments), they play an important role in helping establishing the
chemical and physical origins of the observed behaviour of x. The potential of these
ab initio schemes based on third-order interatomic force constants (IFC) has been
established through studies on several classes of materials: Si, Ge [10], diamond
[11-13], GaAs [14], compound semiconductors [15], half-Heusler compounds [16],
MgO [17, 18], MgSiO5 [19], lead selenide (PbSe), lead telluride (PbTe), and their
alloys [20], magnesium silicide (Mg, Si), magnesium stannide (Mg,Sn), and their
alloys [21], LazCu3 X4 (X = P, As, Sb, Bi) compounds [22], monolayer InSe, GaSe,
GaS, and alloys [23], and boron based cubic bulk [24] and hexagonal 2D [25]
compounds.

This chapter is organized as follows: We broadly discuss the theory of lattice
thermal conduction in Sect. 3.2. In Sect. 3.3, we detail the simulation procedure. In
Sect. 3.4, we present analysis of thermal conductivity in terms of basic vibrational
properties for Al, GaAs, and diamond. The potential of BTE in understanding
the impact of rattlers on « of thermoelectric materials is highlighted in Sect.3.5.
In Sect.3.6, we cover the « calculations of the materials that are important to
understand the Earth’s lower mantle. We discuss the current limitations of the
BTE approach in addressing the thermal transport in complex molecular crystals in
Sect. 3.7. Finally, we conclude with discussion of the main challenges in extending
the phonon BTE approach to the phonon gas limit.

3.2 Theory

3.2.1 BTE Under RTA

Under a small temperature gradient, VT, across the sample, the induced heat flux
would be Q = ZA hwy vyny, [8] where n, is the phonon distribution function
of phonon frequency w;, and v, is the group velocity in x direction of phonon
mode, A = {q, p}, where q is the phonon wave vector and p is the branch
or polarization index. Under no other external influence, the steady-state phonon
distribution function can be tracked by the BTE [26]:

9 9
—vA~VT< '“)+< '“) —0, G.1)
aT 8t scatt

which represents a balance between the diffusion due to VT and collective effect
of all scattering processes. The primary issue in solving Eq.3.1 arises from the
scattering term. A popular approximation in solving the BTE is the relaxation time
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approximation (RTA) where the distribution function # is written as the sum of the

equilibrium distribution function, n°¢ (Bose—Einstein) and fluctuations, nf1ue about

equilibrium. Since n//"¢ « n° and assuming n//“¢ is independent of T, we can
. o flue . .

write: g; ~ 351;4 , and by substituting —"" " for the scattering term in BTE (where

7 is the relaxation time) we get

eq
on,
oT

'l
n)’: "e = —T)p V) - vT

(3.2)
Determination of k using the BTE within RTA is possible once the relaxation times
T’s are known. Although t needs to be computed by other means to estimate «, RTA
facilitates writing of the complex scattering term in Eq. 3.1 in terms of n/%¢ and .

3.2.2 Expression of the Relaxation Time

In general, phonons are scattered by boundaries, defects, isotopes, electrons, and
other phonons, and each of these processes involves a different scattering rate.
Assuming these scattering processes are independent of each other, Matthiessen
rule gives the effective scattering rate as:

(terp) ™' =D ()7 (33)

1

In case of phonon—phonon scattering, contribution of four- and higher-order phonon
interactions to thermal resistance is often insignificant [27] and the interactions
involving three phonons dominate the scatting rates.

Using anharmonic IFCs, three-phonon scattering rates, 7, ! are computed using
Fermi’s golden rule, from the sum of all possible transition probabilities (I") for
mode A with modes A" and A" (for absorption processes 't : A + 1’ — A”, and
emission processes '™ : A — A"+ A" ):

eq eq 1 4 1Y,eq
pe (n +1) (”,\' to* 2) o
A TTAN /YOI (3.4)

+
x 8 (). £w, —w,r) x D

where N is the number of unit cells and the energy conservation is maintained by the
8 function. The three-phonon matrix element, or the strength of interaction among
the three phonons, in Eq. 3.4, ® ol is expressed as
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where ®g,, is real-space anharmonic IFCs and takes the form as:

n_n 33

gy (0, 1K, (K") = - (3.6)
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and M, is atomic mass of kth atom in ®th unit cell, eg‘[k is the ath component of
eigen vector of phonon A.

While analysing the anharmonic effects in thermal transport, scattering phase
space has been identified recently as an important parameter along with scattering
rates and anharmonic IFCs [22, 28, 29], which is the sum of the frequency-
containing factors in the expression of three-phonon scattering rates (Eq.3.4) and
is written as:

eq eq | 1 4 1) ,€q

(nk + 1) (n}\, +,+ 2) o
X & (a);\ T, — wk/r) 3.7

a))L Q)A/ Cl))\//
Scattering phase space essentially measures the availability of actual energy and
momentum conserving three-phonon scattering processes, assuming the strength of
interaction @, ,/,~ is constant [30].

The scattering rates due to three-phonon processes are in the form:

™ = Z T + Z IR (3.8)

)L/ Y )\/ A

In addition to the three-phonon scattering process, one can also include the
contribution of isotopic disorder to scattering rate, as is given by Tamura [31]:

Tw? o w 12
D=7 2 8@Iel) - ex@Ps@; —wi) (3.9)
J

where g is the mass variance parameter: g; = Zj cl./ {(m{ —mj)/m;}?, where m; is

the mass of isotope j of atom i, cij is its concentration and m; is the average isotope
mass.
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3.2.3 From RTA and Semi-Empirical Scheme to Full Solution:
Self-Consistent Calculation of the Relaxation Times

The three-phonon scattering processes are constrained to obey the energy and quasi-
momentum conservation up to a reciprocal lattice vector:

hawy, £ hawy = hayr, hq+ hiq = hq + ahG (3.10)

where G is a reciprocal lattice vector and a is an integer whose value is zero for
normal (N) and nonzero for Umklapp (U) scattering processes. The =+ signs indicate
the two possible three-phonon processes: absorption and emission. At first sight, it
appears that N-processes cannot be thermally resistive as the resultant phonon stays
within the first BZ. However, treating them as non-resistive processes led to failure
in describing experimental « trends successfully [8, 11, 18, 26]. This leads to the
development of semi-empirical models as extension of the RTA by Callaway and
Holland. By highlighting the N-process as an indirect contributor to redistributing
the energy among different phonons, Callaway model writes the scattering term in
BTE (Eq.3.1) as:

on nV —n  —pfluc
= + , (3.11)
ot scatt N Teff

where n" is the equilibrium distribution of phonons involved in N-processes and
Ty is the relaxation time of the N-processes. This model predicts the trends in
experimental k correctly with a few fitting parameters. Holland developed this
model further by treating the longitudinal and transverse phonons separately to
predict even the trends in high temperature experimental « correctly. It is important
to note that the fitting parameters and the approximations used in these semi-
empirical models often obscure the fine details of phonon scattering mechanisms.
Towards a parameter-free, and a self-consistent calculation of phonon relaxation
times, Omini and Sparavigna’s iterative approach [9] has been commonly used in the
recent years. As this iterative approach considers changes in phonon distributions
due to phonon—phonon scattering events, a more rigorous treatment of anharmonic
scattering became possible. Through several recent studies using this iterative
approach, it is now evident that the RTA underestimates «: by ~50% in diamond
[11], by ~50% in MgO [18], and by ~39% in AISb [15].

The mode-wise relation of fluctuations in distribution to T written explicitly in
(Eq.3.2) and the approximations in semi-empirical models do not allow estimation
of precise t. Now, aiming at the deviation in the distribution function due to
phonon—phonon scattering itself, we can rewrite Eq. 3.2 as:

eq
on,
aT ’

fluc

nl" = _F, . VT (3.12)
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where F) is the generalized mean free path. Unlike ‘L')IL{TAVA, it considers the

deviation in distribution functions. The resulting linearized BTE is
Fr =t (va + A, (3.13)

where A; (in the units of velocity) indicates the deviation (from RTA solution) in
the population of a phonon mode, and F; can be regarded as a vectorial mean free
displacement, whose direction, unlike ‘C}}TAV)\, may deviate from the direction of
group velocity of a phonon mode.

The converged A, can be obtained iteratively:

+
1
_ +
Ay =N AZA:” U G Fyr — &30 For)
’ (3.14)
I «—
+ N Z UG Far + & Far)
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&), 1s a shorthand for w,’/w;, . For both the absorption and emission three-phonon
processes, these sums are over the phase space of A’ and A” ensuring energy and
quasi-momentum conservation subject to Eq.3.10. We can initiate the iterative
procedure by setting Fyy = Fy» = 0, i.e. by making the zeroth-order solution
equivalent to RTA (A, = 0). The ith iterative solution takes the (i — 1)th iterative
solution Ff\_l, F;EA,A,, as input and continues until it converges to arrive at the full
solution of BTE in the form of F, and n, of all phonon modes. In contrast, RTA
drastically simplifies BTE by ignoring the effects of phonon—phonon scattering on
the distribution functions.

Once the converged n) and T, are obtained, the phonon thermal conductivity, «,
at temperature, T, can be calculated as the sum of the contributions of all the phonon
modes, A

1 81’1)\ B
Kap = o) ; 57 ()i T (3.15)

or implemented in the form:

K = TlZNQ ;ni" S+ 1) (ha) vy FY (3.16)
where N, Q2 are the number of q points sampled in integration over Brillouin zone
and unit cell volume, respectively.

We note here that the definition of T will be compromised beyond the RTA as
the deviation from n°? became the fundamental parameter in the full BTE solution.
Thus, the nature of final quantities, t, and MFP, A, are no longer the same as they
are described within the kinetic theory. However these are embedded in the F;’s
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to calculate k. When the deviation of these T and A from those within the kinetic
theory is large, the RTA fails badly.

3.3 Simulation Procedure

We present here a procedure in which harmonic and anharmonic IFCs are obtained
using first-principles calculations within density functional theory (DFT) and
density functional perturbation theory (DFPT) (e.g. as implemented in Quantum
Espresso [32] code). We illustrate it through applications to Al, GaAs, and diamond.
In DFT calculations, we employed a generalized gradient approximation (GGA)
to exchange correlation energy functional and used norm-conserving pseudo-
potentials to treat the interactions between ionic cores and valence electrons, and a
plane wave basis truncated with an appropriate energy cut-off in the representation
of the Kohn—Sham wave functions. The discontinuity in the occupations numbers
of electronic states near the gap or Fermi level was smeared with Fermi—Dirac
distribution function with a suitable broadening parameter.

To use Fourier transform for obtaining IFCs at any arbitrary g-point, harmonic
IFCs are determined at g-vectors on a mesh using DFPT linear response. In
calculation of anharmonic third-order IFCs, we employed finite difference approach
and used periodic supercells. ShengBTE’s third-order.py code is used to generate
displaced configurations of 4 x 4 x 4 supercell with up to 5th nearest neighbour
interactions and the resulting atomic forces are computed in QE. We need these
first-principles harmonic and anharmonic IFCs in the ShengBTE [33] code to solve
BTE using iterative method [9].

3.4 Illustration of Computation of Lattice Thermal
Conductivity

3.4.1 Aluminium

Extensive studies have been devoted to calculate the « of various nonmetals which
lead to the better understanding of phonon thermal transport in semiconductors
and insulators [10, 11]. However, relatively less attention has been received by
metals due to dominant electronic contribution to thermal transport in many of
the metals. Though, the coupled el-ph heat transfer can be addressed through two-
temperature model in metals, which is a phenomenological in nature, it fails in the
case of semiconductors due to their heterogeneous nature of el-ph interactions. Very
recently, phonon-limited thermalization has been identified in semiconductors using
a generalized two-temperature model [34] wherein both electrons and phonons
do not remain in distinct thermal equilibria. Such simultaneous treatment of
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electronic and phononic subsystems could lead to the computation of evolution of
nonequilibrium phonon distributions emerged due to electronic excitations and their
effects on the further thermal relaxation of electrons.

Aluminium is an interesting example for the study of phonon thermal transport.
Since Al is a free-electron-like metal, which can be demonstrated from the quadratic
behaviour of its electronic DOS, it is likely that el-ph coupling can significantly
affect the phonon thermal transport, . Unlike Ni and Pt, the electron—phonon
scattering rates, tejl ph? in Al are insignificant in comparison with its phonon—
phonon scattering rates, T ol hl_ ph- Wang et al. [35] calculated the thermal conductivity
and phonon scattering rates of several metals, including Al. Among the studied
metals, they found that ‘CJi oh is negligible in Cu, Ag, Au and Al at room
temperature whereas it is found to be significant in Ni and Pt. Jain and McGaughey
[36] also studied the thermal transport in Al, Ag and Au by considering both
electron—phonon and phonon—phonon scattering.

Phonon dispersion of Al in the high symmetry directions in the BZ calculated in
this work is shown in Fig. 3.1. The calculated « (Fig. 3.2a) exhibits reduction with
temperature due to enhanced ph—ph anharmonic scattering as evident in Fig. 3.2b.
The BTE is solved on three different grids: 15x 15x15,20%x20x20 and 30x30x 30
and values of k differ no more than 3% at low temperatures, which indicates that the
15 x 15 x 15 grid is sufficient to give converged « values. The calculated estimates
of « are in reasonable agreement with the theoretical estimates of Wang et al. [35].

3.4.2 Diamond

k of diamond can be higher than 3000 W/m-K, which is the highest among the
known materials [37-39]. Such an extremely high « is possible due to: (1) high
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Fig. 3.1 Phonon dispersion of Al
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Fig. 3.2 Calculated intrinsic lattice thermal conductivity of Al as a function of temperature from
the fully converged solution at three different grids: 15 x 15 x 15 (green squares), 20 x 20 x 20
(black circles) and 30 x 30 x 30 (red triangles), compared with the « results of Wang et al.
[35] (cyan crosses) involving ph—ph interactions (a). (b) Anharmonic ph—ph scattering causes
the 1/T behaviour of «-T relation. Anharmonic phonon scattering rates in Al at three different
temperatures: 100 K (red), 300 K (orange) and 600 K (blue) showing stronger scattering at elevated
temperatures

bond strength and low atomic mass giving large acoustic velocities and (2) weak
ph—ph Umklapp processes. The weak U processes in diamond made it difficult to
calculate « using BTE within RTA. At room temperature, x estimated with iterative
solution is 50% higher value than « estimated within RTA [11]. In semiconductors,
this difference is only ~10% due to the presence of strong U scattering. Such
particularly weak U scattering in diamond in comparison with semiconductors
like Si and Ge has also been indicated from the results of available three-phonon
scattering phase space [30]. For diamond, the three-phonon scattering phase space is
surprisingly small in comparison with these semiconductors. Several other examples
where RTA underestimates « include AlSb by 39% [40], MgO by 30% [18].

In Fig.3.3a we present the calculated « for diamond by iteratively solving the
BTE. These values are in good agreement with the earlier experimental [38, 39]
and theoretical [24] results. RTA’s under-prediction of « w.r.t the full solution is
also another signature of the correctness of our calculations. From these trends, it
is clear that k from the iterative solution showed 43% higher value than « obtained
within RTA at 200 K. At 500 K, it is only 32% higher.

In comparison with x of Al (from Fig. 3.2a), diamond exhibits extremely large «
throughout the studied temperature range. Besides, in both the cases, the decreasing
trend of x with temperature is due to the enhanced anharmonic ph—ph scattering.
Calculated anharmonic phonon scattering rates of diamond (see Fig. 3.3b) are two
orders of magnitude lower than the scattering rates of Al, which explains extremely
high k of diamond.

Several other scenarios have also uncovered through ab initio simulations of
thermal transport where k can even be higher than diamond [24]. Studies of Lindsay
etal., on « of aclass of boron based cubic compounds (BN, BP, BAs and BSb) above
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Fig. 3.3 Intrinsic lattice thermal conductivity of diamond as a function of temperature within RTA
(green squares) and with fully converged solution (blue circles) at 15 x 15 x 15 grid. Our results
are compared with those of experiments by Onn et al. [38] (black circles) and Olson et al. [39]
(cyan triangles), and ab initio study by Lindsay et al. [24] (orange squares) (a). (b) Anharmonic
phonon scattering rates in diamond computed as a function of frequency obtained on two different
g-point grids: 15 x 15 x 15 (orange circles), 18 x 18 x 18 (blue squares)

room temperature showed that BAs surprisingly showed higher « than diamond.
This unusually high « has been explained, from the phonon dispersion of BAs,
as originating from the interplay of: (1) a large frequency gap between acoustic
and optic phonons and (2) the bunching of the acoustic branches. This highlights
the capabilities of advanced computational techniques for determination of thermal
transport properties, and has opened up novel w(g) features beyond the conventional
criteria for designing high x materials.

3.4.3 GaAs

With miniaturization of electronic devices, understanding of thermal properties of
semiconductors has become crucial. Thermal transport in group IV, III-V and II-VI
bulk semiconductors has been investigated using ab initio approaches based on the
solutions of BTE [30, 40]. GaAs has been extensively studied and widely used in
opto- and micro-electronic devices. Hot phonon effects, wherein optical phonons
exist in highly nonequilibrium populations in response to the absorbed photo-
excited electrons [41, 42], have been attributed to the reduction of carrier cooling
rates. Knowledge of phonon relaxation times could help in better understanding of
hot phonon effects on the optoelectronic device performance [14]. Semiconductor
superlattice structures, where « can be tuned efficiently, are promising materials
especially as thermoelectrics [43]. In Luckyanova et al.’s work [43] based on ab
initio thermal transport calculations using BTE, the frequency—mean free path
relation has been used to explain the coherent nature of phonon transport in
GaAs/AlAs superlattice structures.
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Fig. 3.4 The calculated intrinsic lattice thermal conductivity of GaAs as a function of temperature
(a). (b) Anharmonic phonon scattering rates in GaAs as a function of frequency in comparison
with Al at three different temperatures
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Fig. 3.5 Cumulative thermal conductivity of Al (blue) and GaAs (green) at 300 K. « values are
normalized by their final values (k4;= 4.12 W/m K and «g,445= 42.89 W/m K at 300 K) to bring
them on to the same scale for comparison

Figure 3.4a shows the calculated « values for GaAs. In Fig.3.4b, we present a
comparison of anharmonic scattering rates of GaAs and Al at different temperatures.
Overall scattering rates of GaAs are an order of magnitude smaller than those of
aluminium.

The normalized cumulative contribution to «, which indicates a fraction of «
by the phonons of MFP below a certain value, is shown in Fig.3.5. Comparison
between cumulative ¥ of Al and GaAs provides a clear picture on the thermal
transport by phonons with different MFPs. In Al, 90% of « is contributed by
phonons with MFPs less than 10 nm, 90% of k of GaAs is contributed by its phonons
with MFPs less than 1 pum.
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3.5 Impact of Rattlers on k of Thermoelectric Clathrates

A key aspect of designing a high-performance thermoelectric material is to mini-
mize its k to the theoretical minimum. In general, materials with cage-like crystal
structures (clathrates and skutterudites) exhibit thermal conductivity close to their
theoretical minimum and, initially, this has been attributed to Einstein rattling mode
[44, 45]. In other classes of materials like Zintl type TlInTe, [46], along with
clathrates and skutterudites [44, 45], the suppression of x by rattling modes has been
found as an exciting concept, which actually hinted the possibility of nontraditional
phonon scattering scenarios. Intense research efforts have been devoted to identify
efficient routes (such as by intrinsic means) to attain better performing thermo-
electric materials by exploiting the material chemistry and bonding nature [47].
Though probing the rattler modes experimentally [48, 49], by means of inelastic X-
ray and inelastic neutron spectroscopies, could provide preliminary understanding
of phonon transport in these guest—host structures, theoretical approaches like ab
initio lattice dynamics based BTE, with a detailed information on phonon scattering
dynamics [27], can further provide insights into chemical and physical origins of
ultra-low «.

Using a simple Born—von Karman (BvK) model, which describes the lattice as
a chain of atoms connected by harmonic springs, Toberer et al. [S0] analysed the
effect of mass ratio, number of atoms on «. With a modified version of this BvK
model where the stiffness of springs altered such that the behaviour of loosely
bound guest atom can be incorporated, they were able to investigate the guest—host
like compounds. Results of analysis of the resonant scattering model are presented
in Fig. 3.6, which emphasize that the information on frequency-dependent group
velocities and scattering rates are vital to unravel the coexisting effects on «.

3.5.1 BagGai5Gesg (Ref. [27])

Here, we highlight the role of anharmonic phonon interaction based calculation of
conductivity in clarifying the impact of a rattler, by discussing results of the study
by Tadano et al. [27] on BagGa6Ge3g. By separately calculating phonon properties
of Ba filled (BGG) and empty Gaj;Geso (GG) clathrate structures (see Fig.3.7),
they observed a tenfold reduction in phonon scattering rates due to ratter dynamics.
Importantly, from the analysis of anharmonic scattering rates (see Fig.3.8), they
show that the effects of a rattler on the phonon modes are not restricted to a certain
frequency range and thus argued that the phonon scattering in BGG is nonresonant.

Conventionally, ultra-low « in guest-host structures has been explained by
resonant scattering mechanism, [51, 52] where only a few phonon modes are
affected by the rattler, leading to disordered lattice dynamics, which is popularly
termed as phonon glass-electron crystal. Rattler effect is understood by observing:
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reduction is observed (curve C). Reprinted with permission from Ref. [50]. Copyright 2011 The
Royal Society of Chemistry

(1) a shallow potential implying a loose bonding which cause weak restoring forces
on the vibrating filler, and (2) lack of phase coherence of the vibrational motion [48].

As implications of crystallographic heterogeneity on anharmonicity are more
complex, such rattling mode explanation failed in explaining the low thermal
conductivity in certain compounds. Other mechanisms such as (1) influence of
flat avoided-crossing bands of filler modes in phonon scattering, (2) interplay of
anharmonicity and scattering phase space also have been identified in explaining
low thermal conductivity of skutterudites. In La- and Ce-filled Fe4Sb, skutterudites
[48] it has been observed through neutron spectroscopy experiments and ab initio
calculations that the filler vibrational modes are coherently coupled with the host-
lattice dynamics. While this experimental work initiated the counter argument on
the resonant nature of the rattler, only the theoretical studies based on BTE have
been able to confirm it later by providing a detailed understanding of the phonon
behaviour. Tadano et al.’s work [27] is one such example.
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Fig. 3.7 (a) Calculated phonon dispersion and projected phonon DOS of BGG (solid lines)
and GG (dotted lines). (b) Crystal structure of BGG. Ba, Ga and Ge atoms are represented by
magenta, white, and blue spheres, respectively. (¢) Representation of two inequivalent Ba rattlers
in dodecahedral (red) and tetrakaidecahedral (blue) polyhedra. Reprinted with permission from
Ref. [27]. Copyright 2015 American Physical Society

Phonon dispersion and density of states (DOS) of BGG and GG calculated by
Tadano et al. [27] are reproduced in Fig. 3.7a. The rattling modes of Ba(2) atoms
can be seen in 28-34cm™! range along with the avoided crossing of LA modes.
From the DOS, Ba(2) induced modes (in blue line) can also be seen at 55cm™!.
These rattling mode frequencies are in good agreement with experiments [53].
Firstly, they have calculated the participation ratio, Py, for each phonon mode, ¢, as
Py =X, lua(@))?1?/Ng 3, lug(q)]* where ug(q) = M‘;l/zea (g), M is atomic
mass of atom « and e is the eigen vector. From the P, values, they found that the
localization of guest atoms is significant in the rattling modes around 28-34 cm™!
which is in accordance with the Einstein-rattler picture—a popular notion. However,
this participation ratio is an indirect measure of the effect of Ba rattler. To have a
direct measure, they used ab initio lattice dynamics along with BTE to calculate «,
phonon line width and phonon scattering phase space. The harmonic and cubic IFCs
were calculated ab initio only for BGG, as the GG structure is fictitious. The trick
they have used to generate IFCs for GG from the IFCs of BGG is that they turned
off the interactions between the host lattice and guest atoms. At 100 K, calculated
k of GG structure is 20 times greater than that of BGG. Estimated « of BGG at 100
K is 1.35 W/m-K, which matches well with experimental values (1.5 W/m-K for
p-type and 1.9 W/m-K for n-type) [54].
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Analysing the scattering rates 7! of these structures, they obtained important
insights: the enhancement of 7~! due to rattler is not limited to any specific
frequency region, it is seen in the entire frequency range, profoundly below
120cm™!. Firstly, this tenfold increase in 7! explains the 20-fold reduction in «
due to Ba rattler. Secondly, the change of 7 ~! in entire region is in contradiction with
the resonant scattering picture where such effect is localized in frequency domain.
Despite these insights from the trends in 7!, the reason for the increase in 7! in
BGG is still unknown and even the results on three-phonon scattering phase space,
W (inset of Fig. 3.8) could not explain it as the increase in W is only by a factor
of 2, which is inadequate in explaining the tenfold increase of !, Interestingly, the
trends in three-phonon matrix elements (in other words, the strength of interaction
among the three phonons), @, ,/,~, as in Eq. 3.5, appear promising. A significantly
higher values of @, ,/.» in BGG in comparison with GG have been observed in
the frequency ranges precisely corresponding to the frequencies of the localized
rattling modes (Fig.3.7). @, ,/,» being a measure of anharmonicity in the system,
this increase in @, ,/,» is a clear indication of effects of rattler in BGG. This
work by Tadano et al. [27] could certainly showcase the enormous potential of the
anharmonic lattice dynamics with BTE in understanding the mechanism of thermal
transport.
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Fig. 3.8 Calculated phonon line width of BGG (filled circles) and GG (open circles) at 300 K.
Inset: Energy- and momentum-conserving phase space qu in the low-energy region at 300 K.
Reprinted with permission from Ref. [27]. Copyright 2015 American Physical Society
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3.5.2 CoSb3 and BaCoy4Sbi; (Ref. [29])

Li and Mingo [29] estimated « for CoSbs and BaCo4Sby, skutterudites using ab
initio lattice dynamics. This is another study where BTE helped in settling the
controversial explanation of rattling mechanism. From the comparison between
scattering rates of Ba filled skutterudite (BaCos4Sbi2) and empty skutterudite
(CoSbs), they demonstrated that filler causing an increase in scattering rates by
a factor of 1.7. Firstly, this enhanced scattering throughout the frequency range
ruled out the puzzling resonant nature of rattlers; in the resonant rattler picture
such enhancement of scattering is limited to narrow range of frequencies. To
uncover the precise role of rattler in L they calculated the 77! of BaCo4Sbi
by turning off the interactions between Ba and the host, and found 7! is still
significantly higher than empty skutterudite CoSbs (see Fig. 3.9). That indicates that
the enhanced scattering in BaCo4Sb1, is not caused by the presence of filler alone.
They also checked the role of third-order IFCs in the enhanced scattering even in
the absence of guest—host interactions. For that, they used the CoSbs’s third-order
IFCs in calculating 77! in BaCo4Sbys. They did not see much difference in the
scattering trends compared to the previous case (see bottom part of Fig. 3.9). Thus,
neither the third-order IFCs nor the guest-host interactions cause the enhanced
scattering in filled skutterudite. Another possibility is the second-order IFCs which
essentially contribute to the scattering rates through frequencies. The three-phonon
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Fig. 3.9 Top: Anharmonic scattering rates of BaCo4Sb,, compared with those calculated by
excluding Ba-related scattering. Bottom: Anharmonic scattering rates of BaCos4Sbyy, compared
with those calculated by using the third-order IFCs of CoSbs. Reprinted with permission from
Ref. [29]. Copyright 2014 American Physical Society
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scattering phase space, W* (see Eq.3.7) includes frequencies from the transition
probabilities equation (see Eq.3.4). After analysing the W trends, they concluded
that the depressed phonon spectrum is the cause for the enhanced scattering in filled
skutterudites.

Indeed, such thorough investigation became possible with the valuable and
multifaceted information provided by ab initio based BTE method.

3.6 Thermal Conductivity of the Earth’s Lower Mantle

Thermal structure and evolution of the Earth’s interior primarily depends on the heat
flow through the Earth’s core-mantle boundary, which involves exciting science of
thermal boundary layer in terms of heat conduction [55]. As the conduction plays a
major role in the heat transport across the core-mantle boundary, an understanding
of planetary heat transport requires knowledge of « as functions of pressure,
absolute temperature and chemical composition. This core-mantle thermal structure
also has strong correlations with the geomagnetic filed morphology [56]. As
the primary constituents of core-mantle boundary layer, polycrystalline aggregate
of silicate perovskite ((Fe,Al)-bearing MgSiO3) and ferropericlase ((Mg,Fe)O)
have attracted numerous experimental [57-59] and theoretical investigations [17—
19, 60, 61]. Earth’s core conditions in terms of extreme pressures and temperatures
pose technical challenges in measuring « [57, 58, 62, 63] and thus the extrapolated
parameters from ambient conditions have been used in the models to predict
behaviour of Earth’s interior [64, 65]. In the initial studies, phonon group velocities
are approximated as sound velocities and phonon lifetimes at extreme conditions are
approximated with lattice thermal expansion and/or Griineisen parameters which are
equilibrium thermodynamic properties.

In the first attempt to calculate x of MgO, molecular dynamics simulations and
Green—Kubo theory have been used [66]. Due to the failure of the interatomic
potentials, this study underestimated the « by an order of magnitude. Later, de
Koker [67] used first-principles molecular dynamics along with phonon spectral
density approach to arrive at phonon lifetimes, a crucial parameter in estimation of
k. First study that used anharmonic lattice dynamics to calculate « is by Tang and
Dong [17], which marked a significant improvement in modeling « because of the
accuracy in « it predicted of MgO. Figure 3.10 shows the calculated « values of
MgO as a function of pressure and temperature. They considered a hot and cold
geotherm based on experimental constraints [68] to give a direct estimation of k
of MgO at the lower-mantle conditions. These hot and cold geotherms correspond
to the whole-mantle convection and partially layered convection, respectively, and
provide a reasonable temperature bound for the lower mantle. At the same depth,
there is a ~5-10 W/mK difference in « across the hot and cold geotherms. There
is a strong dependence of k on depth. Though this work based on first-principles
calculations succeeded in improving the accuracy of k estimates of metal oxide
materials, it is still far from the realistic values of «.
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Fig. 3.10 Pressure and temperature contour plot of the lattice thermal conductivity of MgO.
Dashed lines are estimated cold and hot geotherms from experiments (Ref. [68]). Reprinted with
permission from Ref. [17]. Copyright 2010 National Academy of Sciences

The major concern is the iron enrichment in these mantle minerals which
drastically affect the physical and chemical properties of the core-mantle boundary
[69, 70]. Recently, there have been studies to understand the effects of iron on «
of Earth’s deep mantle and its implications for mantle dynamics [57, 71]. They
found even a small percentage of Fe can strongly reduce «. Similar trends have
been found even for larger concentrations of Fe in ferropericlase. Substitution of
Al, instead of Fe, in perovskite also let to a significant reduction of « [57]. There
have been no theoretical efforts, using lattice dynamics and BTE, to calculate « of
mantle minerals enriched with small % of Fe or Al

The other concern, along with the compositional disorder, is the extreme condi-
tions in terms of high pressures and high temperatures, where experimental data is
highly scarce and accuracy of theoretical predictions is very poor. For MgO, Dekura
and Tsuchiya [18] calculated « at extreme conditions (up to 150 GPa and 4000 K)
using an iterative solution of BTE and compared with RTA results (see Fig.3.11).
They find that RTA underestimates « of MgO, by about 30%, at both ambient and
extreme conditions. Similar to the case of diamond, U phonon scattering is weak in
MgO and thus iterative solution of BTE is essential to determine « accurately.

Iterative solution of BTE can be a potential theoretical tool in improved
estimation of « at Earth’s mantle conditions, and can be extended to the other
mineral compounds.
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Fig. 3.11 Calculated « of MgO with the fully converged solutions to the linearized BTE (solid
lines) as a function of pressure P at several T from 300 to 4000 K with 10 = 8% confidence
bands (shaded regions). The results of previous studies based on ab initio ALD calculations with
the isotopic correction (dashed double-dotted lines) [17], equilibrium (dash-dotted lines) [72] and
nonequilibrium MD (dashed lines) [73], and experiments conducted using single-crystal samples
(pink and green circles for 300 and 2000 K, respectively) [62, 63] and polycrystalline samples
(pink and orange squares for 300 and 1000 K, respectively) [57, 58] are provided. The results of
classical MD simulations (pink and green triangles for 300 and 2000 K, respectively) [74] are also
depicted. Reprinted with permission from Ref. [18]. Copyright 2017 American Physical Society

3.7 Molecular Crystals: Limitations of BTE Approach

Phonon behaviour in energetic molecular crystals such as RDX, HMX and TATB
is of tantamount importance, especially, to understand the ignition mechanism.
For atomic crystals, BTE serves well by providing detailed phonon scattering
mechanisms. In molecular crystals such as RDX and TATB energetic materials, it is
computationally expensive to deal with large unit cells and it is a long calculation
to obtain phonon dispersion. Thus the task of obtaining scattering rates and x of
molecular crystals by solving BTE is computationally not feasible. However, there
have been attempts, using other theoretical approaches, to understand the role of
phonon scattering in the process of ignition of energetic molecular crystals. In order
to calculate « for energetic material, Long and Chen [75] defined phonon stress
from individual phonon momenta and obtained phonon—phonon interactions. Based
on this, they identified key vibrational modes relevant to heat exchange processes.

Even for atomic crystals, as the crystal complexity increases, inherent anhar-
monicity starts to dominate and it manifests as weakly dispersed phonon branches,
leading to localization of heat.
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3.8 Conclusions and Outlook

We have presented computational studies of thermal transport behaviour of several
materials to highlight the key features of phonon BTE approach based on ab initio
lattice dynamics calculations. We started with a detailed presentation of the theory
and its developments, and presented our theoretical results for thermal conduction
in simple crystals like Al, diamond and GaAs. Moving to the thermoelectrics, we
have reviewed how the theoretical studies using BTE helped in demystifying the
nature of rattler mechanism—one of the intricate mechanisms of ultra-low « in
thermoelectrics. We have also highlighted the role of theoretical studies using BTE
in accurately predicting thermal conductivity of materials under extreme conditions
with examples of prominent minerals of Earth’s lower mantle. As demonstrated
here, phonon BTE along with first-principles lattice dynamics is an exceptional tool,
which is yet to be utilized in many other areas and materials.

Nevertheless, extending the phonon BTE beyond the phonon gas limit would
be an important step forward. The theoretical foundation of the phonon BTE is
routed in the phonon gas model [1, 26], where vibrational modes are weakly
interacting such that populations of each phonon follow the single-particle Bose—
Einstein distribution at equilibrium. This picture is not true in glassy and amorphous
systems. Recently, two-channel model has been proposed [76], where an extra
component from the uncorrelated oscillations of vibrational energy was found
to be necessary to explain the deviation of phonon BTE estimate of x from
experiments (at high temperatures) in crystalline TI3VSes. Beyond the phonon
gas limit, vibration Fokker—Planck equation theory has been proposed to describe
the stochastic fluctuation and relaxation processes of lattice vibrations at a wide
range of conditions [77]. Such a theory makes multiple-mode correlation functions
accessible and has the potential to possibly change the paradigm of thermal physics
in the near future.
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Chapter 4 )
Fabrication and Thermoelectric Check for

Properties of PEDOT Films and Their
Composites

Wei Shi, Qin Yao, and Lidong Chen

4.1 Introduction

Polythiophene is electrically polymerized by Tourillon and Garnier et al. in 1982,
which exhibits an electrical conductivity (o) of ~10-100 S/cm [1]. To enhance
its performance, stabilized doping states and enlarged conjugation length are
desired. Therefore, various derivatives are synthesized. As an example, poly(3-
hexylthiophene) [2—6] with higher doping capability and electrical performances are
synthesized. However, most of the derivatives are still not stable enough, the doping
process is slow and reversible. Some are even dedoped when immersed in solvent
such as ethanol. Furthermore, complex synthesis and relatively poor performance
limit their practical applications.

Compared to other polythiophene derivatives, PEDOT exhibits much more
stabilized doping states. It was initially discovered by Jonas, Heywang et al. of
the Bayer Company [7-8]. The effective mesomeric stabilization provided by 3,4-
oxygen substitution results in remarkably enhanced doping stability and high ¢. The
heavily doped bipolaron structure absorbs mostly infrared light, which results in the
transparent light blue appearance of the PEDOT films.

Owing to its high electrical performance and good chemical stability, PEDOT has
been widely used in various fields such as supercapacitor [9-12], solar cell [13-15],
sensors [16—19], and ferroelectric [20]. However, in thermoelectric (TE) material,
large Seebeck coefficient (S) is required in addition to high o. The great structural
defect in PEDOT’s film has led to limited S and o. The optimization of the polymer
structure and the introduction of nanoparticles are the two main routes to achieve
higher TE performance. Great efforts have been done in recent two decades. In this
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chapter, we will mainly introduce the performance optimization of PEDOT-based
TE film material.

4.2 Two Types of PEDOT

PEDOTs are fully doped when polymerized, which can be classified according to
their counter-ions. There are basically two types of PEDOTSs: the commercially
available PEDOT:polystyrenesulfonate (PEDOT:PSS) and chemically produced
small-sized anion doped-PEDOT (S-PEDOT). S-PEDOTSs were discovered earlier,
and are usually obtained via in-situ polymerization or electrochemical polymeriza-
tion. They are completely insoluble in all solvents, which limit their applications.

PEDOT:PSS was invented a year after the discovery of S-PEDOT [21]. Due
to the existence of hydrophilic polyanion PSS, PEDOT:PSS is water-processable.
PEDOT:PSS aqueous solutions (mostly ~1 wt%) are commercially available now
and are much more commonly used than S-PEDOT since PEDOT:PSS is mentioned
as the polymer matrix in nearly 90% of the reports in PEDOT-based TE material
rather than S-PEDOT.

However, either type of PEDOT has its distinctive advantage/disadvantage as
TE material. Due to the difference in structure/synthesis, the TE performance of
PEDOT:PSS and S-PEDOT is optimized via completely different approaches. And
we will discuss separately in the following chapters.

4.3 The TE Performance Optimization of PEDOT:PSS Films

4.3.1 Synthesis of PEDOT:PSS

PEDOT:PSS is synthesized via an oxidation reaction in PSS aqueous solution where
EDOT is oxidized by ammonium persulfate (APS) [21]. The by-product and excess
oxidant in raw product can be washed off by ion-exchange method. The resulting
dark-blue solution can be used directly for film coating. In the early period, only
PEDOT:PSS is used in TE material.

4.3.2 TE Properties of Pristine PEDOT:PSS

Jiang et al. first reported the TE performance of PEDOT:PSS (DMSO-treated). The
cold-pressed pellet exhibits a ZT value of 1.75 x 1073 [22]. Though the material
exhibits a very low thermal conductivity (k) of ~0.1 W/mK, its S (~12 wV/K) and
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Table 4.1 TE properties of various Clevios PEDOT products from the Bayer Company

Products o (S/em) S (WV/K) PF (WW/mK?2)
Clevios P (5% DMSO) [25] 81.9 12.6 1.28

Clevios PH500 (5% DMSO) [26] 330 14.6 7.0

Clevios PH500 (5% DMSO) [25] 317 225 16.05

Clevios PH510 (5% DMSO) [23] 299 12.6 4.8

Clevios PH750 (5% DMSO) [26] 570 13.5 10.4

Clevios PH1000 (5% DMSO) [25] 945 222 46.57

Clevios FET [25] 320 30.3 29.39

o (~50 S/cm) are not satisfied. The main reason of low performance is the lower
density/continuity of powder material compared to that of the film material. Chang
et al. first reported the TE performance of PEDOT:PSS film. The coated film with
self-made PEDOT:PSS solution exhibits a o of 250 S/cm and a power factor (PF) of
4.78 wW/mK? [23].

The o of PEDOT:PSS films is further enhanced in the later series of commercial
products. For example, Clevios PH-500 stands for a film with a o close to 500 S/cm.
Fan et al. have compared the film properties of Clevios PH-500 with Clevios P
and found that the higher electrical performance was probably attributed to the
higher molecular weight of the polymer [24]. Zhang et al. have measured the TE
properties of various Clevios products. The results showed that 5% DMSO-treated
Clevios PH-1000 exhibits a fairly high power factor of 46.57 wW/mK? [25].
Table 4.1 summarizes the TE performance of the commercially available
PEDOT:PSS products.

4.3.3 Structural Distortion in PEDOT:PSS

However, the bottleneck appears in the synthesis of high performance PEDOT:PSS-
based TE material as people found that the ¢ and S of the these materials reached
a limitation of ~1000 S/cm and ~20 wV/K, respectively. Reports show that
PEDOT:PSS is not effectively doped. Usually, only a small proportion of sulfonate
units in PSS participate in the doping process (-SO37~) while the rest remain in
their acid type (-SO3H) [48]. This unbalanced doping structure results in severe
distortion in PEDOT’s chain structure (Fig. 4.1a). The carriers are localized in such
Fermi glass [27], and the improvement of S is limited. Secondly, segregation forms
due to the large and not fully doped PSS segment existing as independent insulating
phase in PEDOT and finally results in an island-like structure consist of the PEDOT-
rich conductive core area and PSS-rich less-conductive outer layer (Fig. 4.1b). Lang
et al. have observed such inhomogeneous PEDOT-PSS binary phase structure via
high-angle annular dark field scanning transmission electron microscopy (HAADF-
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Fig. 4.1 (a) Asymmetrical arrangement between PEDOT and PSS. (b) The island distribution
of conducting PEDOT segments in PEDOT:PSS. (¢) HAADF-STEM image of PEDOT:PSS film,
showing the boundaries between PEDOT-rich segments [28]. Reproduced with permission

Fig. 4.2 GIWAXS patterns of PEDOT:PSS films (a) without and (b) with 0.05% DEG addition
[27]. Reproduced with permission

STEM) (Fig. 4.1c) [28]. The interfacial boundaries could block the carrier transport
and limits the o of the material. Furthermore, the distribution of PSS is also affected
by the synthesizing/coating technique and the in-plane and out-of-plane o is usually
different [29].

4.3.4 Secondary Doping of PEDOT:PSS

As mentioned above, the 5% DMSO addition can significantly enhance the o of
PEDOT:PSS. This process is called secondary doping, in which the solvent with
high dielectric constant is used, such as dimethyl sulfoxide (DMSO) [23, 26, 30, 31],
ethylene glycol (EG) [32-34], and diethylene glycol (DEG) [27]. Though secondary
doping does not result in crystallization of PEDOT, it can improve the structure
ordering to a certain extent. Some reports show that when PEDOT is treated with
DEGQG, the ratio of non-variable range hopping (VRH) conduction increased, which
indicates that the structural ordering of the material is enhanced. The GIWAXS
also shows that an additional peak that refers to the separation of PEDOT and
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PSS emerged when PEDOT:PSS is treated with DEG (Fig. 4.2) [27]. These results
confirmed that solvent treatment can separate PEDOT and PSS phase and leads to
enhancements in ¢ and structural ordering.

4.3.5 Removal of PSS

In addition to secondary doping, some studies focus on the direct removal of PSS
polyanion in PEDOT. Kim et al. immersed the PEDOT:PSS in DMSO or EG for
a certain period of time and found that the PPS content in PEDOT is significantly
reduced, along with a decrease in film thickness. Both ¢ and S increased and an
amazingly high ZT value of 0.42 is achieved [35]. This method can be regarded as
an enhanced version of secondary doping. Except for solvent treatments, Lee et al.
reported effective PSS removals by chemical dedoping (hydrazine) [36] and ultra-
filtration [37]. By using these methods, the TE performance of PEDOT:PSS film
can be maximized and a high power factor of 115.5 wW/mK? is achieved. There is
also a report that shows a summarized result of chemical dedoping of PEDOT:PSS
by various types of reductants [38]. The improvement of S is determined by the
dedoping/reducing ability of the reductant.

Recently, acid treatment became a new effective route to remove excess PSS in
PEDOT. Through acid solution/vapor treatment (e.g., H2SO4 [39], oxalic acid [40],
formic acid [41], HI [42]), the o of the material is enhanced and the S remains
almost unchanged. Such treatments can lower the PEDOT:PSS content and enhance
the doping level by anion substitution, which are also proved to be effective in the
performance optimization of S-PEDOT such as PEDOT:tosylate (PEDOT:Tos) and
PEDOT:FeCly [43-45]. Besides, post-treatments using formamide [46], ZnCl, [47],
sorbitol [48—49], and deep eutectic solvent (DES) [50-51] have similar positive
effects. The above methods optimizing the structure ordering of PEDOT:PSS are
summarized in Table 4.2.

These reports have confirmed the fact that the TE performance of PEDOT:PSS is
influenced by the continuity, ordering, and density of the conductive structure. An
ideal structure of PEDOT:PSS should have compact and ordered structure with just
enough PSS dopant. However, despite its reasonable o and solvent processability
as a successful commercial product, the complete removal of excess PSS and the
ordered structure is extremely difficult to realize due to the mismatch between
positive charge and SOz~ anions. PEDOT:PSS exhibits non-crystalline structure
and low Seebeck coefficient compared to S-PEDOTs (100% effectively doped)
[27]. New strategies are demanded for the further enhancement of PEDOT:PSS
matrix. Despite these shortages, PEDOT:PSS has great advantage in the convenient
syntheses of nanocomposite materials in which TE performance can be further
enhanced (which will be discussed in the later sessions).
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Table 4.2 The reported TE properties of PEDOT:PSS (performance optimization through gener-
ating a more ordered structure)

Treatments o (S/cm) S (WV/K) PF (uW/sz)
EG/DMSO (secondary doping) [22] 40 12 0.576
DMSO (secondary doping) [23] 298.52 12.65 4.78
DMSO (secondary doping) [25] 945 22.2 46.6
DMSO (secondary doping) [30] ~800 18.98 28.95
DMSO (dilution—filtration) [31] 1399 18.6 48.3
EG (solvent-thermal) [34] 520 16.9 14.9
EG/DMSO (removing PSS) [35] ~880 ~T74 482
Ultra-filtration (removing PSS) [37] 788 32.5 83.2
Oxalic acid (removing PSS) [40] 823 9.2 6.96
Formic acid (removing PSS) [41] 1900 20.6 80.6
Sorbitol (removing PSS) [48] 722 ~10 7.26
Sorbitol (removing PSS) [49] 674.6 13.8 12.8
DES (removing PSS) [51] 424.2 24.4 25.26
ZnCl-DMF (removing PSS) [47] ~1450 26.1 98.2
H,SO4 vapor (removing PSS) [39] 1167 12.1 17.0
HI (removing PSS) [42] 1690 20.3 69.6
Formamide (removing PSS) [46] 2929 17.4 88.7

4.4 The Synthesis and TE Performance Optimization
of S-PEDOT Film

4.4.1 Crystalline Structure of S-PEDOT

The discovery of S-PEDOT was 1 year earlier than PEDOT:PSS. The study of
S-PEDOT begin with PEDOT:FeCly, which was synthesized via the chemical
oxidation of EDOT with FeCl;. Unlike PEDOT:PSS, S-PEDOT is insoluble in
all solvents, which can only slowly decompose in nitric acid. The performance
of S-PEDOT strongly depends on its synthesis and the synthesis procedure of S-
PEDOT is still a great challenge. Nevertheless, S-PEDOTSs have potentially higher
TE performance than that of PEDOT:PSS due to their more optimized structures.

As a polymer with good planarity and low steric effect, PEDOT can form crys-
talized structure when doped with small-sized anions. Gueye et al. had examined
the structure of PEDOT:trifluoromethanesulfonate (PEDOT-OTY), which had high
intensity diffraction peaks indicating high crystallinity of the polymer (Fig. 4.3a, b)
[52]. Such crystallized region can be clearly seen in high resolution transmission
electron microscope (HRTEM) images (Fig. 4.3c, d). The o of the material is as
high as 5400 S/cm [53].

The high structural ordering is beneficial to the transport properties of the
material and leads to significant enhancement on TE properties [27]. In highly
disordered conducting polymer such as PEDOT:PSS, the carrier near the Fermi
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Fig. 4.3 (a) In-plane and (b) out-of plane GIWAXS diffractograms of PEDOT films. (c¢) Crys-
talline structure and (d) HRTEM image of PEDOT:OTT film [52]. Reproduced with permission

level is localized. Therefore, a highly positive temperature dependence of ¢ can
be observed as a result of the thermal excitation. While in a much more ordered
conducting polymer such as PEDOT:Tos, the carriers are delocalized and the
mobility increased (Fig. 4.4a). The proportion of non-VRH conduction increases
and sometimes negative temperature coefficient of ¢ can be achieved. The ¢ and
S can be enhanced simultaneously when the structural order is improved (Fig.
4.4b, c). For example, if the synthesis PEDOT:Tos is stabilized with inhibitors
such as poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene
glycol) (PEPG), the TE performance is greatly improved accompanying with the
simultaneous increase of ¢ and S.

4.4.2 Developments in S-PEDOT’s Synthesis

The chemical oxidation method is most widely used in synthesizing S-PEDOT
films. The most pristine way to synthesize S-PEDOT can be found in early patents,
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Fig. 4.4 (a) The influence of structural disorder on the band structures. (b) Temperature depen-
dence of the electrical conductivity of PEDOT. (¢) Comparison of TE performance between
PEDOT films [27]. Reproduced with permission

where iron salt oxidant is directly mixed with EDOT monomer and heated to react.
Randomness in TE performance is observed. Some product such as PEDOT:Tos
exhibits significantly lower performance compared to those synthesized using the
up-to-date technique, while some other product such as PEDOT:CSA exhibits ¢ of
~ 103 S/cm. The main reason of such random performance is the uncontrollable
reaction rate. It was observed that the color of the reaction mixture was turning dark
even before the heating process, which indicates the formation of oligomers at low
temperature. According to early reports on PEDOT’s polymerization mechanism,
the reaction rate consists of two parts [54]. The first part is the main reaction rate
(r1) influenced by the rate determining step (RDS):

2
o=k [Fe3+] [EDOT]?
The second part is the rate acceleration by the catalyzation effect of protons:

r2 = ko [H¥] [Fe** | [EDOT]
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When the protons are continuously generated during the reaction, the r
increased, which results in uncontrollable reaction rate and unqualified film with
defects and oligomers inside.

To solve the above problems, base inhibitors such as imidazole or pyridine are
found to be effective in reducing the reaction rate. Especially, in 2005, Jansen et
al. found that the addition of pyridine in the oxidant prior to the reaction can
effectively reduce the reaction rate and increase pot life [55]. Compared to some
inhibitors with high boiling points that sometime stop the reactions, pyridine can be
easily evaporated during the reaction, which ensured a relatively smooth reaction.
The resulted PEDOT:Tos via base inhibited polymerization exhibited a high o
of ~1000 S/cm. However, the use of pyridine still cannot ensure fully stabilized
reaction. New problem also emerged when vapor phase polymerization (VPP)
method is used in order to produce more qualified films.

Early in 2004, Kim et al. found that EDOT can be reacted with coated oxidant
layer in the form of vapor [56]. Therefore, the real-time EDOT concentration in the
oxidant layer as well as the reaction rate can be effectively reduced, and the pot-life
is prolonged. However, the synthesized PEDOT film exhibits a poor ¢ of ~60 S/cm.
Fabretoo et al. have studied the reaction mechanism of vapor phase polymerization
of S-PEDOT [57]. They conclude that small amount of water is essential for the
transport of proton during the reaction. If the oxidant is completely dehydrated, the
reaction will not start at all. Actually, in most synthesizing conditions, the oxidant
and solvent will absorb certain amount of water from the environment and there will
not be water shortage. However, the existence of water leads to the precipitation of
oxidant in the form of hydrate during the reaction when the solvent evaporates,
especially in vapor phase polymerization where solvent often evaporates prior to
the completion of the reaction. When the oxidant crystallized, the crystallized part
will not react with EDOT monomer and coexisted with the as-formed PEDOT (Fig.
4.5). After the film was washed, the unreacted part will form pin-hole defects in the
film, which results in the deterioration of electrical properties.

The solution of crystallization problem is to add another copolymer inhibitor
to the oxidant. These inhibitors have solvent preserving and anti-crystallization

Fig. 4.5 Incomplete reaction
caused by the hydration
(crystallization) of oxidant
[57]. Reproduced with
permission
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function. For example, when poly(ethylene glycol-ran-propylene glycol) (PEG-
ran-PPG) is added to the oxidant, the o of the resulted film is increased by
an order of magnitude, reaching 700 S/cm. When PEPG is used as inhibitor in
vacuum vapor phase polymerization (VVPP), the ¢ of the film may reach 1500-
3500 S/cm [58-59]. Wang et al. had achieved similar o using PEPG-inhibited VPP
at moderate pressure [60]. Furthermore, the use of PEG in PEDOT can improve its
biocompatibility [61-62] and electrode durability [63].

Copolymers such as PEPG not only have anti-crystallization function, but can
also reduce the reaction rate due to its steric or dilution effect. Park et al. had
succeeded in synthesizing high performance PEDOT film via a solution casting
polymerization inhibited with PEPG/pyridine. The reported pristine PEDOT film
exhibits high o of 1354 S/cm [64]. After these successes, the combined use
of base/copolymer inhibitors becomes a popular way to improve the electrical
performance of S-PEDOT. However, the copolymer inhibitors will partly remain
in PEDOT, which is confirmed by either differential scanning calorimeter (DSC)
[63] or X-ray photoelectron spectroscopy (XPS) [60]. And the film thickness
of the resultant film is decreased by ~50% due to the concentrating effect of
copolymer [65]. The o often decreases with increasing film thickness due to unequal
evaporation of pyridine [64, 66—67]. As a result, such S-PEDOT film polymerized
using inhibitors with high performance often has low film thickness <150 nm.

The performance enhancement can also be realized through self-inhibited poly-
merization (SIP) using weakly basic anions with certain steric effect, where the
reaction is stabilized without the help of inhibitors. The PEDOT: camphorsulfonate
(PEDOT:CSA) in early patent is a good example [68]. Shi et al. systematically
studied the role of anion in SIP [69]. The anions with mediate basicity and high
solubility such as CSA and dodecylbenzenesulfonate (DBSA) may serve both as
base inhibitor and anti-crystallization inhibitor. High o of ~1100 S/cm is achieved.
Furthermore, the oxidant concentration may exceed 78 wt% and such method can
prevent the negative effect of inhibitors on the film thickness. The film thickness
is increased by nearly an order of magnitude (~2 pwm) compared to the film
polymerized via conventional method. However, the selection of anion is quite strict.
The basicity (may partially destabilize the bipolaron) and steric effect (may affect
the structural order) of anions probably impede PEDOT’s electrical properties.

There are also other methods synthesizing S-PEDOT such as solution polymer-
ization or electrochemical polymerization.

Solution polymerization often results in powdered PEDOT with poor perfor-
mance. However, recent progress has been achieved using this convenient route.
For example, Zhang et al. have synthesized superfine PEDOT nanowire using
solution oxidation polymerization stabilized by SDS [70]. The film acquired by
direct filtering exhibits high PF of 35.8 wW/mK?.

Electrochemical polymerization is an old way of polymerizing heterocyclic
conducting polymer such as polythiophene and polypyrrole. Theoretically, all
conducting polymers that need to be polymerized through oxidation reaction can
use this route. Electrochemically polymerized S-PEDOT has relatively severer
requirement on skill and devices and the performance of the resultant films is not
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competitive compared to those polymerized by chemical oxidation. However, the
electrochemical polymerization can be used to synthesize PEDOT with unique mor-
phologies for some potential applications. For example, Taggart et al. polymerized
PEDOT nanowires on lithographically patterned Ni nanowires via electrochemical
deposition [71]. The PF ~ 12 wW/mK? of the nanowire is measured using pre-
deposited micro-electrodes. 3D microporous PEDOT material can be synthesized
using a similar method. Furthermore, some 3D microporous structure [72] or
network [73] which are hard to be synthesized by conventional method can also
be synthesized via electrochemical polymerization.

The conventional electrochemical polymerization uses some small-sized anion
such as ClO4~ as counter-ion and the TE performance of the material is relatively
low compared to chemically synthesized PEDOTs. Cluebras et al. had studied
the influence of counter-ion on the electropolymerized S-PEDOTs [74]. The
relatively large anion can prevent the polymer chain from being coiled. The TFSI
doped PEDOT using 1-Butyl-3-methylimidazolium bistrifluoromethanesulfonimide
(BMIM*TFSI™) solution as electrolyte exhibited the highest PF of 41.6 wW/mK2,
which was further enhanced up to 147.2 wW/mK? via dedoping treatment. Simi-
larly, using chemical oxidation method, Zhang et al. synthesized TFSI doped P3HT
using FeTFSI3 as oxidant and a high PF of ~20 uW/mK2 is achieved [2].

4.5 Dedoping Treatments

The TE performance of PEDOT can be further optimized through dedoping treat-
ments. Basically there are two dedoping method: chemical method (including vapor
and solution treatment) and electrochemical method. Different with the removal of
excess PSS in the optimization of PEDOT:PSS, the dedoping aims to the removal of
effectively doped anions, which results in optimized carrier concentration and PF.

Crispin et al. first conducted reduction on PEDOT:Tos [75]. In their report,
PEDOT:Tos films are exposed under tetrakis(dimethylamino)ethylene (TDAE)
vapor for different amount of time to achieve different doping level. When the
doping level is decreased to 22%, an optimized PF and ZT value of ~324 uW/mK?>
and 0.25, respectively, are obtained (Fig. 4.6a). Two years later, Park et al. reported
a electrochemical dedoping treatment on PEDOT:Tos and an extremely high PF
of 1270 wW/mK? is achieved [64]. After that, Wang reported a solution treatment
method. When PEDOT:Tos is dedoped with NaBH4 [60], the PF can be optimized
up to 98.1 wW/mK? using this relatively facile method (Fig. 4.6b). Shi et al. used
acidified phenylhydrazine (PHZ) to dedope PEDOT:DBSA [69], achieving a PF of
77.6 WW/mK?. The reducing ability of the solution can be tuned via changing the
acid/PHZ ratio. The change of doping level often results in the change in carrier
types: bipolaron — polaron— neutral. The color of the film usually turns dark as the
absorbance band moves from near-infrared area to visible light area, as shown in
Fig. 4.6c, d.
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Fig. 4.6 (a, b) TE properties of the PEDOT-Tos films treated with (a) TDAE vapor [75] and (b)
NaBH4 solution [60]. (¢) UV-Vis—NIR spectra of pristine PEDOT:DBSA and reduced PEDOT
with acid/PHZ ratio varied from 1.4 to 0. “0,” “+,” and “+4+" stand for neutral state, polaron state,
and bipolaron state, respectively. (d) Changing in color of the reduced film [69]. Reproduced with
permission

Table 4.3 The reported TE properties of PEDOT (performance optimization through controlling

the carrier concentration)

Material Dedoping method o (S/em) | S (WV/K) | PF (uW/mKZ)
PEDOT:Tos [75] TDAE vapor ~70 ~210 308
PEDOT:Tos-PEPG [64] | Electrochemical 923 117 1270
PEDOT:PSS [37] Hydrazine+UF 677 41 115
PEDOT:PSS [36] Hydrazine solution 1310 49.3 318
PEDOT:TFSI [74] Hydrazine solution 1100 37 147
PEDOT:Tos-PEPG [60] | NaBHy solution ~4502 ~624 98.1(165%)
PEDOT:DBSA [69] Acidified PHZ solution 450 35 77.2
PEDOT:FeCly [45] NaySO3 solution 16.9 23.2 0.91
PEDOT:PSS [76] NaOH solution 820 15.5 19.6
PEDOT:PSS [78] NaOH solution 598.2 23.5 33.04
PEDOT:Tos-PEPG [77] | Acidity control ~460 ~23 23

4Measured under 385 K

Similar methods are also proved effective of PEDOT:PSS. Besides, the effective

doping level can also be tuned via alkali treatments [76—78], where the doping anion
is substituted with immovable hydroxyl group (~OH). Table 4.3 shows a summary
of the reports regarding dedoping treatments.
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4.6 PEDOT-Based Nanocomposite Film

PEDOT-based nanocomposite has always been a hotspot in PEDOT-based research.
The number of the reports on PEDOT-based nanocomposite TE material is almost
20 times higher than that on pure PEDOT. The selection of nanocomposites covers
a wide area including carbon materials (single/multi-wall carbon nanotubes [79—
86], graphene [87-97], carbon black [98-100], expanded graphite [101], mixed
carbon materials [102—-103]), conductive metals (Au [104-106], Ag [107-110]),
Biy Tes series [68, 111-114], (PbTe [115], Bi»S3 [116], SbaTes [117], AgaTe [118],
Te-Cuj 75Te heterostructure [119], Te-BirxTes heterostructure [120]), oxides TE
materials (CazCo409 [121], (Cag 85Ag0.15)3C0409 [122], Fe, O3 [123]), other types
of semiconductive materials (Si [124], Ge [125], Te [126—-135], MoS, [136], TiO,
[137], ZnO [138], V205 [139-140], GeO, [141], BN [142], WS, [143], MoSe»
[144], SnS [145], CupSnSes [146]), organic materials including other conducting
polymers (polyaniline [147-150], ionic liquids [151-153], ammonium formate
[154], urea [155], paper [156—157], polyester [158], and TEMPO-OH [159]), etc.

4.6.1 In-Situ Synthesis

In most of these reports, PEDOT:PSS is used as polymer matrix owing to its good
water processability. Direct mixing of PEDOT and composite material results in low
uniformity, oxidation of nanoparticles, and unsatisfied performance. In-situ reaction
can achieve relatively more homogeneous film compared to direct mixing. Urban’s
groups have synthesized various PEDOT-based nanocomposite film containing Te
nanowires [126—129] or Te-based heterostructure [119]. Reduction of NayTeOj3
using ascorbic acid in PEDOT:PSS solution results in well-dispersed Te nanowire
(NW) in the polymer matrix (Fig. 4.7a). The in-situ synthesis can also prevent
Te NW from oxidation. The ZT at RT reaches ~ 0.1. When CuCl, is used in
combination with Na;TeO3, Te-Cuy 75Te heterostructure can be formed (Fig. 4.7b)
[119]. Similarly, Bae et al. synthesized Te-BirTes heterostructure using BiCl3
instead of copper salt (Fig. 4.7c) [120]. This method provides new strategies for
the engineering of carrier filtering ability of nanocomposite materials.

4.6.2 Particle Size Control

High inorganic loading often causes deterioration of flexibility as well as increasing
cost. Achieving higher TE performance at relatively low inorganic lowing is still a
challenge. Reports show that the effectiveness of inorganic loading can be improved
through particles sized control. For example, Du et al. synthesized 3—4 nm wide
p-type BixTes nanosheets and mixed them with PEDOT:PSS solutions [112]. The
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Fig. 4.7 (a) Illustration of in-situ synthesis of PEDOT:PSS-Te nanorod composite film [128]. (b)
Illustration and the power factors of in-situ synthesis of PEDOT:PSS-Cu; 75 Te nanorod composite
films [119]. (¢) Te-Cuj 75Te heterostructures embedded in PEDOT:PSS [120]. Reproduced with
permission

resultant film exhibits a quintupled PF of 32 wW/mK? at a low Bi,Te; loading
of 4.1 wt%. Small-sized nanoparticles can create nano-sized interfaces within
the polymer matrix, which can effectively scatter the low energy carriers. Such
energy-filtering effect can lower the carrier concentration and improve the carrier
mobility. Recently, through modifying the particles sizes/morphologies, great pro-
gresses are achieved in producing high performance PEDOT-based nanocomposites
with low inorganic loadings. For example, the PEDOT films containing GeO;
nanoparticles [141], MoS; nanosheets [136], and BN nanosheets [142] all exhibit
PF > 45 wW/mK? at a low inorganic loading of <5 wt%.
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4.6.3 One-Step Synthesis Using Multi-Functional Oxidants

Synthesis of PEDOT requires oxidation environment while synthesis of inorganic
nanoparticles usually requires a reducing environment. That means that in most
circumstances, PEDOT and inorganic nanoparticles have to be synthesized sepa-
rately. Which often cause the oxidation of inorganic particles [25] in direct mixing
or the reduction of PEDOT in in-situ polymerization [128]. Using multi-functional
oxidant can solve this problem and realize one-step synthesis of PEDOT-based
nanocomposites. For example, Zhou et al. use graphene oxide as oxidant, and
synthesized PEDOT-graphene hydrogel for supercapacitors [160]. However, the o is
only 0.73 S/cm. Xu et al. used similar method and the PEDOT-graphene composite
exhibits a PF of 5.2 p,W/mK2 [161]. Wang et al. use AgNO3 and Cu(NO3); to
synthesize PEDOT-Ag and PEDOT-Cu nanocomposites [107]. The maximum PF
is up to 12.47 wW/mK?. Similar composite materials can also be synthesized via
electrochemical polymerization [162] or CVD [163]. Recently, Shi et al. synthesized
PEDOT-Te nanocomposite film using TeCly in combination with a SIP oxidant
FeDBSA3 [164]. The film exhibits PFs of ~100 uW/sz at Te content around
~2.1-5.8 wt% (Fig. 4.8). However, the strict selection of oxidant to meet the

S'a (WWimK®)

Fig. 4.8 The film morphology and TE performance of PEDOT-Te nanocomposite film polymer-
ized under various oxidant ratio s(TeCls/FeDBSA3) [164]. Reproduced with permission
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requirements of good solubility as well as enough oxidizing ability has limited the
application of multi-functional oxidant towards more material systems (e.g., Ag-low
solubility, Bi and Sb-low oxidizing potentials, etc.). Table 4.4 summarizes the TE
properties of PEDOT-based nanocomposite films.

4.7 Future Prospective on PEDOT-Based TE Films

According to the calculation, PEDOT matrix has theoretically ultra-high ¢ and
S [165]. That means there is still much space for the improvement of its TE
performance. The development of new synthesizing skill or post-treatment may lead
to more ordered polymer structures and further enhanced TE properties. In addition,
through molecular design, novel monomers may also enhance the chain conductance
of the polymer.

Furthermore, the PEDOT-based nanocomposites have even larger potentials for
performance optimization. The discovery of new composite, new multi-functional
oxidant or new synthesizing techniques may leads to improvement on particle
distribution, particle size/morphology control, and protection against oxidation.
New material system that is suitable for building nanocomposite with PEDOTs
needs to be explored. Especially, p-type materials with high S and reasonable o
are desired.

Various mechanisms still remain poorly understood, especially on the synthesis,
doping behavior as well as the performance enhancement of nanocomposite. For
example, about anion doping, the structures of PEDOTs with >25% doping levels
cannot be fitted into the currently proposed structural models. The mechanism of
dedoping by alkali is also unclear. The reaction mechanism of EDOT with non-ferric
oxidant has not been answered. Theories about nanocomposites such as energy
filtering or phonon dragging still need improvement through either characterization
or calculation. We may have a better control of PEDOT’s synthesis and structure
when these problems are cleared.

Furthermore, for practical TE applications, improvements on various properties
(radiation durability, mass production ability, transparency, film thickness, etc.) are
also demanded. More work has to be done on this promising material.
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Chapter 5 )
Electric Field Thermopower Modulation Shethie
of 2D Electron Systems

Hiromichi Ohta

5.1 Introduction

Thermoelectric energy conversion technology attracts a great deal of attention for
converting waste heat into electricity [1, 2]. The principle of thermoelectric energy
conversion was discovered by Seebeck in 1821: a thermo-electromotive force
(AV) is generated between two ends of a metal bar by introducing a temperature
difference (AT) in the bar [3]. The value of AV/AT is so-called thermopower or
Seebeck coefficient (S), which is an important physical parameter to obtain high
dimensionless thermoelectric figure of merit, ZT = S2.o-T-x~L, where Z, T, o,
and « are the thermoelectric figure of merit, the absolute temperature, the electrical
conductivity, and the thermal conductivity, respectively.

Currently, there are two frontiers in thermoelectric materials research: one is to
reduce « value using nanostructuring technique. Several high ZT materials were
realized one after another [4-8]. The other one is to enhance |S| value without
reduction of o by electronic density of states (DOS) modification [9-12]. Thus, the
ZT value of thermoelectric materials can be dramatically enhanced by modifying
the DOS in low-dimensional structures such as two-dimensional quantum wells,
due to that an enhancement of |S| occurs. Hicks and Dresselhaus [10] theoretically
predicted that using superlattices can dramatically enhance the two-dimensional
thermoelectric figure of merit, Zop7T of a quantum well for thermoelectric semi-
conductors because only the |S| value increases with the electronic DOS of the
quantum well, while 0 and « remain constant [10]. In 2007, we observed an
unusually large enhancement of |S| value of SrTiO3, which is five times larger than
that of bulk, in two-dimensional electron gases (2DEGs), which are confined in
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Nb:SrTiO3/SrTiO3 superlattices [13, 14] and/or TiO2/SrTiO3 heterointerfaces [14].
Thus, 2DEGs showing unusually large |S| have attracted attention as a potential
approach for developing high-performance thermoelectric materials.

Basically, the |S| value of a thermoelectric material can be expressed by the
following Mott equation [15]:

§ = 72 kg’T ’dun(a(E))] }
- dE

3 e E=Ep’
_ 72 kg®T [ 1 dn(E) 4 L. du(E)
- 3 e n dE % dE E:EF7

where kg, e, n, and p are the Boltzmann constant, electron charge, carrier con-
centration, and carrier mobility, respectively. The S*-o value of a thermoelectric
material must be maximized by means of n because of the commonly observed
trade-off relationship between S and o in terms of n: o increases almost linearly
with increasing n, while |S| decreases with n. Consequently, a great deal of effort in
material engineering is needed to maximize $%.o value. In addition, |S| strongly

depends on the energy derivative of the DOS at around the Fermi energy (Er),
[BDQS(E)
dE
structure. However, the S measurements take very long time because many samples
with different carrier concentration should be prepared. In order to overcome this
difficulty, I have developed the electric field thermopower modulation method.
Here I review the points of our electric field modulation measurement of S for
2DEGs in the several semiconductors including SrTiO3, BaSnOs3, and AlGaN/GaN
heterointerfaces.

] . Thus, S is a good measure to characterize the material’s electronic
E=Ef

5.2 Electric Field Thermopower Modulation Method [16-22]

The electric field thermopower modulation method was firstly demonstrated by
Pernstich et al. [16]. They successfully measured the field modulated S of several
organic semiconductors such as rubrene and pentacene by using the electric field
thermopower modulation method. Figure 5.1 shows the measurement setup of
the electric field modulated thermopower. For the S measurements, we used two
Peltier devices, which were placed under the transistor, to generate a temperature
difference between the source and the drain electrodes. Two thermocouples (K-
type), which were mechanically attached at both edges of the channel, monitored the
temperature difference (AT). The thermo-electromotive force (AV) and AT values
were simultaneously measured at room temperature, and the slope of the AV-AT
plots yielded the S values.

In order to characterize a thermoelectric material, the power factor S2.o value
must be maximized by measuring S and o with varied n. Although many specimens
with varied carrier concentration are required to clarify the relationship between the
S and the n3p (Fig. 5.2a), only one good specimen with three-terminal TFT structure
is required for the electric field thermopower modulation method (Fig. 5.2b) [19].
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Fig. 5.1 Measurement setup
of the electric field modulated
thermopower. (a) The
thin-film transistor sample is
put on the gap between two
Peltier devices. One Peltier
device is a heater and the
other one is a cooler when the
electric current is applied
simultaneously. (b)
Magnified photograph. Two
tiny thermocouples (K-type,
25 wm) are used. The typical
channel length is 800 pm and
the width is 400 wm. When
the gate voltage is applied,
the thermopower of the
channel is modulated. The
thermos-electromotive force
is measured using the source
and drain electrodes

By applying the gate voltage, the carriers can be accumulated at the interface
between the gate insulator and the thermoelectric material. Thus, the relationship
between the sheet carrier concentration (n2p) and S can be measured quickly by
using the electric field thermopower modulation method.

There are several advantages in our electric field thermopower modulation
method (Figs. 5.3, 5.4, and 5.5). First, the channel thickness can be controlled
together with the sheet carrier concentration by modulating the gate voltage (V)
(Fig. 5.3). Although artificial superlattice thermoelectric materials should exhibit
an enhanced |S/|, fabrication of artificial superlattice structures using state-of-the-
art thermoelectric materials is extremely difficult due to their complicated crystal
structures. Furthermore, the production cost of such superlattice materials, which



100

Fig. 5.2 Comparison
between the conventional
thermoelectric measurement
and the electric thermopower
modulation measurement of a
material system. (a)
Conventional thermoelectric
measurement. Many
specimens with varied carrier
concentration are required to
clarify the relationship
between the thermopower and
the carrier concentration. (b)
Electric field thermopower
modulation measurement.
Only one good specimen with
three-terminal TFT structure
is required. The measurement
finishes quickly. (Reprinted
from [19] with permission
from Springer Nature)
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can be fabricated by precise vacuum deposition methods such as molecular beam
epitaxy (MBE) and pulsed laser deposition (PLD) at high temperatures, is extremely
high. By using the electric field thermopower modulation method, the channel
thickness may be reduced by the strong electric field application. One can expect
that the channel thickness becomes thinner from 3D density of states to 2D density
of states when increasing the V,. As shown in Fig. 5.4, the nop increases with the
gate voltage, while the effective thickness (#.fr) decreases. Therefore, the S decreases
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Fig. 5.3 Advantage of the electric field thermopower modulation measurement (1). When increas-
ing the gate voltage, the channel thickness becomes thinner from 3D density of states to 2D density
of states

with the V, first. But it may show V-shaped up turn when the f.ff is thinner than the
de Broglie wavelength (Ap) due to that the electronic DOS change from 3D to 2D
as described above.

Furthermore, the electric field-induced 2DEG would show very high thermo-
electric power factor (PF) because of its very high mobility (Fig. 5.5). In the case of
conventional impurity doped semiconductor, the mobility decreases with increasing
n due to ionized impurity scattering. On the other hand, there is no impurity in
the electric field accumulated 2DEG channel. Therefore, high mobility can be
maintained in the case of the electric field accumulated 2DEG channel.

5.3 Electric Field Thermopower Modulation of SrTiO3 [22]

In order to test the ability of the electric field thermopower modulation method, I
used SrTiOj3 single crystal-based thin-film transistor structure (Fig. 5.6). Electron-
doped SrTiOs3 is known as a candidate of an n-type oxide thermoelectric material
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[14, 23-27]. First, 20-nm-thick metallic Ti films, used as the source and drain elec-
trodes, were deposited through a stencil mask by electron beam (EB) evaporation
(base pressure ~10~* Pa, no substrate heating) onto a stepped SrTiO3 substrate
(10 mm x 10 mm x 0.5 mm), treated with NHys-buffered HF (BHF) solution
[28]. Second, 150-nm-thick amorphous C12A7 (12Ca0-7Al,03) film was deposited
through a stencil mask by PLD (KrF excimer laser, fluence ~3 J cm™2 pulse™!,
oxygen pressure ~0.1 Pa) using dense polycrystalline C12A7 ceramic as target.
Finally, 20-nm-thick metallic Ti films, used as the gate electrode, was deposited
through a stencil mask by EB evaporation. After the deposition processes, the
devices were annealed at 200 °C for 30 min in air to reduce the off current.

Halo peaking only at 26 ~30° was observed in the glancing incidence X-
ray diffraction pattern of the resulting C12A7 film (Fig. 5.7a). This pattern was
very similar to the halo pattern of the C12A7 glass. The density of the C12A7
film was ~2.9 g cm™> as evaluated by the X-ray reflectivity and was in a good
correspondence with that of C12A7 glass (2.92 g cm™3) [29]. It should be noted
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Fig. 5.5 Advantage of the electric field thermopower modulation measurement (3). Schematic
illustration of thermoelectric power generation in an n-type semiconductor. (a) Conventional
impurity doped n-type semiconductor. Carrier electron flow from the hot to the cold side due to the
Seebeck effect. Low mobility of the carrier electron originates from ionized impurity scattering.
(b) Electric field-induced high-mobility 2DEG. Larger electric power can be obtained compared
with (a). (Reprinted from Ref. [17] with permission from John Wiley and Sons)

that any grain structure in the as-deposited film was not observed in the topographic
AFM image (Fig. 5.7a, inset). Furthermore, no grain structure was observed in
the cross sectional high-resolution transmission electron microscope image of the
a-C12A7/SrTiO3 interface region (Fig. 5.7b). A broad halo pattern is seen in the
selected area electron diffraction patterns of a-C12A7.

Figure 5.8 shows typical (a) transfer and (b) output characteristics of the resultant
FET. Drain current (I4) of the TFT increased markedly as the V, increased, hence
the channel was n-type, and electron carriers were accumulated by positive V,
(Fig. 5.8a). A small hysteresis (~0.5 V) in I;, probably due to traps at the a-
C12A7/SrTiO3 interface, was also seen (Fig. 5.8a). We observed a clear pinch-off
and saturation in /; (Fig. 5.8b), indicating that the operation of this TFT conformed
to standard FET theory. The on-to-off current ratio, sub-threshold swing, and
threshold gate voltage (Vgm), which were obtained from a linear fit of an 1,°° — V,
plot, are >10%, ~0.3 V decade™! and +1.1 V, respectively. We noted the dramatic
increase in effective mobility (uefr) of the TFT increases drastically with V, and
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Fig. 5.6 Three-terminal Gate
thin-film transistor structure
on a SrTiO3 single crystal
plate. (a) Schematic device
structure and (b) photograph
of the SrTiO3-TFT. Ti films
(20-nm thick) are used as the
source, drain, and gate
electrodes. A 150-nm-thick
amorphous 12Ca0-7Al,03
(C12A7) film is used as the
gate insulator. Channel length
(L) and channel width (W) are
200 and 400 pm,
respectively. (Reprinted from
[22] with permission from
AIP Publishing)

Drain

)

a-C12A7 (150 nm!

SITiO3 single crystal

reaches at ~2 cm? V~! s~!, which is ~30% of the room temperature Hall mobility
(tHan) of electron-doped SrTiO3 (uHan ~6 cm? V! s_l) [24] (Fig. 5.8a, inset).

Then we measured electric field modulated thermopower of the SrTiO3-TFT at
room temperature (Fig. 5.9). First, a temperature difference (AT = 0.2-1.5 K) was
introduced between the source and drain electrodes by using two Peltier devices
(Fig. 5.9 left). Then, thermo-electromotive force (VTemr) was measured during the
Vg-sweeping. The values of S were obtained from the slope of Vremp—AT plots
(inset). Figure 5.9 (right) shows S—V; plots for the SrTiO3-TFT. The § values are
negative, confirming that the channel is n-type. The |S| value gradually decreases
from 1600 to 580 WV K~!, which corresponds to an increase of the n3p up to
~8 x 10'8 cm™3 (Fig. 5.10), due to the fact that electron carriers are accumulated by
positive V, (up to +30 V). The nyp slightly exceeded 10'3 cm~2. Thus, the effective
thickness (nyp/n3p) can be estimated as ~12 nm.

5.4 Electric Field Thermopower Modulation of BaSnO3 [18]

In order to further clarify the ability of the electric field thermopower modulation
method, we tested BaSnO3-based TFT, which is known as a transparent oxide
semiconductor (TOS). TOSs with a relatively high electrical conductivity and a
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Fig. 5.7 Gate insulator, amorphous 12Ca0-7Al,03 (C12A7) film. (a) Glancing angle XRD
pattern of a 150-nm-thick a-C12A7 layer. Broad halo of a-C12A7 is seen around 26 ~ 30°.
Topographic AFM image (2 x 2 wm?2) of the C12A7 film on the SrTiO3 surface is also shown
in the inset. (b) Cross-sectional high-resolution transmission electron microscope (HRTEM)
images of the 150-nm-thick a-C12A7/SrTiO3 heterointerface, showing an abrupt interface of a-
C12A7/SrTiO3. Featureless image of a-C12A7 clearly indicates that the a-C12A7 layer is glass.
A broad halo pattern is seen in the selected area electron diffraction patterns of a-C12A7 (right).
(Reprinted from [22] with permission from AIP Publishing)

large bandgap (Eg > 3.1 eV) are commonly used as transparent electrodes and
channel semiconductors for TFT-driven flat panel displays such as liquid crystal
displays (LCDs) and organic light emitting diodes (OLEDs) [30]. TOSs materials
include Sn-doped Inp O3 (ITO) and InGaZnO4-based oxides. Novel TOSs exhibiting
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Fig. 5.8 Transistor characteristics of the SrTiO3z-based three-terminal TFT. (a) Typical transfer
and (b) output characteristics of the SrTiO3-TFT with 150-nm-thick a-C12A7 (e; = 12) gate
insulator at room temperature. Channel length (L) and channel width (W) are 200 and 400 pm,
respectively. Effective mobility (uefr), field-effect mobility (upg) and sheet carrier concentration
(n2p) vs. Vg plots for the SrTiO3-TFT are also shown in the inset of (a). The dotted line in (b)
indicates Vy—Vgy, value. (Reprinted from [22] with permission from AIP Publishing)

higher carrier mobilities have been intensively explored since the TFT performance
strongly depends on the carrier mobility of the channel semiconductor. In 2012,
Kim et al. (2012) reported that a La-doped BaSnOs3 (space group: Pm3m, cubic
perovskite structure, a = 4.115 A, E, ~3.1 eV) single crystal grown by the
flux method exhibits a very high mobility (ugay ~320 cm? V~! s71) at room
temperature [31, 32]. This report inspired the current interest of BaSnOs3 films and
BaSnOs-based TFTs [33-38].
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Fig. 5.9 Electric field thermopower modulation of the SrTiO3-TFT at room temperature. (a) First,
the temperature difference (AT) is added to the channel. Then, the thermo-electromotive force
(EMF) is measured during the gate voltage sweeping. After repeating this measurement several
times, the thermo-EMF is plotted as a function of AT (inset). The slope is the thermopower. (b)
Thermopower as a function of the sheet carrier concentration (n2p). This measurement finishes
within an hour

Since the mobility is expressedas u = e - T - m*~1, where e, T, and m* are the
electron charge, carrier relaxation time, and carrier effective mass, respectively, the
high mobility of the La-doped BaSnOj3 single crystal should be due to both a small
m* and a large 7. Generally, t value of epitaxial films is smaller than that of the bulk
single crystal due to the fact that the carrier electrons are scattered at dislocations,
which are originated from the lattice mismatch (§) and at other structural defects,
in addition to optical phonon scattering. The estimated misfit dislocation spacing
d is 7.4 nm because § between BaSnO3z and SrTiO3 (a = 3.905 A) is +5.3%.
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BaSnO3 films grown on (001) SrTiO3 substrates exhibit rather small mobilities
(ygan 26-100 cm? V! s’l) [32, 36, 39] compared with those grown on (001)
PrScO3 (a = 4.026 A, § = +2.2%, d ~17.7 nm) (pan 150 cm? V=1 s71) [36]. On
the other hand, m* only depends on the electronic structure of the material. Many
theoretical and experimental values of m*, which were mostly determined from the
optical properties, have been reported (e.g., theoretical values of ~0.06 mq [40],
~0.4 mg [32], and ~0.2 mg [41], and experimental values of 3.7 mq [42], 0.61 myg
[43], ~0.35 mg [44], ~0.396 mg [45], 0.27 £ 0.05 mg [39], 0.19 £ 0.01 mp [37]).
Consequently, determining the intrinsic m* value is almost impossible.

In order to clarify the m* in La-doped BaSnO3, we fabricated La-doped BaSnO3
epitaxial films on (001)-oriented SrTiO3 single crystal substrate by PLD method
and measured the thermopower. Figure 5.11 shows the change in the S of La-
doped BaSnOs3 films as a function of the n3p at room temperature. Red line is to
guide the eye. Calculated effective mass m* values are also shown. Gray line is the
S — n3p curve calculated using m* = 0.4 £ 0.1 mp. Dotted line is the threshold
of the degenerate/non-degenerate semiconductor around n3p = 1.4 x 10'? em™3.
Inset shows a schematic explanation of the energy dependence of the DOS. We have
clarified the intrinsic m* value of BaSnOs, m* = 0.40 & 0.01 mo, by measuring the
thermopower by the conventional way. However, it took long time for the sample
preparation and the measurement.

In order to reduce the measurement time, we fabricated the three-terminal
TFT structure on the BaSnOs film with same manner of that of SrTiOs. Figure
5.12 summarizes the typical transistor characteristics such as the transfer and
output characteristics, threshold voltage, field-effect mobility (urg) of the resultant
BaSnO;3-TFT. The drain current I, increased markedly as gate voltage V, increased
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with permission from the American Physical Society)

(Fig. 5.12a), indicating that the channel was an n-type and the electron carriers
accumulated by a positive V,. An on—off current ratio of ~103 was obtained for
Vg = 1 V. A rather large Vi, of +5.5 V was observed from the linear fit of the
1,0 — Vg plot (Fig. 5.12b). A clear pinch-off behavior and current saturation
in I; revealed that the resultant TFT obeyed the standard field-effect transistor
theory (Fig. 5.12c). The upg drastically increased with V, and became saturated
at ~40 cm? V~! s~1 which was ~60% of the room temperature [y, of La-doped
BaSnO3 (ugan ~67 cm? V-l s’l).

Figure 5.13 shows the electric field modulated S of the resultant BaSnO3 TFT
as a function of sheet carrier concentration nyp. The |S| value gradually decreased
from 308 to 120 uV K~ ! with nap, which is consistent with the La-doped BaSnO3
films (Fig. 5.11). It should be noted that a deflection point occurred around (|S],
nop) = (240 wV K1, 1.8 x 1012 cm~2). An almost linear relationship with a slope
with of ~200 wV K~ !/decade was observed in the S — log nyp plot when nyp
exceeded 1.8 x 1012 cm~2. Below 1.8 x 1012 cm™2, the slope was not linear. This
observation is similar to that of the La-doped BaSnOj3 films; the degenerate/non-
degenerate threshold was around (|S|, nop) = (240 uV K-, 1.8 x 102 cm™2).
When the EF locates above the parabolic-shaped conduction band bottom, rather
high mobility was observed. On the contrary, very low carrier mobility was observed
when the EF lays below the threshold, most likely due to that the tail states suppress
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the carrier mobility. It should be noted that the effective thickness (np/n3p) is only
1 nm, one order magnitude thinner than the SrTiO3 case.

5.5 Unusually Large Thermopower Modulation
in Water-Gated SrTiO3; TFT [20, 21]

As described above, we verify a part of the advantage of the electric field
thermopower modulation method. However, unusually large enhancement of |S|
(Fig. 5.4) has not been observed: the |S| value decreased monotonically with electric
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Fig. 5.13 Electric field modulated S of the resultant BaSnO3 TFT as a function of the sheet carrier
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exceeds 1.8 x 10'2 cm~2. These data indicate that the threshold of a degenerate/non-degenerate
semiconductor is around nyp = 1.8 x 10!2 cm—2. (Reprinted from [18] with permission from the
American Physical Society)

field due to an increase in the nyp value, most likely due to that the 2DEG was
thicker (~12 nm) than the critical thickness (®Ap).

To verify our hypothesis, we explored an excellent gate insulator, which can
strongly accumulate electrons into an extremely thin 2DEG layer. Although liquid
electrolytes including “gel” would be very useful to accumulate electrons at the
2DEG using their huge capacitance, they would not be suitable for the present
application without sealing due to liquid leakage problem. In order to overcome
this problem, we discovered that water-infiltrated nanoporous 12Ca0-7Al,0O3 glass
(CAN) [21] works as an excellent gate insulator, and it can strongly accumulate
electrons up to nop ~ 10'> cm™2, which is two orders of magnitude higher than that
accumulated by conventional gate insulators (n2p ~ 10'3 cm™2). It should be noted
that CAN is a chemically stable rigid glassy solid, showing excellent adhesion with
oxide surface and no water leakage.

Figure 5.14a shows schematic illustration of a SrTiO3-TFT using CAN as
the gate insulator. The transfer characteristic curve of the TFT shows very large
anti-clockwise hysteresis (Fig. 5.14b), indicating motion of the mobile ions in
the gate insulator. Figure 5.14c, d shows the cross-sectional TEM images of the
CAN-gated SrTiO3-TFT coupled with the parallel schematic illustrations on the
2DEG-formation mechanism before (Fig. 5.14c, e) and after (Fig. 5.14d, f) applying
positive V, (+40 V). A trilayer structure composed of Ti/CAN/SrTiOs3 is observed
in Fig. 5.14c. Thickness of the CAN layer at the virgin state is ~200 nm, while
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Fig. 5.14 Water electrolysis-induced charge carrier accumulation in SrTiO3. (a) Schematic
illustration of a SrTiO3 TFT using CAN (C12A7 with nanopores). (b) Transfer characteristic
curve of the TFT. Very large anti-clockwise hysteresis is seen. (¢, d) Cross-sectional TEM images
of the CAN-gated SrTiO3 TFT coupled with the parallel schematic illustrations on the 2DEG-
formation mechanism before (¢, €) and after (d, f) applying positive V, (+40 V). (¢) A trilayer
structure composed of Ti/CAN/SrTiOj3 is observed. Thickness of the CAN layer at the virgin state
is ~200 nm, while it is ~550 nm (f), i.e., ~2.8 times thicker than the virgin state, after applying
the positive V,. (Reprinted from [20] with permission from John Wiley and Sons)

it is ~550 nm (d), i.e., ~2.8 times thicker than the virgin state, after applying the
positive V. This behavior can be schematically explained as shown in Fig. 5.14e, {.

The observed |S| values were plotted as a function of nyp (Fig. 5.15a) and feft
(Fig. 5.15b) on a logarithmic scale. Additionally, the simulated bulk |S|i ¢ values
are plotted (gray dotted line). It should be noted that the |S| values for the 2DEG
in both the CAN- and the dense a-C12A7-gated TFTs were smoothly connected.
S| initially decreased with nyp from ~1150 to ~250 WV K~!. Simultaneously, the
teff decreased from ~200 to ~2 nm. In this region, the nop dependence of |S| was
similar to that of the simulated bulk values. When nyp exceeded ~2.5 x 101 cm=2,
|S| increased drastically to ~950 wV K~!, while fo remained nearly constant
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clearly indicating that the electric field-induced 2DEG in SrTiO3 exhibits an unusually large |S]|.
(Reprinted from [20] with permission from John Wiley and Sons)

(~2 nm), demonstrating an unusually large |S| for the electric field-induced 2DEG.
The |S| of the 2DEG in the CAN-gated FET was reversibly modulated from 600
(nap ~2 x 101 em™2) to 950 pV K~ (map ~8 x 10 cm=2). The |S| vs.
log nyp relation was approximately five times larger than that that of the bulk.
Thus, we successfully demonstrated that an electric field-induced 2DEG yields
unusually large enhancement of |S|. Moreover, because the present electric field
thermopower modulation method is simple and effectively verifies the performance
of thermoelectric materials, it may accelerate the development of nanostructures for
high-performance thermoelectric materials.

5.6 Electric Field Thermopower Modulation of AIGaN/GaN
Interfaces [17]

Finally, I would like to explain that a high-mobility two-dimensional electron gas
(2DEQG) at a semiconductor heterointerface is a viable solution to overcome the
bottleneck in thermoelectric trade-off relations. In 2DEG, p is not suppressed since
the high-mobility channel lacks an impurity (Fig. 5.5b). Furthermore, the PF by the



114 H. Ohta
a [
@ N Gate
| + pNGa cod Source (L=800 um, W=400 ym)  Drain
w - TUAUTi/AU NifAu TUAUT/AU
Vq & et g N
e~ S ALD-ARO3 (30nm)  —
Y Ho\ c Alg 24(5ag 76!
abtc BM g 2DEG
GaN GaN (900 nm)
Fe-doped GaN (300 nm)
Semi-insulating SiC substrate
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illustration of the AlIGaN/GaN MOS-HEMT. (Reprinted from [17] with permission from John
Wiley and Sons)

electric field carrier concentration modulation can be optimized by the metal-oxide-
semiconductor (MOS) structure on such a 2DEG.

In this study, we investigate the PF of a 2DEG, which is induced at an
AlGaN/GaN heterointerface by the electric field thermopower modulation method
(Fig. 5.16a). The maximized PF of the 2DEG is ~9 mW m~! K~2 at room
temperature, which is an order magnitude greater than that of the doped GaN
bulk and two- to sixfold greater than those of the state-of-the-art thermoelectric
materials, while maintaining a higher o (=6030 S cm™!) than the state-of-the-art
thermoelectric materials (o = 1000-2500 S cm™1).

We fabricated an Al,O3/AlGaN/GaN metal-oxide-semiconductor high-electron-
mobility transistor (MOS-HEMT) [46] and measured the thermoelectric properties
of the 2DEG as schematically shown in Fig. 5.16b. We used a commercially
available Alp»4Gag76N (20 nm)/GaN (900 nm) heterostructure film, which was
grown on a semi-insulating (0001) SiC substrate by metal organic chemical
vapor deposition. The sheet resistance (Rs), (Hall, and npp were 423 Q sq._l,
1730 cm? V=1 571, and 8.53 x 10'> cm™2, respectively, at room temperature.

Figure 5.17 summarizes the carrier transport properties of the MOS-HEMT
at room temperature. Applying a V, from —9 V to +4 V at a V; of +10 V
dramatically modulates the I; from 7 nA to 7 mA (=on-to-off current rati0~106)
(Fig. 5.17a). The I, is ~300 pA when V, is less than +2 V, while the 7,%° vs. V,
plot indicates that the Vy, is —7.98 V. The output characteristic curves clearly show
the pinch-off behavior and the current saturation of I; (Fig. 5.17b), indicating that
the characteristic of the MOS-HEMT obeys the standard transistor theory. The nyp
value is 8.32 x 10'2 cm™2, which agrees well with that obtained from the Hall
measurement (nop = 8.53 x 1012 cm_z). In the present MOS-HEMT, nyp can be
modulated from ~10'! em~2 up to 1.25 x 1013 cm™2.
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Fig. 5.17 Carrier transport properties of 2DEG in AlIGaN/GaN MOS-HEMT at room temperature.
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the C; — V; characteristic. (b) Output I; — V; characteristics (—6 V < V; < +4 V). Pinch-off and
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Wiley and Sons)

The observed S values are always negative, indicating that the channel
is an n-type semiconductor (Fig. 5.18a). As V, increases, |S| monotoni-
cally decreases from 490 wV K~! to 90 wV K~!. The observed S values
reflect a bulk-like energy derivation of the parabolic-shaped DOS of the
conduction band near the Er. The observable S is roughly expressed as
Sobs = (0s2DEG"S2DEG + O’ sBulk"SBulk)/(0s2DEG + O'sBulk), Where o is the sheet
conductance of each layer. In the present case, Sopgg dominates Sops due to the
relation of o ¢pEg >> 0 sguik. Here I like to discuss the z.¢r of 2DEG at AlGaN/GaN.
Figure 5.18b shows the calculated S of bulk GaN as a function of the n3p at 300 K.
The calculated line completely reproduces these reported values [47-49]. Then,
we obtained the n3p values using the observed S. Figure 5.18c shows calculated
left = nap/n3p as a function of the Vy. fefr dramatically decreases from 20 nm
to ~2 nm with V, when V, < —6 V (sub-threshold region), whereas it is almost
saturated at a constant value (~2 nm), which agrees well with the previously
reported 2DEG thickness [50], when V, > —6 V.

The PF of the AlGaN/GaN 2DEG was calculated using the observed S, n3p
obtained from Fig. 5.18b, and the observed upg as shown in Fig. 5.19. A
high PF of ~9 mW m~! K=2 with n3p ~2.5 x 10! ecm™3 is calculated in
high-mobility 2DEG at the AlGaN/GaN interface at room temperature, which is
an order magnitude greater than that of doped GaN bulk [48] and a two- to
sixfold increase compared to those of the state-of-the-art practical thermoelectric
materials (1.5-4 mW m~' K~2). The carrier mobility of AlGaN-GaN 2DEG at
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Fig. 5.18 Electric field thermopower modulation of high-mobility 2DEG at AlIGaN/GaN inter-
face. (a) Electric field modulated thermopower vs. sheet carrier concentration (n ). (b) Calculated
thermopower vs. volume carrier concentration (n3p). (c) Effective thickness (nap/n3p) as a function
of the gate voltage (V). (Reprinted from [17] with permission from John Wiley and Sons)

n3p~2.5 x 10" em™3 is ~1500 cm?> V~! s~!, which is an order magnitude larger
than that of conventional impurity doped bulk GaN (~125 cm? V~! s~1).

Finally, I would like to discuss the zef of 2DEG at AlGaN/GaN. The Ap of GaN
is ~10 nm, which can be calculated by the following equation:

h

Ap = .
DT 3 mkky T

In our result, % strides over Ap. Thus, an enhanced S can be expected because
it is theoretically predicted that a quantum well narrower than Ap will exhibit
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Fig. 5.19 High thermoelectric power factor of high-mobility 2DEG at AlGaN/GaN interface.
Carrier concentration dependence of (a) PF and (b) carrier mobility (1) for 2DEG GaN and
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is ~9 mW m~! K~2 at room temperature, which is an order magnitude greater than that of doped
GaN bulk and a factor of 2—6 greater than that the state-of-the-art practical thermoelectric materials

(1.5-4 mW m~! K2). (Reprinted from [17] with permission from John Wiley and Sons)

an enhanced S [10, 11]. In the case of SrTiO3-based 2DEG, a V-shaped upturn
of § is observed when the 2DEG thickness is narrower than ~2 nm, clearly
demonstrating the theory. However, such an § behavior is not observed in the present
AlGaN/GaN 2DEQG, indicating that any special effect of 2DEG does not contribute
to the observed S. Thus, further study is required to clarify whether 2DEG is really
effective to improve the thermoelectric performance or not.
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5.7 Summary

In this manuscript, I have reviewed the points of our electric field thermopower
modulation method of 2DEG using SrTiO3, BaSnO3, and AlGaN/GaN thin-film
transistor structures. By combining volume carrier concentration dependence of
thermopower, the electric field thermopower modulation results give the effective
thickness of two-dimensional electron gas. This method is very useful to character-
ize the electronic structure of semiconductors especially the dimensionality. I hope
this manuscript is useful to the materials scientists.
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Chapter 6 )
Transition-Metal-Nitride-Based Thin Chack for
Films as Novel Thermoelectric Materials

Per Eklund, Sit Kerdsongpanya, and Bjorn Alling

6.1 Introduction

The early transition-metal and rare-earth nitrides, primarily based on ScN and
CrN, have emerged as an unexpected class of materials for energy harvesting by
thermoelectricity and piezoelectricity and more generally for conversion of heat or
mechanical energy to electricity. Largely ignored for these purposes until around
2010, this class of materials has seen a number of fundamental advances, among
those the discoveries of exceptionally high piezoelectric coupling coefficient in
(Sc,ADN alloys [1] and of remarkably high thermoelectric power factors of ScN-
based [2-6] and CrN-based [7-10] thin films. These materials also constitute well-
defined model systems for investigating thermodynamics of mixing for alloying and
nanostructural design for optimization of phase stability and band structure. These
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features have implications for and can be used for tailoring of thermoelectric and
piezoelectric properties.

The process of energy harvesting is the capture of energy from ambient sources
and storage and/or application for use as power sources. There is a wide range
of ambient sources, such as solar, wind, electromagnetic radiation, mechanical
(kinetic) energy, and thermal energy. Energy harvesting differs conceptually from,
e.g., oil and coal power, fuel cells, or batteries that involve active combustion of a
fuel or conversion of stored chemical energy to electricity. Furthermore, the term
energy harvesting is typically reserved for capturing energy for powering small,
low-power devices, usually off-grid or otherwise autonomous. The term does not
include, e.g., solar-power and wind-power plants, although the fundamental concept
is the same.

In this chapter, we review the ScN- and CrN-based transition-metal nitrides for
thermoelectrics (harvesting of ambient heat), drawing parallels with piezoelectricity
(harvesting of mechanical vibrations). It is further intended as an example of
general strategies for tailoring of thermoelectric properties by integrated theoretical-
experimental approaches. This chapter is an adapted and updated version of the
review article “Transition-metal-nitride-based thin films as novel energy harvesting
materials” [used here under CC-BY 3.0 unported license] [11]. When referencing
the present work, please cite also the original article.

6.2 Brief Introduction to Thermoelectricity

Thermoelectric devices harvest thermal energy (temperature gradients) into elec-
tricity and can also be used for environment-friendly refrigeration, without moving
parts or malign liquids or gases [12]. Most other conversion systems (such as
power plants) become less efficient as they are scaled down in size and power, but
thermoelectrics benefit from low- to medium-power and -size application. Thus,
potential contributions of thermoelectrics are in applications with relatively low
power levels used in large numbers (for example, in personal computers, automotive
applications, and consumer electronics). Furthermore, an important trend is the use
of thermoelectric devices as wearable and/or mechanically flexible power sources
[13] with much focus on organic thermoelectrics [ 14—16] but also a number of recent
studies on carbon-nanotube-based materials [17, 18], and on mechanically flexible
but fully inorganic ceramic materials and devices [19-21].

The efficiency of a thermoelectric material at a temperature 7 is related to the
dimensionless figure of merit ZT, where Z = S2o/k. Here, o and « are the electrical
and thermal conductivities, respectively, and S is the Seebeck coefficient AV/AT,
i.e., the voltage in response to a temperature gradient. The thermal conductivity is
given by k = «; + k., where the subscripts / and e denote the lattice (phonon)
and electron contributions, respectively. Thus, a high ZT requires a good electrical
conductor with high Seebeck coefficient but low thermal conductivity [22]. For
traditional thermoelectric materials like tellurides and antimonides, ZT ~ 1 at room
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temperature. At first glance, it seems easy to increase ZT by, e.g., increasing the
conductivity by a factor of 2—4. However, basic transport theory in solids implies
that S, o, and « are interrelated; increasing o by increasing the charge carrier
concentration results in lower S and increased «, yielding no improvement in ZT.

The delicate interdependence of the three parameters S, o, and k requires novel
approaches to advance the field of thermoelectrics, which has led to extensive
efforts on nanostructural design [23, 24]. Predictions in the mid-1990s suggested
that ZT could be enhanced by quantum confinement [25]. In 2001, thermoelectric
superlattice devices of Bi;Te3/SbyTes with remarkably high ZT (~2.4) caused
a surge of interest [26]. Materials with such high ZT, however, are restricted
to laboratory devices, which has prevented their success in practice [27]. At
present, the main achievement of nanostructuring is reduction of the lattice thermal
conductivity [28, 29] rather than improvements due to quantum confinement of
charge carriers [23, 24].

Therefore, there is a need to introduce mechanisms that, in addition to reducing
k, also enhance the thermoelectric power factor (S°c). One approach is to consider
theoretically what band structure a hypothetical material should have to maximize
ZT. Mahan and Sofo [30] predicted this in the 1990s, and others have more recently
refined the picture [31]. For a given «, the ideal transport-distribution function that
maximizes ZT is a bounded delta function, approximately realized in practice as a
sharp function with a large slope in the density of states (DOS) at the Fermi level Er
[24, 25]. These approaches are the base for modern strategies for the development
of thermoelectrics: band structure optimization to emulate the ideal band structure,
combined with nanostructural design to reduce the thermal conductivity.

6.3 The Early Transition-Metal Nitrides

6.3.1 Overall Trends

The early transition-metal nitrides—and their alloys—based on group-4 (Ti, Zr, and
Hf) or group-5 (V, Nb, and Ta) metals, are long-established in applications as hard,
wear-resistant coatings, with TiN being the archetype [32-34]. While they are hard
and exhibit other typical ceramic properties, these nitrides are metallic in nature
with respect to electrical properties and in fact very good conductors, with typical
resistivities in the approximate range 10-30 pwQcm (in comparison, noble metals
have resistivities of a few pwcm, and Ti metal about 40 wQcm) [35]. Thus, they
find extensive use as conducting permanent contact layers and diffusion barriers in
microelectronics.

Reducing the valency by one from Ti or increasing it by one from V, i.e., moving
to groups 3 or 6 in the periodic table, results in drastically altered properties. The
cubic rock-salt-structured ScN and CrN are both narrow-bandgap semiconductors.
Sc has three valence electrons that together with the three 2p valence electrons of N
complete the filling of the bonding states formed by nearest neighbor hybridization
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of mainly N 2p and Sc 3d e, with some Sc 4 s character. The 3d tpg-orbitals, on the
other hand, are completely empty, in contrast to the group-4 and -5 transition metals,
and the Fermi level drops below the conduction band edge, causing ScN to become
semiconducting. In CrN, with three more electrons than ScN, the nonbonding Cr 3d
1¢-band is half-filled. This causes a spin splitting of the band which gives Cr atoms
of CrN a distinct local magnetic moment approaching 3 g [36]. As a consequence,
also in this material, the Fermi level falls into a bandgap, this time between occupied
spin-up nonbonding Cr 3d t;, and an unoccupied mixture of mostly antibonding
spin-up Cr 3d e,, and nonbonding spin-down Cr 3d #,¢ [37, 38].

The effect on resistivity is illustrated in Fig. 6.1, from an early study by
Gall et al. [39] who investigated Ti,Sci,N epitaxial thin films. Pure TiN is a
good conductor and exhibits a typical room temperature resistivity value around
20 wQcm, and the archetypical metallic temperature dependence with constant
resistivity at low temperature dominated by scattering from vacancies, defects,
and impurities. As temperature increases, the resistivity increases linearly with
the scattering dominated by electron-phonon coupling. For low Sc content in the
Ti,ScixN alloy, this behavior is initially retained, but for higher Sc content, an
increase in resistivity is observed at cryogenic temperature and for pure ScN this
effect is dominant indicating semiconducting behavior. It needs to be stressed,
though, that this is highly dependent on impurities and dopants.
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6.3.2 ScN

ScN, like the group-4 and group-5 transition-metal nitrides, is an interstitial (cubic
NaCl structure) nitride following Higg’s rule; that interstitial nitrides and carbides
are formed when the radii ratio between the nonmetal and metal atoms is smaller
than 0.59 [40]. ScN has similar hardness as the other transition-metal nitrides,
21 GPa, and is stable at high temperature (melting point 2550 °C), while it is prone
to oxidation if used in air above 600 °C [41-43].

As stated above, ScN is a narrow-bandgap semiconductor. The fundamental
bandgap is ~0.9 eV and the direct (optical bandgap) is ~2.1 eV. This was, however,
a topic of debate for a rather long time with numerous studies yielding conflicting
results as to whether ScN was a semiconductor, a semimetal, or even a metal
[44-47]. The reason for these discrepancies is that it is challenging to produce
pure ScN. Sc has a high affinity to oxygen [48] and, if not synthesized in a
pure ultrahigh-vacuum environment, can readily contain large amounts of oxygen
impurities, as well as contaminations from residual hydrocarbons. Free carriers from
impurities can result in large inaccuracies in determinations of optical bandgaps
[47]. Furthermore, processing of scandium ore involves a purification step with
fluoride reduction [49], which results in scandium raw materials often containing
fluorine impurities.

There are relatively many studies on thin-film growth of ScN. Among the
methods used, magnetron sputter deposition [2-6, 39, 47, 50-52], chemical vapor
deposition [41, 53], and molecular beam epitaxy [54-59] are the most common.
Irrespective of method, the aspects of reactivity and oxygen and/or fluorine uptake
(or other impurities) are essential in thin-film growth of ScN, stressing the need for
a pure environment.

For a transition-metal nitride, ScN exhibits an anomalously high thermoelectric
power factor [2, 3] $?c. $%0 is in the range 2.5-3.3 Wm~! K2, well on par with
established thermoelectric materials such as PbTe [60]. This is illustrated in Fig.
6.2, where ScN (our data from Ref. [2] and the results of Burmistrova et al. [3]) is
shown in relation to a typical value for n-type PbTe. In comparison, the power factor
of BiyTe3 is somewhat higher at above 4 Wm~! K2, The thermal conductivity of
ScN, though, is much higher than for these tellurides, in the range 8—12 Wm~! K~!
[3, 5,41, 61], and would need to be drastically reduced to enable application of ScN
as a thermoelectric material; strategies for addressing this are discussed in Sect.
6.5 below. These tellurides are benchmark thermoelectric materials. Nonetheless,
the scarcity [62] of Te as well as legislative restrictions on the use of Pb limits their
applicability outside niche applications. Hence, much effort is devoted to developing
alternative materials. The early transition-metal nitrides are a class that was not
much considered for this purpose until just a few years ago. From an application
point of view, CrN-based materials are closer to application than ScN-based ones,
since the former are abundant, relatively inexpensive, and can readily be made in
large quantities by standard processing techniques in both thin films and bulk.
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The unexpectedly high thermoelectric power factor of ScN can be explained
based on band structure features caused by impurities. A conceptual illustrative
example is shown in Fig. 6.3 (adapted from Ref. [63]), where first principles
calculations show that the combination of (in this example) C dopants and N
vacancies in ScN introduces a sharp variation in the density of states at the Fermi
level. As described in Sect. 6.2, to maximize Z7, the transport-distribution function
should be a bounded delta function (for a given phonon «), realized in practice as a
large slope in the density of states near the Fermi level. Thus, the electronic structure
of ScN—including vacancies and impurities in the level of ~1 at. %—can mimic the
ideal theoretical transport-distribution function, yielding a high power factor [63,
64]. The same conclusions are drawn from calculations with O or F dopants [3, 63].

6.3.3 CrN

CrN is well known from applications as hard coatings, given its high hardness of
28 GPa and good resistance to wear and corrosion [65-75]. It can also be readily
synthesized in bulk [76, 77]. In addition to these properties, CrN exhibits a magnetic
phase transition [36, 78, 79]. Above the Néel temperature (7x) of 286 K, CrN is
paramagnetic with cubic (NaCl) crystal structure with a lattice parameter reported
to range from 4.135 to 4.185 A [80-83]. Below this temperature, the structure is
antiferromagnetic and orthorhombic.

The electrical properties of CrN can vary greatly; for example, various studies
show resistivity values ranging from 1.7 to 350 mQcm [7, 72, 77, 84]. As for
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Fig. 6.2 Thermoelectric power factor S?o of ScN (the bottom curve shows our first data from Ref.
[2] and the top curve are the data of Burmistrova et al. [3]. The example data for PbTe are adapted
from Sootsman et al. [60] (From Ref. [11], used under CC-BY license)
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Fig. 6.3 Example of effects [ Sc (N
of vacancies and dopants on
the band structure of ScN
(adapted from Ref. [63]).
Bottom: pure, stoichiometric
ScN (note the inaccurate
bandgap determination with
GGA. Second from bottom:
1% N vacancies. Second from
top: 1% C dopants. Top: Both
C dopants and N vacancies.
(From Ref. [11], used under
CC-BY license)
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the reported temperature-dependent behavior of the electrical resistivity around the
cubic-to-orthorhombic phase transition [76], there is typically a jump in resistivity
between these two semiconducting phases, though there are reports of metallic
behavior for the orthorhombic phase [80]. Part of this apparent discrepancy can
be attributed to CrN being a narrow-bandgap semiconductor, where the presence
of N vacancies may act as effective dopants yielding high electron concentrations
and metallic-like behavior below the Néel temperature [37]. In epitaxial thin films,
it is possible to stabilize the cubic phase and suppress the phase transition to the
orthorhombic phase [85] [86] [82]. In addition, Gall et al. [86] suggested that the
conducting behavior in CrN films is a hopping conduction mechanism, and the band
gap of CrN depends on the correlation energy.

For thermoelectric properties, CrN exhibits high Seebeck coefficients of typically
around 135 mV/K around room temperature and up to 200 mV/K at 600 K [77].
Also, its thermal conductivity is moderate at ~1.7 Wm~! K~! (~1/5 of that of
ScN). Nonetheless, the electrical resistivity is relatively high in pure form, because
the localized 3d orbitals of Cr give large effective masses causing high Seebeck
coefficients and resistivities. This was addressed by Quintela et al. [8] who annealed
as-deposited films in ammonia gas for 2 h at 800 °C to ensure that the films
were fully stoichiometric and to improve the crystalline quality, yielding a large
improvement in Seebeck coefficient and a hundredfold reduction in resistivity.
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This further underscores that the early transition-metal nitrides hold unexpected
promise as novel thermoelectric materials. However, in their pure form, neither ScN
nor CrN are likely to reach all the way; experimental strategies and theoretically
guided design approaches for reduction of the thermal conductivity with retained or
increased power factors are needed.

6.4 Theoretical Methodology

Electronic structure calculations based on density functional theory (DFT) [87, 88]
and standard approximations for the exchange-correlation energies like the local
density approximation (LDA) and the different flavors of the generalized gradient
approximation (GGA) [89] are very efficient and most often accurate tools for phase
stability and ground state-related properties for most classes of materials. However,
both the existing cases where this framework is insufficient in treatment of the
quantum electronic problem, and perhaps more frequently, the neglect in theoretical
studies of relevant vibrational, magnetic, and structural disorder, present in reality,
is an obstacle in first principles-based calculations for real-world materials science
problems. In fact, the early 3d transition-metal nitrides constitute an interesting
illustration of several of these challenges. In ScN, calculations of the bandgap using
the Kohn-Sham orbital gap in GGA gives basically a zero-gap semiconductor, an
underestimation effect well known and found for practically all semiconductors.
This is seen in the bottom curve in Fig. 6.2, from Ref. [63]. In VN, the rock-salt
structure observed at room temperature and above is actually dynamically stabilized
by anharmonic lattice vibrations and unstable at low temperature [90]. This can lead
to unphysical large atomic relaxation effects in VN-based systems if static, 0 K,
calculations are performed without symmetry constraints, e.g., with point defects or
alloys. Finally, in CrN, the effect of strong electron correlation is treatable on the
level of LDA + U [37, 91, 92]. However, most importantly the magnetic degree
of freedom has caused considerable debate. In particular, the bulk modulus of
paramagnetic rock-salt phase of CrN has been modeled using non-spin polarized
calculations [93]. However, the existence of local finite Cr moments, also above the
magnetic ordering temperature, is crucial to consider in the theoretical modeling
[94], otherwise the bulk modulus is greatly overestimated. This model, including
local Cr moments in the paramagnetic phase, was later independently confirmed
by new sets of experiments [95]. The simultaneous presence of lattice vibrations
and disordered magnetic moments in paramagnetic rock-salt CrN causes further
challenges for quantitative modeling. In fact, due to this complexity, the material has
become a benchmark case for theoretical method development in the field [96-99].
A recent example is the theoretical discovery that dynamical spin-lattice coupling
is the explanation for relatively low thermal conductivity in the paramagnetic state
of CrN [100]. A similar finding of the importance of magnetism was also made
for the bulk modulus of CrAlIC and other Cr-containing so-called MAX phases
[101, 102]. The crucial importance of the details of the nitrogen content and oxygen



6 Transition-Metal-Nitride-Based Thin Films as Novel Thermoelectric Materials 129

contamination levels pointed out in the previous section also causes concern for the
theoretical modeling of CrN as it couples with the vibrational and magnetic degrees
of freedom [103].

The current outstanding issue in this line of theoretical development is associated
with the unclear, material-specific, timescale for the propagation of the magnetic
state as compared to the dynamics of the lattice. Recently, several methodological
obstacles have been overcome, and methods for constrained local moment’s cal-
culations [104] and the derivation of Heisenberg-type exchange interactions [105],
within the supercell-based plane-wave electronic structure frameworks needed for
ab initio molecular dynamics now exist. The stage is set for a direct combination
of molecular and spin dynamics in an effective ab initio manner with minimum or
no free parameters. It would open up for first principles-based calculations of lattice
and magnetic thermal conductivity in the paramagnetic phase of magnetic materials,
such as CrN.

In the case of first principles modeling of substitutionally disordered nitride
alloys, e.g., CrixAl:N and Tij. Al:N [106], the configurational problem arises as
the crystallographic unit cell is no longer sufficient to describe the material. In a
completely random alloy, the components are stochastically distributed on the lattice
sites, metal sublattice in the case of a nitride alloy, implying lack of long range
order and existence of many different local chemical environments of the atoms.
The most reliable method to model such materials is the Special Quasirandom
Structure (SQS) method [107] introduced for transition-metal nitride alloys in a
study of Tij. Al:N [108]. Using the SQS approach the mixing thermodynamics
of the alloys can be directly modeled within a mean-field approximation for the
configurational entropy. Also, e.g., the piezoelectric properties can be calculated
directly [109, 110]. For the alloys of transition-metal nitrides, and group-13 nitrides
like AIN, such modeling has revealed important information about the mixing
trends, i.e., if the supersaturated alloys obtained in the out-of-equilibrium synthesis
at low temperature, will phase separate, order, or stay as a solid solutions when
subject to the temperatures needed to induce metal sublattice diffusion, e.g., in
several (Sc,M)N [111] and (Cr, M)N [112] alloys.

It should be noted that real alloys under equilibrium conditions always display
some degree of partial short-range ordering or short-range clustering. This can of
course also be the case for a metastable supersaturated solid solution grown with
out-of-equilibrium techniques. However, in lack of a priori knowledge of such
tendencies, the ideal random SQS approach is a well-defined, unbiased starting
point for, e.g., more intricate cluster-expansion approaches of the configurational
thermodynamics [113]. Outstanding issues here include the difficulty to include
vibrational free energy, and in particular anharmonic contributions, into the con-
figurational thermodynamics analysis in an accurate and efficient manner [114].

With a reliable state-of-the art theoretical description of the materials equilibrium
properties, the door opens for accurate calculations of properties. However, such
calculations involve drastically different levels of complexity depending on which
property that is needed. The properties needed for predicting the piezoelectric
response of a material are second-order strain-derivatives of ground state energies,
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elastic constants, and first-order strain-derivatives of polarization [115]. These are
relatively straightforward to calculate accurately from first principles with the
complexities arising mostly from their tensorial nature, where care must be taken
in the case of disordered alloys [116].

The properties needed for understanding thermoelectric behavior of a material,
on the other hand, are quite challenging to derive directly and accurately from first
principles, because the thermoelectric figure of merit includes both electronic and
thermal transport and the entropy involves nonequilibrium transport processes. Ab
initio calculation of thermoelectric parameters is addressed by Boltzmann transport
theory [30, 117], but involves an unknown scattering parameter, the relaxation
time t. For the Seebeck coefficient (and Hall coefficient), t cancels out if it is
isotropic and constant with respect to energy. However, electrical and (electronic)
thermal conductivities can only be determined either as a function of t or by fitting
to experimentally determined values [118] of 1, placing a substantial limitation
on these computational approaches. Such calculations of the latter parameters are
therefore not truly ab initio but restricted to materials for which experimental data
of t (or parameters from which t can be calculated) are available. Ongoing method
development is therefore devoted to finding methods for computing these from first
principles. Example is the recent work of Faghaninia et al. [119] who derived an
ab initio approach for computing these properties in the low-electric-field limit, and
efforts to incorporate low-temperature effect of phonon drag [120, 121].

6.5 Ternary Systems

As discussed above, ScN and CrN are promising for thermoelectrics, but a reduced
thermal conductivity of ScN or reduced electrical resistivity of CrN would be
required for actual applications. This can be addressed in a Crj.,Sc,N solid
solution, which is thermodynamically stable at high temperature in cubic NaCl-
structured form [122]. The fact that the 3d orbitals in Sc are empty can be exploited
as a means of delocalizing the electrons in 3d orbitals, resulting in electrical
conductivity reduction [122] and possibly also thermal conductivity reduction due
to alloy scattering. We have recently shown that the Seebeck coefficient of Sc-rich
Cri-xSc,N solid solution epitaxial thin films does indeed increase compared to pure
ScN and that the thermoelectric properties of CrN are largely retained in Cr-rich
Cri_,ScyN solid solutions [122].

ScN-based solid solutions are further important, because of the interest caused
by the exceptionally high piezoelectric coupling coefficient in (Sc,Al)N alloys [1,
123]. (Sc,ADN and (Sc,Ga)N alloys were recently reviewed by Moram and Zhang
[124] and the reader is referred there. (Sc,Y)N was investigated by Gregoire et al.
[125] and (Sc,Mn)N by Saha et al. [126]. A particular important example here is
(Sc, Mg)N, where the group-2 element Mg acts as acceptor and, if introduced in
sufficient amount, can switch ScN to a p-type material [63, 127, 128]. This is also an
illustrative example of the importance of the content of oxygen and other impurities
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in ScN. In the (Sc,Mg)N films of Saha et al. [127, 128], the low impurity content
allowed isolating the effect of Mg doping, yielding a p-type material. In contrast
as studied by Tureson et al. [129], in ScN films with higher O content with Mg
introduced by ion implantation, the defects introduced showed a large reduction in
thermal conductivity. However, with oxygen acting as dopant and cancelling out the
acceptor role of Mg, the material remained n-type.

Alloy scattering is one of the standard strategies for thermoelectric materials
for reduction of the lattice thermal conductivity; other approaches are superlattices,
nanoinclusions, or grain boundaries [22, 23, 130—132]. Furthermore, the peaks in the
density of states at the Fermi level causing high Seebeck coefficient is traditionally
associated with reduced thermodynamic stability [133, 134]. For this reason, the
search for optimal thermoelectric materials may be fruitful among metastable
materials synthesized with far-from-equilibrium techniques, such as magnetron-
sputtered metastable nitride thin film alloys, with the reservation that the metastable
nature of such materials would place a limit on high-temperature long-term use.

ScN- and CrN-based systems are interesting model systems for these general
research questions [111]. In particular, Sc is naturally isotope-pure, thus lacking
isotope reduction of thermal conductivity. Consequently, the possibilities to sub-
stantially reduce the thermal conductivity by alloying or nanostructural engineering
are particularly promising in this material. If the thermal conductivity can be
reduced, ScN-based materials could potentially be applied at elevated temperatures,
where bulk diffusion can be activated and the thermodynamics of mixing between
ScN and the alloying or superlattice component becomes relevant. Superlattices
might intermix, alloys could order or phase separate, and nanostructures might be
dissolved in the matrix. All these processes will most likely affect thermoelectric
properties.

Superlattices are of great interest for thermoelectrics, since they may allow for
both the reduction of the lattice thermal conductivity and the quantum confine-
ment of electrons. The first thermoelectric superlattice devices were made from
combinations of the semiconductors Bi;Te3/SbyTe; [26]. A different approach
is to combine the high electron concentrations of ultrathin metallic layers (e.g.,
TiN or ZrN) inserted between semiconductor barriers (e.g., CrN, ScN). The sharp
asymmetry in the conduction electron distribution near the Fermi energy may be
achieved for possible substantial improvements in Z7' [135]. Furthermore, it has
been demonstrated that the high interface density in a superlattice can reduce the
thermal conductivity in ScN/(Zr,W)N superlattices [61]. This is illustrated in Fig.
6.4, from Rawat et al. [61].

A theoretically guided approach to implementing these strategies are to use
density functional theory calculations to investigate the effect of mixing ther-
modynamics in order to determine phase stability of ScN-based solid solutions
of relevance for lattice thermal conductivity reduction. Our results demonstrated
[111] that at 800 °C the free energy of mixing for (Sc,Y)N, (Sc,La)N, (Sc,Gd)N,
and (Sc,In)N exhibits a thermodynamic tendency for phase separation at high
temperature. In addition, for the 50:50 Sc:M (M = V, Nb, or Ta) ratio, the (Sc,V)N,
(Sc,Nb)N, and (Sc,Ta)N exhibit a stable ternary inherently nanolaminated phase
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Fig. 6.4 Illustration of superlattice reduction in thermal conductivity, from Rawat et al. [61].
Cross-plane thermal conductivity of 300 nm thick ZrN/ScN (dots) and Zrg 64 W 36N/ScN (squares)
multilayers. Superimposed on the plot are horizontal lines corresponding to the experimentally
determined lattice component of thermal conductivity, i.e., the alloy limit of different alloys of
ZrN, ScN, and W;N. (Copyright American Institute of Physics, used with permission)

[136] with the ScTaN,-type structure. On the other hand, at 800 °C, the (Sc,Ti)N,
(Sc,Zr)N, (Sc,Hf)N, and (Sc,Lu)N are thermodynamically stable in disordered B1
(NaCl) solid solutions, rather than in the ordered solid solutions which are stable at
0 K. This last point is shown in Fig. 6.5 (from Ref. [111]), which shows (Fig. 6.5a) a
comparison of the calculated mixing enthalpies of substitutionally disordered solid
solution, ordered solid solutions, and ScTaNj-type structure phase of (Sc,M)N, as
a function of MN content where M = Ti, Zr, and Hf, and (Fig. 6.5b) calculated
equilibrium lattice parameter for the rock-salt (B1) solid solution as a function of
MN content.

These results enabled us to suggest suitable materials for the different possible
strategies for reduction of the lattice thermal conductivity of ScN. Since the
heavy element Lu has a mixing tendency with ScN and has the same number of
valence electrons, it is an appropriate choice for solid solution reduction of the
thermal conductivity. YN, LaN, GdN, AIN, GaN, and InN have a thermodynamic
tendency for phase separation with ScN and thus constitute good alloying elements
if decomposition to form nanoinclusions is the strategy. The three former can be
used for superlattices, since they, in addition, are isostructural with ScN. That, in
combination with the thermodynamic tendency for phase separation, would render
the superlattice structure stable. The wurtzite AIN, GaN, and InN are not suited
for this purpose because of the difference in crystal structure, but their alloys with
ScN or other NaCl-structure nitrides can be as described below [137-139]. The
mixing thermodynamics of these alloy systems can be understood by considering
the effect of the factors of volume mismatch, favoring phase separation, and an
electronic structure effect of delocalization of extra d-electrons to empty Sc 3d-12,
states, favoring mixing.

Important experimental demonstrations of these principles are the works of Saha
et al. who stabilized cubic (Sc,AI)N lattice-matched [138] to TiN and (Ti,W)N
in TiN/(Sc,Al)N and (Ti,W)N/(Sc,Al)N superlattices exhibiting enhanced hardness
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Fig. 6.5 (a) Comparison of the calculated mixing enthalpies of substitutionally disordered solid
solution, ordered solid solutions, and ScTaN,-type structure phase of Sci_M;N, as a function of
MN content where M = Ti, Zr, and Hf, respectively. (b) Calculated equilibrium lattice parameter
for rocksalt (B1) Sci_M,N solid solution as a function of MN content where M = Ti, Zr, and Hf,
respectively. The black line indicates Vegard’s rule. For (Sc,Ti)N, experimental data from Gall et
al. [39] are shown with stars. From Ref. [111] (Copyright American Institute of Physics, used with
permission)

[139], large reduction in thermal conductivity [140], and have been studied for
plasmoic properties [ 141], diffusion mechanisms [142], and phase transformations
[143]. Here, the combination of superlattice scattering and heavy element alloying
(with W) allowed for thermal conductivities down to 1.7 Wm~! K1 (compared to
8-10 Wm~! K~! for pure ScN). Nonetheless, as discussed above, these superlattice
structures are metastable and limited in use to the medium-temperature range.
Around 800 °C, where bulk diffusion becomes dominant, their long-term thermal
stability would be compromised due to intermixing. This was demonstrated by
Schreoder et al. who showed that TiN/(Sc,AI)N superlattices intermix heavily at
elevated temperature [137]. For a more detailed discussion, please refer to the recent
review of Saha et al. [144].

Finally, we note that recently theoretical calculations have been used to sug-
gest further alternatives to the ScN- and CrN-based semiconducting systems. In
particular, by combining group-4 transition metals with a group-2 alkaline-earth
metal in equal amounts, novel semiconducting systems have been predicted, like
Tip.sMgo.sN [145] and the wurtzite-structure (TMg 5,Mo 5),Al1.N alloys are inves-
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tigated for piezoelectric properties [146, 147]. These recent studies demonstrate the
superior speed with which computationally based approaches can scan large pools
of complex, uncharted materials and suggest candidates for a given property, before
experimental verification is pursued. This emphasizes the promise for a future of
theoretically driven materials’ discoveries, at least in the cases where the theoretical
accuracy and methodological reliability are well established.

6.6 Concluding Remarks

We have reviewed the present state of research on early transition-metal nitrides,
primarily based on ScN and CrN, for thermoelectric energy harvesting. These
materials also constitute well-defined model systems for theory-guided approaches
investigating thermodynamics of mixing for alloying and nanostructural design for
optimization of phase stability, band structure, and thermal conductivity in order to
improve thermoelectric properties. This is most notable as thermoelectric properties
per se—unlike piezoelectric properties—are challenging to reliably calculate by
ab initio methods. This can be used to guide the implementation of strategies for
reduction of the lattice thermal conductivity; alloy scattering, superlattices, and
nanoinclusions.
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Chapter 7 )
Thermoelectric Modules Based on Oxide Chack for
Thin Films

Paolo Mele, Shrikant Saini, and Edoardo Magnone

7.1 Introduction

A huge amount (66%) of the total energy obtained from natural fossil resources is
lost every year as waste heat [1], in a wide range of temperatures (300~1000 K) and
from a variety of sources like human body, hot springs, industrial processes, home
heating, lighting, electronic apparatuses, utility pipelines, electrical substations,
subway networks, and automotive exhaust tubes. It is mandatory to harvest this
heat to improve energy efficiency, reduce the overall CO; emissions, and enable
extensive adoption of battery-free and electric-grid-free devices, wearable electron-
ics, and more. A highly promising method for energy recovery from waste heat is
the utilization of thermoelectric (TE) effect, known since 1821 [2].

To obtain a TE harvester, a joint between n-type TE material and p-type TE
material is needed, forming an n—p TE couple, then put one side in contact to the
hot surface and cool the opposite side. In this way, electricity is generated at the
cold side (Fig. 7.1a). To increase the amount of harvested heat, several couples are
connected forming a TE module. This can be done traditionally by cutting n and p
bars from sintered pellets [3], then assembling them on a ceramic plate (Fig. 7.1b)
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Fig. 7.1 (a) Schematic representation of a thermoelectric couple; (b) Combination of bars cut
from bulk pellet forming a conventional bulk module; (¢) Combination of several couples on a
substrate forming a thin-film-based thermoelectric module. The three panels are not in the same
scale

or—as demonstrated more recently—preparing then connecting n and p thin films
on a rigid single crystal substrate [4] (Fig. 7.1c).

Conventional bulk modules (Fig. 7.1b) are used with heat flow parallel to the
longer direction of the legs (i.e., perpendicular to their cross sections) in order to
maximize the effect of the thermal gradient. The thin-film TE modules in principle
can be utilized either in cross-plane or in-plane configuration. The cross-plane
configuration is the same as the standard TE bulk module configuration, and the
temperature gradient should flow perpendicularly to the substrate, i.e., across the
cross-plane direction. This is the most relevant configuration for TE generator and
cooling solutions but presents practical difficulties to be applied since the effect
of the thermal gradient may be very small due to the typical thickness of the thin
films (hundreds of nanometers). The in-plane configuration, where the temperature
gradient arises parallel to the thin film and the substrate, is not that relevant for the
generator or cooling solutions, but it can be very useful for TE sensor applications
providing improved sensitivity and form factor in comparison with conventional
temperature sensors.

TE modules are very attractive because they are capable of converting waste heat
directly into electricity without moving parts. Consequently, research flourished and
a lot of TE materials (i.e., alloys and oxides) were discovered. However, after a
century since the discovery of the TE effect, the practical use of TE devices is quite
limited.

There are three major obstacles to the wide diffusion of TE harvesters: toxicity
and scarcity of elements constituting TE materials; low conversion efficiency and
low stability of TE materials; mechanical rigidity of TE modules. TE modules based
on oxide thin films may solve these issues in the near future, offering stability,
environmental sustainability, improved efficiency, and flexibility. The scope of this
chapter is to briefly review the current state of the art of TE modules based on oxide
thin films.



7 Thermoelectric Modules Based on Oxide Thin Films 141

The chapter is divided into three parts. In the first part, it is described how the
TE thin-film modules are fitted to solve the aforementioned issues; in the second
part literature survey is offered; in the last and third part, a conclusion and some
perspectives are given.

7.2 The Promise of Oxide Thin Films Thermoelectric
Modules

As reported in the literature, oxide thin films can be used to produce stable
and environmentally friendly TE materials, surpassing the performance of the
corresponding bulk oxides in the same interval of temperatures [5]. In addition,
some preliminary results suggest that a significant improvement in their efficiency
may be obtained through the addition with nano-sized artificial defects.

Let’s consider in detail both aspects.

7.2.1 Use of Oxide Thin Films as Sustainable Thermoelectric
Materials

Mainly the commercial TE modules are made by materials containing critical raw
elements like Pb, Bi, Hg (toxic), Ag, Te, and Se (expensive). The consequent high
prices of the modules and concerns related to environmental impact have confined
their use to niche applications (for example, the power supply of space probe
Cassini) and drastically limited their diffusion in the normal daily life.

This issue can be solved by using thermally stable, inexpensive, and sustainable
TE oxide materials to substitute the conventional unstable, toxic, and expensive
TE materials (BiTe, PbTe, AgSbGeTe, and so on). All of these oxides allow
heat harvesting in a wider range of temperatures (Fig. 7.2). In the 1990s, exten-
sive research on bulk oxide flourished with common effort focused to enhance
the TE performance—defined through a dimensionless figure of merit (ZT)—by
atomic substitutions and improved grain connection [6, 7]. However, the best TE
performance of the currently available oxide materials (ZT ~0.64 for n-type [8]
and 0.74 for p-type [9] oxides at 1000 K) is not yet up to the level of the best
conventional TE materials and requires to be improved. Furthermore, oxide thin
films offer significant advantages in respect to bulks for developing TE: flexibility,
rapid fabrication, control of defects at the nanoscale [10]. Several attempts have
been tried on thin films of Al-doped ZnO (AZO) films fabricated by pulsed laser
deposition (PLD) on several single crystals (i.e., StTiO3 and Al,O3) and amorphous
(silica) substrates.

Independently on the substrate, films always show values of the figure of merit
ZT in comparison with corresponding bulk AZO: for example, at 7 = 600 K,
(ZT)Az0-on-sto = 0.03 [5, 11].
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Fig. 7.2 Typical range of waste heat sources and operating temperatures of n- and p-type
thermoelectric oxide materials. Reproduced with permission from [7]

The figure of merit (ZT) of a TE material is defined as

ZT = (05%) x T/ (ke + pn) (7.1)

where o is the electrical conductivity, S is the Seebeck coefficient (S = AV/AT,
being V the electrical voltage), « is the total thermal conductivity (k = kel + Kph,
where 1 and kpp are the electronic and phononic contribution, respectively), and T
is the operating temperature.

The superior performance of films is due to their lower thermal conductivity:
K AZ0-on-STO (300 K) = 6.5 W/m x K [5, 11], while xgyrLk (300 K) =34 W/m x K.

In this first series of films, the grain boundaries can be considered as natural
nanodefects for the enhanced scattering of phonons and consequent depression of
k respect to the bulk material. As a demonstration of this effect, the film on fused
silica, showing additional grain boundaries at the seed layer on the substrate, had
even lower thermal conductivity: kjjica (300 K) = 4.89 W/m x K.

7.2.2 Enhancement of Conversion Efficiency by Addition
of Controlled Nanodefects

Typically the commercially available TE modules have a figure of merit ZT
lower than one (efficiency <10%). In general, metal alloys are unstable chemical
compounds in air, decomposing at relatively low temperatures (usually 500 K or
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less). The parameters o, S, and k, however, are not independently tunable; for
example, conventionally it is not possible to increase o and reduce k at the same
time, since

kel = LTo (7.2)
with L = 2.44 x 107 W € K2 (Lorentz number). On the other hand,
kph = 1/3 CvA (7.3)

with C = heat capacity, v = speed of phonons, A = phonons mean free path.

The presence of nano-sized defects has the effect of scattering the phonons
because their mean free path A is on the order of several nanometers; this will
result in the reduction of k¢j, (Eq. 7.3). According to Eq. (7.1), if « is reduced to
1 W m~! K~! (without significantly depressing o and S) by introduction of artificial
nanodefects, the ZT value could reach 2.1 (efficiency >20%), at 800 K overcoming
the typical values of bulk oxides (ZT = 0.75, maximum efficiency ~7%). According
to Egs. (7.1)—(7.3), it is mandatory to insert uniformly spaced nanodefects whose
size is 20 nm or less, and density 10%*~10% m™3 (Fig. 7.3). Larger densities
of nanoparticles may be detrimental for the current transport. Nanoparticles and
nanovoids can be inserted in oxide bulk materials prepared by conventional solid-
state synthesis techniques; however, the control of their size and distribution is
quite difficult. On the contrary, by nanoengineering approach during the fabrication
of oxide thin films, it is possible to control size and distribution of artificial
nanodefects, as was already demonstrated for superconducting films [12, 13].

a b
® 1. ©®
° 1000 .
% poeae ;
KA o density <
size w3
Emg == | L z | g
L ® = ~ o= : b g
® 8] . .
. "% n 10 ~Jsigp~ 3
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Fig. 7.3 (a) schematic representation of phonon scattering by different nanodefects inside a
thermoelectric material; (b) size—density relationship for several kinds of nanodefects. Required
size and density for efficient phonon scattering in nanostructured thin films is highlighted (pink
area). Right-side panel is reproduced with permission from [10]
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This kind of approach is still at a near stage for TE oxide films, but some artificial
nanostructures were already introduced yielding enhancement of TE performance.

Based on the recent literature, it can be summarized in the following: (1)
insertion of hydroquinone nanolayers in AZO films prepared by atomic layer
deposition (ALD): k oL.p (300 K) =3.56 W/m x K [14]; (2) addition of poly(methyl
methacrylate) (PMMA) particles to AZO films prepared by multi-beam multi-target
matrix-assisted PLD (MBMT/MAPLE-PLD): kymapLE (300 K) = 59 W/m x K
[15]; (3) formation of nanopores in AZO films prepared by Mist-Chemical Vapor
Deposition (Mist-CVD): kporous (300 K) = 0.60 W/m x K [16]; (4) dispersion
of Al,O3 nanoparticulate in AZO films prepared by surface-modified target PLD:
KnanoAa1203 (300 K) = 3.98 W/m x K [17]. Reduction of k is one-tenth or more
respect to the bulk AZO value.

The common issues of all these approaches are the control of size as well as the
distribution of nanodefects.

7.3 State-of-the-art of Oxide Thin Films Thermoelectric
Modules

Recently, several reports on TE modules based on doped oxide thin films have been
published. The most common arrangement presents parallel legs of n- and p-type
oxides deposited by means of different techniques (PLD, ALD, sputtering). While
different p-type oxides (i.e., CuO, Ca3Co409, and NaCoO,) have been chosen,
constantly the n-type legs are constituted by M-doped ZnO where M is a metal ion.
This is not surprising since Al-doped ZnO (M=Al) is the most studied TE oxide as
thin film or bulk. In other configurations, hybrid modules are based on oxides and
metallic thin-film legs and on uni-leg (only one kind of film is utilized).

7.3.1 Modules Based on n- and p-Type Oxide Thin Film Legs

Firstly, W. Somkhunthot and colleagues proposed a module based on the com-
bination of four n-type Al-ZnO legs (called “AZO” in Fig. 7.4) and four p-type
CazCo409 (CCO) legs [18, 19]. The thin-film legs are prepared on a glass substrate
of 1.0 mm thickness in dimension mm? by bipolar pulsed-DC magnetron sputtering
in an argon atmosphere and then connected by Cu electrodes (Fig. 7.4). Each leg
size is 3.0 mm width, 20.0 mm length, and 440 nm thickness. A hot plate (absorbed
heat, Tx) was placed on a module to heat at 300—400 K, while a cold plate (released
heat, T¢) was surrounded by air at room temperature. The temperature difference
(AT =Ty — T¢), open circuit voltage (Vp), and internal resistance (R;) of a module
were measured. It was found that the open circuit voltage increased with increasing
temperature difference from Vo =3 mV at AT =5 K (Ty =305 K and T¢ = 300 K)
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Fig. 7.4 Test results on a
thermoelectric module of
n-Al-ZnO (“AZ0O”) and
p-Ca3Co409 (“CCO”) thin
films: (a) the open circuit
voltage and (b) the short
circuit current as a function of
temperature difference.
Reproduced with permission
from [19]
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up to Vo =20 mV at AT = 78 K (Ty = 393 K and T¢ = 315 K). The internal
resistance of a module reached a value of 14.52 MQ2 when AT =78 K.

The same group subsequently reported about a module based on the combination
of three n-type AZO legs and three p-type NaCoO, (NCO) legs, prepared in the
same way as their AZO/CCO thin-film module [20]. After the module test, the
open circuit voltage increased with temperature up to 26.0 mV fora AT = 79.3 K.
However, the module was unable to produce useful electrical current due to its high
internal series resistance contributed from the NCO films.

Zappa et al. [21] proposed a planar TE generator combining bundles of undoped
ZnO and CuO nanowires in a series of five thermocouples on (2 x 2) cm? alumina
substrate. At first, ZnO nanowires were fabricated by physical vapor deposition
(PVD) technique in a tubular furnace, then using a shadow mask technique, Cu
stripes were deposited via RF magnetron sputtering and finally the CuO nanowires
were obtained via oxidation at 400 °C for 12 h in 80% oxygen/20% argon
atmosphere (300 sccm flow). The module has five n-type AZO legs and five p-type
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AV |

a b

Fig. 7.5 (a) Optical image of fabricated planar thermoelectric device based on ZnO and CuO
nanowires. (b) SEM picture of the ZnO-CuO junction area. Reproduced from [21] (open access
article) under the terms of the Creative Commons Attribution License (http://creativecommons.
org/licenses/by/2.0)
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Fig. 7.6 Schematic diagram (side view) of the experimental setup for the measurement of
the thermoelectric response of nanowires-based samples (not to scale)—Reproduced from [21]
(open access article) under the terms of the Creative Commons Attribution License (http://
creativecommons.org/licenses/by/2.0)

CuO legs (Fig. 7.5). AZO film has typical Seebeck coefficient S = 0.19 mV/K
and electrical conductivity o = 0.7 S/m, while CuO has § = 40.82 mV/K and
o =2 S/m.

The TE response of the module was measured as a function of the applied
temperature difference AT using a purposely developed experimental setup based
on two Peltier cells and two Pt-100 thermometers (Fig. 7.6) The Seebeck coefficient
S of the entire planar device was measured, resulting in approximately 4 mV/K. The
electrical resistance of the entire TE planar generation was about 9 M.

The fabricated planar TE generators exhibit a maximum power Pmax/AT? of
about 0.4 pW/K? (i.e., 102 pW at the maximum AT = 16 K), comparable with
values reported in similar generators based on Si and Si—Ge nanowire arrays [22].

Saini et al. [23] described planar modules based on five legs of n-type AZO
and five legs of p-type CCO thin films on three kinds of substrates (i.e., Al,O3,
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SrTiOs, and silica glass). At 600 K, depending on the substrate, typical perfor-
mances of standalone AZO films fabricated by PLD are 0 = 291~923 S/cm,
S = —111~126 wV/K, and x = 4.89~6.5 W/m K [10, 11]; of standalone CCO
films are 0 = 1.23~18 S/cm, § = +158~186 wV/K, while k was not measured
[23].

The module legs were fabricated on 1 cm? substrate by pulsed laser deposition
(PLD) technique using Nd:YAG laser (266 nm). At first, the laser was focused on
CCO target, and p-type legs were deposited in an oxygen atmosphere at 650 °C on
10 x 10 mm substrate by superimposing a custom nickel mask. Then, AZO target
was moved under the laser beam and ablated at 400 °C to fabricate n-type legs
after shifting the custom Ni mask. Gold electrodes were sputtered using a custom
Ni mask at room temperature after completion of PLD routes in order to achieve
the electrical connection of the p—n couples. Performance of modules was evaluated
using ad hoc customized system where the module was set vertically in between
alumina (heat source; however heat is generated by hot plate) and aluminum nitride
(heat sink) sheet. A schematic drawn and a picture of the module and evaluation
setup, along with an optical image of the module, are reported in Fig. 7.7.

The power generation characteristics of on-chip TE module are shown in Fig. 7.8
for the case of maximum obtained temperature difference (AT = T}, — T,) between
the heat source (7}) and sink (7). The maximum output power (Pmpax) increases
with an increase in AT and the highest output power is achieved while keeping
higher AT.

Overall, the best performance of on-chip TE was obtained on Al,Os3:
Pmax = 29.9 pW.

Mondarte et al. [24] proposed TE module based on n-type AZO and p-
type N-doped CuxO. Eight n-type legs and eight p-type legs were deposited
on (1.27 x 0.64) cm? glass substrate by spray pyrolysis and connected by Ag
electrodes as schematically illustrated in Fig. 7.9. Standalone AZO at 300 K
had § = 0.448 mV/K, o = 2440 S/m, and PF = 0§? = 4.8710~* W/m K2,
while N-doped CuxO had S = —1.002 mV/K, ¢ = 53 S/m, and PF = oS8? =
5.54 x 107 W/m K2.

The TE device based on the deposited TE materials in glass substrates generated
a maximum of 32.8 mV when subjected to AT ~28 K.

7.3.2 Hybrid Modules Based on Oxide and Metallic Legs

Park et al. [25] reported on a hybrid module, made by four n-type Al,O3/ZnO
(AO/ZnO) superlattice legs and four p-type Big 5Sby 5Tez (BST) legs. The AO/ZnO
films are grown on Si/SiO; substrates by atomic layer deposition (ALD) at 250 °C
in a home-made reactor, and the balance of AO and ZnO layers was chosen to obtain
2% atomic concentration of Al in ZnO. The AO/ZnO superlattice films present
S =—-624 VK o =113S/km, and k = 0.96 W m~! K~! at 300 K, with
ZT = 0.014, twice than a conventional AO/ZnO film. The p-BST films are grown
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Fig. 7.7 (a) 3D sketch of the thin-film module based on AZO and CazCo40O9 with sequence of
thin films and electrodes deposition; (b) schematic top view of the module and (¢) photograph of
the module after fabrication of thin-films legs and gold contacts; (d) schematic of module testing
setup with a load resistor (R). Reproduced with permission from [23]

by radio-frequency (RF) sputtering at room temperature, followed by annealing at
200 °C. The p-BST presents typical values of § =390 uV K~!, o = 129 S/cm, and
power factor = 0S? = 2.7 x 1073 W/K? at room T.

The fabrication of the module on a (20 x 15 mm) Si/SiO, substrate is done by
alternating ALD deposition of n-type superlattice, photolithography to form the n-
type legs, then sputtering deposition of p-type film followed by photolithography
to form the p-type legs, and finally deposition of Ti/Au contacts by sputtering
(Fig. 7.10). The separation between legs is 1 mm and the length of each leg is 8§ mm.

The output voltage of the TE energy generator was measured as a function of the
temperature difference applied between a hot plate and a cold junction (aluminum
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Fig. 7.8 Output power of On-chip thermoelectric module (Th 300°C)
thin-film thermoelectric ol . . : : ;
modules fabricated on the "]
three different substrates at 25
Th = 300 °C. Reproduced
with permission from [23] ? 2
o
%18
E
e 10
5
0

Stacked Design

Heat Sin
<

Legend
Cu,O:N on glass [EG————
Zn0:Al on glass —

Ag contacts Tt_j_

Fig. 7.9 Thermoelectric device based on n-type Al-doped ZnO (AZO) and p-type N-doped CuxO.
Reproduced with permission from [24]

block) of the thin-film TE energy generators, and the maximum output power was
estimated at room temperature by using a variable resistor.

The output power of the 100-nm-thick n-AO/ZnO superlattice film/p-BST TE
energy generator reported in Fig. 7.11a was determined to be ~1.0 nW at a
temperature difference of 80 K, corresponding to a significant improvement of
130% compared to the 100-nm-thick AO/ZnO conventional film/p-BST and 220%
compared to n-BT/p-BST film generators (see Fig. 7.11b).
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Fig. 7.10 Schematic of the fabrication process for an n-AO/ZnO superlattice film/p-BST TE
energy generator consisting of four pairs of 100-nm-thick n-AO/ZnO superlattice films and 100-
nm-thick p-BST thin-film legs on a Si substrate. Reproduced with permission from [25]

7.3.3 Uni-Leg Modules

In uni-leg modules, only one kind of legs, n-type or p-type, is constituted by oxides,
while and the other kind of legs is made by reference electrode (Au, Cu, or alloy).
Schematic representation of the uni-leg module is given in Fig. 7.12.

Rudez et al. [26] proposed the development of thick-film TE microgenerators
based on n-type (ZnO)5In, O3(Z5]) and p-type CazCo409(CCO) uni-legs, while the
reference electrodes are made by Pt or Pd/Ag ink in the case of Z5I thermopile and
by Pd/Ag ink in the case of CCO. The Z5I and CCO legs are screen-printed (from
a mixture of oxide powder, an organic binder, and wetting agent) as a rectangular
structure (see Fig. 7.13) on alumina substrates and the modules are made by ten
legs.

The overall performance of the devices was determined by measuring with a
home-made device the electrical conductivity and the Seebeck coefficient of the Z51
and CCO thick-film thermopiles in the temperature range from room temperature to
500 °C. The CCO-based thermopile has a Seebeck coefficient of about 156 wV/K
at 300 °C and resistivity as low as 13.7 m2 cm, measured at 500 °C. The power
factor calculated for a single leg was 1.6 x 10* W/mK?. In the case of Z5I, the
Seebeck coefficient and resistivity measured at 500 °C were 176 wV/K and 530 mS2
cm, respectively, with a calculated power factor of 1.4 x 10 W/mK?2.

Sinnarasa et al. [27] prepared a uni-leg module made with three legs of 100-nm-
thick CuCrO,:3% Mg film deposited by RF magnetron sputtering on fused silica,
connected with Au electrodes. In order to characterize the module, one side of the
module was heated and the other side was left untouched under air as shown in
the inset of Fig. 7.14b. The applied temperature at the hot side and the measured
temperature at the cold side of the module were plotted in Fig. 7.14a. Figure 7.14b
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Fig. 7.11 (a) Thermography image of the n-AO/ZnO and p-BST TE power generator captured
using an infrared (IR) camera during the measurements. (b) Comparison of the output power as
a function of temperature differences up to 80 K for n-AO/ZnO superlattice/p-BST, n-AO/ZnO
film/p-BST, and n-BT/p-BST thin-film-based TE energy generators. Reproduced with permission
from [25]

shows the maximum electrical power generated by the three legs TE module when
the hot side temperature is increased. In particular, it can be noted that it reached
10.6 nW when a temperature of 220 °C is applied at the hot side.
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Fig. 7.12 Schematic view of a uni-leg thermoelectric module. Reproduced with permission from
[26]

AgiPd A&
electrode

Fig. 7.13 Fabricated thick-film microgenerator from Ca3CoQOg (Ca349) (left) and (ZnO)5In; O3
(Z51) (right). Reproduced with permission from [26]

7.4 Summary and Perspective

In this chapter, thermoelectric (TE) modules based on oxide thin films were
reviewed. Thin films prepared by several techniques (PLD, ALD, magnetron
sputtering, and so on) on several kinds of substrates were considered, and TE
properties were discussed in relation to structure and morphology. Summarizing
the experimental data presented in this chapter (see Table 7.1), it is apparent that
the output power generated by oxide thin films modules (in the order of pico- or
nano-watts) is quite low in comparison with typical values of bulk modules (in the
order of milli-watt).

Improvement in the output power of oxide thin films modules is expected
according to the following guidelines:

1. Enhancement of the TE performance of the oxide thin films (lower « and higher
o) by controlled addition of artificial nanodefects;

2. Implementation of a higher number of n—p couples;

3. Use of substrates of a larger area.
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As a final consideration, all the TE devices described in this chapter are based
on thin films deposited on a crystal or glass substrate, then electrically connected to
obtain TE modules. This means that typically the oxide thin films TE modules are
rigid and flat. However, heat might be harvested from surfaces that may assume a
variety of shapes (i.e., curved, zig-zag, irregular, and so on).

TE devices adaptable to curved surfaces can be obtained by conventional thin
film oxides deposition techniques on flexible substrates (Fig. 7.15). n- and p-type
elements adapt perfectly to the surface of the object, and heat can be harvested
efficiently. Flexible TE modules, limited to the harvesting of body heat, have been
prepared using conventional TE materials (see for example [28]).
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Fig. 7.15 Schematic design side el do
of flexible TE module stuck CO‘d =
on a pipe transporting a hot Module on/< %Ie
fluid flexible substrate R=2d

. ‘ e
Plpe transporting hot fluid

Flexible, ubiquitous, sustainable TE modules based on efficient oxide materials
are predicted as a breakthrough for local heat harvesting in a wide range of
temperatures.
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Chapter 8 )
Thermoelectric Properties of Metal Shethie
Chalcogenides Nanosheets and Nanofilms
Grown by Chemical and Physical Routes

Ananya Banik, Suresh Perumal, and Kanishka Biswas

8.1 Introduction

To alleviate the vivid surge of the worldwide energy crisis, furnishing renew-
able, sustainable and environment-friendly energy source holds precedence not
only to the scientific community yet added to the overall populace all in all
[1-3]. Thermoelectric (TE) materials are gaining attention in this area because
of their ability in waste heat to electricity conversion [1]. The efficiency of any
thermoelectric material is governed by the thermoelectric figure of merit, z7, which
is the function of electrical conductivity (o), Seebeck coefficient (§), total thermal
conductivity (k1) and temperature (7)) via the expression, zT = 0 S%T/k toral
[3]. The quantity 05? is called power factor (PF). ko1 of a material depends
on electronic («x) and lattice (kar) thermal conductivity (kiotal = Kel + Klat)- A
high performance thermoelectric material should have all together high electrical
conductivity (o) to minimize the internal Joule heating, a large Seebeck coefficient
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(S) to generate high voltage and low thermal conductivity (ko) to maintain the
temperature gradient. However, the major challenge relies on the improvement of
the material’s thermoelectric performance involving the optimization of these three
interdependent material properties [2].

During the last decade various novel strategies have been introduced to decouple
these interrelated physical parameters [2, 4, 5]. Approaches to improve the power
factor (0S?) include band convergence [6, 7], minority carrier filtering [8], quantum
confinement effect [9—11] and formation of sharp impurity states close to Fermi
level to increase density of states (DOS) [12]. To block the thermal transport
for maintaining temperature difference across a given material/device, increased
phonon scattering can be achieved by introducing mass-fluctuation [13, 14], nanos-
tructuring [15, 16], creating the hierarchical nano/meso-scale architectures [17]
and intrinsic bond anharmonicity [18, 19]. However, the highest reported z7" value
is still below 3, which limits the usage of thermoelectric energy conversion to
niche applications [20]. Low dimensional materials exhibit combination of both the
enhancement in power factor due to quantum confinement effect, wherein flow of
charge carriers is restricted and placed in a potential well with infinitely high walls,
and the increased phonon scattering, led to significantly low thermal conductivity,
by a large number of interfaces and grain boundaries [11, 21]. Confinement in the
dimensionality significantly distorts the density of states of a given material and
introduces the large interfaces that scatter phonon effectively rather than electrons
and reduces the thermal conductivity drastically. For instance, Fig. 8.1a illustrates
the schematic diagram of 3D (bulk), 2D (quantum well), 1D (quantum wire) and
0D (quantum dot) solid. Their corresponding DOS is given in Fig. 8.1b. In low
dimensional systems, the thermoelectric parameters, such as S, o and ka1 can be
effectively tailored independently. Previous literature reports revealed that ultrathin
nanosheets and nanofilms can exhibit enhanced densities of states (DOS) and carrier
mobility (i) compared with their bulk counterparts [22]. Significant increment in
Seebeck coefficient has been achieved for n-type PbTe/Pbg 927Eup.973Te multiple
quantum wells (MQW) as compared to bulk PbTe material [10], which is consistent
with theoretical calculations, as shown in Fig. 8.1c. A zT of 0.9 at 300 K and
2.0 at 550 K have been achieved in PbSeq 9gTeo 02/PbTe quantum-dot structures
[23, 24]. Further, the theoretical calculations suggested that Bi Te3-based quantum
well (2D) and quantum wire 1D materials would exhibit extremely high z7 as
compared to bulk materials due to quantum confinement induced remarkable
enhancement in power factor and large interfaces driven low thermal conductivity.
Figure 8.1d presents the exponential increase in z7 of BiyTe; with decrease in
thickness or diameter of quantum well (or quantum wire), respectively [9-11, 25,
26]. Thin film superlattices structures utilize the acoustic mismatch between the
superlattice components to reduce k,¢ While retaining the electrical transport intact
(phonon-blocking/electron-transmitting) [24]. These result in high thermoelectric
performance which is rather impossible using the conventional alloying approach,
thereby potentially eliminating alloy scattering of carriers [5].
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Fig. 8.1 (a) Schematic diagram of 3D (bulk), 2D (quantum well), 1D (quantum wire) and 0D
(quantum dot) solid. (b) DOS vs. E plot for 3D, 2D, 1D and OD, (c) the plot of $%n vs.
well thickness for n-type PbTe/Pbg 927Eug 973 Te multiple quantum wells (MQW) at 300 K, (d)
calculated z7T as a function of thickness/diameters of 3D, 2D and 1D for Bi,Tes-based materials
[9-11]

8.2 Thermoelectric Transport Mechanism in Nanosheets

Ideas in using nanosheets (nanofilms) to progress the field of thermoelectrics
through the enhancement of electrical conductivity and reduction of thermal
conductivity were first discussed by Dresselhaus, Harman and Venkatasubramanian
[4]. According to the Hicks—Dresselhaus model [11, 27], Seebeck coefficient for
quantum-well structures increases linearly with decreasing the material thickness
because of the quantum confinement effect, where S is directly proportional to the
energy derivative of the density of states (DOS) at the Fermi level (Er) (Mott—Jones
relation, Eq. (8.1)) [11, 28].
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Here, kp is the Boltzmann constant, / is the Planck constant, m;* is the density
of state effective mass of carriers, n is the carrier concentration and 7 is the
absolute temperature. From Eq. (8.1), it is clear that S can be enhanced via the
two mechanisms, (1) energy-dependence of carrier density, n(E) and (2) energy-
dependence of mobility, ©(E). Here n(E) is associated with density of states, g(E)
n(E) = g(E) f(E), where g(E) is the DOS per unit volume and per unit energy; f(E)
is the Fermi function, whereas ((E) depends on the energy of the charge carriers.
As the best TE material falls under degenerate semiconductors, change in density of
state, g(E), has a direct consequence of the change in density of state effective mass
(mg*) which significantly alters the Seebeck coefficient, as per Egs. (8.2) and (8.3).

The enhancement of the Seebeck coefficient of nanosheet (nanofilm) sample
originates from the steplike n(E), where g(E) can be improved via carrierpocket
engineering. The anisotropic nature of the band structure offers a possibility of
tuning the relative contributions of different carrier pockets near the Fermi surface
by changing the several parameters, such as the growth direction. The sharp rise
in the local DOS leads to an escalation in the Seebeck coefficient with minimal
change in the carrier concentration, thus decoupling the electrical conductivity
and the Seebeck coefficient [29, 30]. Hence, true atomic thickness would create
a two-dimensional (2D) electron gas in the single layer, which would improve
S for the ultrathin layered materials [22]. Furthermore, the potential barriers at
the interfaces and boundaries of the nanofilm would be expected to filter out
low-energy carriers (cold carriers) and transmit high-energy carriers (hot carriers),
resulting in a further increased S [31]. This high carrier mobility derived from the
electronic structure has a negligible impact on phonon transport. Therefore, the
Wlk1ar values of a nanosheets are always much higher than those of bulk materials
[5]. Furthermore, the presence of the enormous grain boundaries and interfaces
in the nanofilms scatters short/mid/long-wavelength phonons, thus contributing to
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a decrease in Ky, with a minimal detrimental effect on the electrical properties
[22]. Inorganic nanosheets usually exhibit surface structural disorder, allowing for
efficient scattering of short-wavelength phonons, which decreases «a;.

Moreover, the thin film interfaces influence both in-plane and out-of-plane
thermal conductivity [5]. Interface effects can be classified into three categories:
specular, diffuse and hybrid (partially specular and partially diffuse). At a specular
interface, phonons transport (transmitted or reflected) at the layer interface follow-
ing Snell’s law, when polarization changes are neglected [32]. When the incident
angle is beyond a critical angle, the phonons should reflect totally and not cross
the interface. At a diffuse interface, the thermal conductivity along the layers is
irrelevant to the transmissivity and reflectivity. Therefore, the thermal transport
properties can be estimated from the individual layers separately. However, at a
hybrid interface, the energy flux of phonons between layers due to the transmissivity
cannot be ignored. Here, the partial diffusion behaves as a barrier to weaken
the continuity between layers. Nanosheets always possess partially specular and
partially diffuse interfaces. Thus, the atomic-scale roughness is thought to be one
of the main reasons for the reduction in the thermal conductivity of nanosheets
materials. Considering that these mechanisms will not affect the carrier mobility,
nanosheets have been regarded as one of the best materials to achieve the “phonon
glass electron crystal” criterion [5].

8.3 Thin Films of Layered Chalcogenides Prepared
by Physical Route

Biy Tesz-based systems have been well known for their superior TE properties even
in the nanostructured bulk form [27]. Though many TE materials have been studied
with considerably good TE performance, Bip Tes-based alloys have been recognized
as the state-of-the-art TE materials for room and/or low temperature applications
[33]. In this part, we extensively discuss a unique structure of Bi;Tes and the
influence of physical deposition techniques and annealing temperature on TE
properties of BipTes-based thin films. The Bi;Tes crystallizes in the rhombohedral
crystal structure with the space group of R-3m with the lattice constant in the c-
axis (30.48 A) is much higher than that of the a, b-axis (4.38 A). Presence of
unique structural anisotropy in BipTe3 leads to large carrier mobility and electrical
conductivity along ab-plane as compared to c-axis [29, 34]. Further, it has a
hexagonal layered structure with stacking of quintuple layers of covalently bonded
Te(1)-Bi-Te(2)-Bi-Te(1); each quintuple layer is connected by the weak van der
Waals interactions [35].

The deposition of Bi, Te3-based films can be performed by various physical depo-
sition techniques such as sputtering (magnetron/RF magnetron/co-sputtering/ion
beam), evaporation (thermal/e-beam/flash), pulsed laser deposition (PLD) and
molecular beam epitaxy (MBE) [36—49]. Among them, every technique has its



162 A. Banik et al.

own advantages and disadvantages. As is known, transport properties of thin films
prepared by physical deposition techniques mostly depend on composition, crystal
structure, substrate temperature, Te and Bi defects, annealing temperature, decom-
position or evaporation rate of starting elements and even deposition techniques
for some extent. In case of thermoelectric properties, thin film metrology also
plays a key role as in-plane measurement of S, o and ko is slightly easier
than measurement in out of plane, where maintaining temperature difference is
of great challenge. Thus, most of the research groups work on thin film-based
thermoelectrics and report mostly the electronic-transport properties, such as S,
o and 0§? due to challenge in the measurement of thermal conductivity. As TE
properties strongly depend on the composition of materials, it is important to control
an evaporation rate of Bi, Sb and Te during deposition of Bi;Te3 and Bi;.,Sb,Tes-
based thin films since Te, Bi and Sb possess different vapour pressures. Thus, reports
showed that Te content in 60—65 at% gives an optimum composition of BiyTes,
comparable with initial composition, with reasonably high 77" [42-44].

Further thickness dependent thermoelectric properties of Bi;Tes-based thin
films were also studied in detail as thick of the films will effectively control the
transport properties. It has been further reported that co-evaporation method can
be an efficient route to prepare BiyTes-based materials where evaporation rate of
both Bi and Te can be simultaneously controlled during deposition, and nominal
composition with optimum thickness could also be maintained. Deposition methods
with the nominal composition of Bi;Tes-based materials and their corresponding
thermoelectric properties are listed in Table 8.1. When compared to all other
techniques co-evaporation and co-sputtering techniques seem to have better com-
position control and thereby notable high TE figure of merits, z7's of 0.91 and
0.81 for n-type BipTes, 0.87 [48, 49, 57] for p-type Bigp5Sb; sTes. Nevertheless,
p-type Bio Te3/SboTes superlattices with individual layers of 10 A prepared by low-
temperature growth process have still being considered a predominant material with
arecord-high zT of ~2.4 at 300 K [4].

Zhang et al. have successfully deposited the (001) oriented BiyTes thin films
by magnetron co-sputtering method and compared with ordinary film and bulk
target materials [51]. They have achieved the maximum power factor (oS?) of
33.7 wW/ecmK? at 360 K which is four times higher than the ordinary film and
notably high compared to SPS sintered BiyTe3 bulk material. This huge rise in oS>
is due to the increase in mobility from ~23 cm?/V s (ordinary film) to ~52 cm?/V s
for (001) oriented BiyTes thin film as unique anisotropy associated high mobility
in ab-plane than c-axis. Further, the calculated cross-plane thermal conductivity
was about 0.81 W/mK which is notably low as compared to p-type BiyTe3/SbyTes
superlattices (0.95 W/mK) [4, 51]. The BiyTes thin films with optimum 57 at% of
Te content deposited on flexible polyimide substrate by vacuum thermal evaporation
showed the oS? value of 12 uW/ch2 at 300 K. Moreover, the electrodeposited
BiyTes-based thin films and nanowire arrays have shown the S value of —70 wV/K
with 052 of 5.63 wW/cmK? [52]. The influence of deposition methods of prepared
BiTes-based thin films and the respective TE properties (o, S and 0'S?) have been
illustrated in Fig. 8.2 and summarized in Table 8.2.
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Fig. 8.2 Thermoelectric properties, (a) electrical conductivity (o), (b) Seebeck coefficient (S) and
(c) power factor (820') of BiyTez-based thin films deposited by various techniques



8 Thermoelectric Properties of Metal Chalcogenides Nanosheets. . . 165

Table 8.2 Physical deposition methods, composition, applied temperature, annealing temperature
and thermoelectric properties of Biy Te3-based thin films [50]

Deposition 2o

methods Composition o (uVIK) | p (W2m) (1073 W/m-K) | T (300 K)
Co- n-BiyTe 3 —228 28.3 1.8 -
evaporation

Co-sputtering | n-Bix Tes —55 10 0.3 -
Co- n-Bip Tes —220 10.6 4.57 0.91
evaporation

Flash n-BizTezjzse()g —200 15 2.7 -
Sputtering n-Bij g Sbg,Ter 7Seps | —235 47 1.2 -
Co-sputtering | n-Bix Tes —160 16.3 1.6 -
Sputtering n-Bip Seg3Te 2.7 —160 20 1.3 -
Co- n-Bip Tes —228 13.0 4.0 0.81
evaporation

Flash p-Bi o5Sby 5Te3 240 12 4.8 -
Co-sputtering | p-(Bi/Sb), Tes 175 12.1 2.5 -
Flash p-BigsSby sTes 230 17 3.1 0.87
Sputtering p-Bigs Sby5Te 3 210 25 1.8 -

Pulsed laser deposited n-BipTes and p-Big3Sb;7Te c-axis oriented thin films
have shown significantly high TE performance [53]. For instance, in-plane measured
o, S and 052 of n-Biy Te; films are 6.6 x 10* S/m, —194 wV/K and 25.2 pW/cmK?
[58], whereas p-Big3Sb;7Te showed o, S and oS> values of 9.09 x 10* S/m,
200 wV/K and 33.1 wW/cmK?. Further, as annealing temperature after deposi-
tion, substrate temperature during deposition and thickness of films significantly
influence the TE properties of prepared thin films, Hyejin Choi et al. have recently
studied the effect of annealing temperature by controlling the each layer of Bi (3 A)
and Te (9 A) on SiO,/Si substrate using molecular beam epitaxial method on TE
properties of Te embedded BiyTes thin films [54]. The formed epitaxial BirTes
thin film with heterojunctions has exhibited the maximum z7 of ~2.27 at 375 K
due to significant phonon scattering rather than electron scattering, led to high o
and notably low kota1. In particular, as-grown BiyTes thin film showed o, S, 2o
and K ora1 values of 6.5 x 10* S/m, 205 nwV/K, 27.3 MW/crnK2 and ~0.9 W/mK,
whereas the film thus annealed at 473 K exhibited o, S, S?0 and ko values of
8.25 x 10* S/m, 231 WV/K, 44.02 wW/cmK? and ~0.75 W/mK. It is clear that Te
embedded Bi,Tes nano-grain structured epitaxial thin film showed the record-high
TE performance due to increased phonon scattering rather than carrier scattering at
grain boundaries and interfaces.

Further, it has been shown that grown angles of the array of nanowire or bundles
of deposited BiyTes thin films also alter the TE properties. Recently, Ming Tan et
al. have reported that hierarchical p-Bi; 5Sbg 5 Te nanopillar array and p-(Bi/Sb),Tes
nanowires array with well-oriented growth prepared by vacuum thermal evaporation
method with a certain tilt angle to substrate showed extremely high z7's of 1.61 and
1.72 at 300 K [55, 56]. These observed huge enhancements in z7 for tilt-structure of
p-Bij 5Sbg sTe array are due to preferred phonon scattering than carriers scattering



166 A. Banik et al.

in heterojunctions, and tilt-induced change in Fermi level enhances the flow of
carriers and thereby o increases drastically, which altogether supports to have high
TE performance [59]. Presence of surface states at an energetic position above
the conduction band edge in (Sb,Bi)>Tes material exhibits a charge transfer from
the surface state to the bulk [60]. So, electrical conductivity remarkably increases
due to electron accumulation at the surface of nanowires with a high surface-to-
volume ratio. This huge increase in o from 5.1 x 10* S/m for a tilt angle of 90°
to 9.1 x 10* S/m for a tilt-angle of 45° led to record-high zT's of 1.72 for c-axis
oriented Bir Tes nanowire arrays (Fig. 8.2) [56].

8.4 Nanosheets of Layered Chalcogenides Synthesized
by Chemical Route

Although thin-film thermoelectric materials offer tremendous scope for z7 enhance-
ment, questions remain on the precision of the z7" reported due to experimental
difficulties in measuring the properties correctly. Furthermore, most of the above
methods require expensive apparatus and are not easy to control. Synthesis of
large-area 2D metal chalcogenide thin films with controlled growth is a major
challenge in this field of research. Synthesis based on the vapour processes such as
molecular beam epitaxy has been successful in the preparation of large-area uniform
thin films of 2D materials. However, this process requires synthesis conditions of
high temperature, vacuum and specific substrates for materials growth. In addition,
it is limited in the robustness of scale-up because the film growth takes a long
time and the fine control of the film thickness over the entire large-size substrate
is difficult. Additionally, materials fabricated by sophisticated techniques are not
easily incorporated into commercial devices because they are slow and expensive
to fabricate, and they cannot be fabricated in sufficient quantities. Solution phase
synthesis has emerged as a promising alternative to the above-mentioned prepara-
tion technique. The solution-based process has several technological advantages:
low temperature synthesis under atmospheric conditions, and more diversity in the
material species to be synthesized. In the following section, we will be focusing
on the thermoelectric properties of recently synthesized solution processed metal
chalcogenides nanosheets.

8.4.1 Bismuth Telluride

Promising TE performance of bismuth telluride (BipTe3) thin film has motivated
researchers to study TE properties of BipTe3 nanosheets. p- and n-type nanostruc-
tured bulk BirTes-based materials with z7 of 1.1 have been realized by bottom-up
assembly of rapidly synthesized single-crystalline nanoplates of sulphur-doped
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Fig. 8.3 Schematic demonstration of the scalable synthesis technique used to obtain both n- and p-
type bulk thermoelectric nanomaterials Biy Tes_Sy with high figures of merit. Microwave synthesis
of BipTes., S, nanoplates followed by cold-pressing and sintering yields dense bulk pellets (density
is 92 4 3% of theoretical density) with nanostructured grains. Sulphur doping in Bi,Te3 optimizes
the electrical conductivity, Seebeck coefficient and majority carrier type, while nanostructuring
results in very 1ow koa1- The graph compares the best ZT' (~zT) of p- and n-type nanomaterials
with those of the best p- and n-bulk materials, denoted as p- or n-bulk, nanoparticle-dispersed
n-bulk, referred to as n-nano, and a p-type ball-milled alloy, denoted as p-nano. Adapted with
permission from Ref. [61] © 2012, Nature Publishing Group

Bi/Sb telluride [61]. Bismuth chloride (BiCl3) and antimony chloride (SbCls) have
been used as metal precursors in inexpensive organic solvents for rapid preparation
of large amount of sulphur-doped pnictogen chalcogenide (V2VI3) nanosheets to
prepare single- and multi-component nanostructured bulk TE materials (Fig. 8.3).
Microwave stimulation enhances the rate of reaction between molecularly ligated
chalcogen and pnictogen complexes with thioglycolic acid (TGA) in the presence of
a high-boiling solvent. Nanostructured Bi, Te3 pellets showed lower lattice thermal
conductivity and high power factors, comparable to its bulk counterpart. Nanos-
tructuring and sulphur doping result in these remarkable charge-carrier-crystal and
phonon-glass behaviours. Thus, BixTes nanosheets exhibit 250% higher z7 than
their non-nanostructured bulk counterparts and state-of-the-art alloys (Fig. 8.3).
Spark plasma sintering (SPS) is well known to be a very useful technique for
preparation of nanostructured bulk TE materials because of its fast heating and
cooling rates, which allow rapid sintering, avoid undesirable grain growth emerging
from a long sintering process at high temperatures. The grain growth can be
manipulated by varying the SPS conditions, allowing to study the effect of grain
size and density on the TE properties of nanostructured bulk materials. Recently
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Fig. 8.4 Large-scale synthesis of ultrathin BipTe; nanoplates and subsequent spark plasma
sintering to fabricate n-type nanostructured bulk thermoelectric materials. (a) The transmission
electron microscopy (TEM) image of as-synthesized ultrathin Biy Te3 nanoplates. (b) Temperature
dependence of ZT (zT) of nanostructured bulk Bi,Te3 sintered at 200 °C (green square), 250 °C
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permission from Ref. [31] © 2012, American Chemical Society

Son et al. have reported TE properties of SPS-processed ultrathin (1-3 nm) n-type
BiyTes nanoplates (Fig. 8.4) [31]. BipTes nanoplates have been synthesized by the
reaction between bismuth dodecanethiolate and tri-n-octylphosphine telluride in the
presence of oleylamine. The highest z7 of 0.62 has been achieved in the SPS-
processed sample sintered at 250 °C, which is one of the highest values among
those reported for n-type chemically synthesized nanosheets (Fig. 8.4).

8.4.2 Bismuth Selenide

Bismuth selenide (BixSes), another narrow band gap semiconductor (~0.3 eV),
has potential application in the field of thermoelectrics [36-39]. Like BipTes, it is
also a 3D topological insulator (TI), where metallic surface states are protected by
the time-reversal symmetry [22]. Bi;Ses is a layered anisotropic material (space
group: R-3 m) accommodating quintuple layers (QL) each of which are having
thickness of ~1 nm and composed of five covalently bonded atomic planes [Se2—
Bi-Sel-Bi-Se2]. Thus, synthesis of atomically thin Bi;Se3 nanosheets is desirable
for TE application. Sun et al. synthesized single layered BirSes via a scalable
intercalation/exfoliation strategy, by using Li-intercalated Bi;Se3 microplates as an
intermediate precursor [22]. Bi»Se3 nanosheets sample shows high carrier mobility
(1) of ~6000 cm? V~! s~! which can be attributed to the 2D electron gas like
nature [22, 62]. The single-layer-based (SLB) Bi;Se3 composite has shown a huge
improvement in electric transport properties and ultralow thermal conductivity than
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that of the bulk counterpart over the entire temperature range. Thus, the o/kotal
ratio for the SLB composite is superior to that of the bulk material over the whole
temperature range. |S| for the SLB composite gradually increases from 90 wV/K
at 300 K to 121 nV/K at 400 K, which is greater than that of bulk material
(~98.5 nWV/K at 400 K). Thus, zT for the SLB composite is higher than that for
the bulk material over the entire temperature range. Specifically, the SLB composite
exhibits zT of 0.35 at 400 K, which is eight times larger than z7 of the bulk BiySe3
and higher than the previously reported values for pure BiSe3 nanostructures,
suggesting the advantage of the atomically thick SLB structure over bulk one
(Fig. 8.5).

Jana et al. have investigated the TE properties of few-layer BipSes nanosheets,
synthesized via a green ionothermal reaction in the water-soluble, room-temperature
ionic liquid, 1-ethyl-3-methylimidazolium tetrafluoroborate ((EMIM][BF4]) [62].
Tonothermal reaction of bismuth acetate and selenourea in [EMIM][BF4] results in
ultrathin few-layer (3—5 layer) BipSes nanosheets. The high o of Bi»Se3 nanosheets
originates from the presence of metallic surface states that offer high mobility and
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Fig. 8.5 (a) Schematic representation of exfoliation technique and electronic and phonon transport
in single layer BixSes. (b) Temperature dependent ZT (zT) of bulk and single layered BisSes.
Adapted with permission from Ref. [22] © 2012, American Chemical Society
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scattering resistant carriers transport. In addition to this, surface defects, nanoscale
grain boundaries and interfaces effectively scatter the heat carrying phonons,
thereby decreasing « oa1 to ~0.4 Wm~! K~! near room temperature.

8.4.3 Antimony Telluride

Antimony telluride (SbyTes3) is a narrow-band gap (~0.28 eV) layered semiconduc-
tor with tetradymite structure [63]. Single-crystalline Sb, Tes nanosheets with lateral
dimension of 300-500 nm and thicknesses of 50-70 nm were rapidly synthesized
by a microwave-assisted reaction of SbCl3, Na;TeO3 and NoH4.5H>O in ethylene
glycol at 200 °C [64]. For thermoelectric measurements, nanostructured bulk
SbyTes was prepared from SbyTes nanosheets via SPS. High electrical conductivity
(~2.49 x 10* Sm™"), high Seebeck coefficient (~210 wVK™!) and low thermal
conductivity (~0.76 Wm™! Kil) at 420 K were achieved, which resulted in z7 of
0.58 at 420 K for the SbyTes nanosheets sample.

Dong et al. have explored rapid microwave-assisted solvothermal synthesis and
thermoelectric properties of SbyTes nanosheets [65]. Antimony trichloride anhy-
drous (SbCly), tellurium dioxide (TeO2), polyethylene glycol (PEG) and hydrazine
hydrate (NoH4.5H>0) were used to synthesize the nanostructured SbyTes in the
presence of ethylene glycol (EG) as a solvent. The thermoelectric properties of
the SbyTes pellet obtained by room-temperature pressing of powdered nanosheets
were studied at the temperatures ranging from 300 to 450 K. SbyTes; nanosheets
samples show the characteristics of p-type semiconductors. SbpTesz nanosheets
exhibit Seebeck coefficient of ~194-245 wVK~! and power factor of 0.48—
1.14 x 107* Wm™! K= in the temperature range of 300450 K.

8.4.4 Solid Solutions and Nanocomposites of BiyTes
and BizSe3

Solid solutions and nanocomposites of BiyTe3, BixSes and SbpTesz nanosheets
have been explored for thermoelectric application. Because of the isomorphic
crystal structure of BipTe; and BiySes, the solubility of Se in Bi;Tes results in a
modification of the crystal lattice and electronic density of states (DOS), which is
beneficial for reduction of the bipolar conduction and is an important factor for the
advancement of thermoelectric properties of Bip Tes alloys. Min et al. have presented
TE properties of BiyTes_,.Se, nanocomposite pellets [66]. Figure 8.6 presents TE
properties of the as-prepared pellets by mixing appropriate ratios of the BiTes
and BiySes nanoflakes. The electrical conductivities (o) of the nanocomposites
systematically increased in the range of 200440 Scm™! at room temperature as the
BizSe3 amount has been enhanced (Fig. 8.6a). The Seebeck coefficient is negative
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Fig. 8.6 Temperature dependent (a) electrical conductivities (o), (b) Seebeck coefficients (S), (c)
lattice thermal conductivities (k1) and (d) thermoelectric figure of merit (z7') for nanocomposite
of Bi;Tes and BipSes. Inset in (a) shows schematic of sintered pellet along with thermoelectric
measurement directions. Adapted with permission from Ref. [66] © 2013, John Wiley and Sons

(Fig. 8.6b) indicating electrons as the major charge carriers. The absolute value
of S increased as the measurement temperature has been raised to 360 K. S has
increased with the increasing composition of the Bi;Se; nanoflakes. The maximum
value of S was found for (BiyTes)gs(BizSe3) 5 which can be attributed to the carrier
energy filtering effect originating from the presence of BirSes nanoflakes in the
BiyTes matrix. The maximum power factor (1.2 mW m~! K2 at 400 K) in this
study was obtained in (BixTe3)gs(BiaSes)1s. The kora1 values of the nanocomposites
ranged from 0.55 to 0.68 Wm~! K~! at room temperature, which is significantly
lower than that of the bulk Bir Tes with micro-sized grains (~1.5 Wm~! K~1). This
reduction of kq) i attributed to the reduction of x4 due to the phonon scattering
at the interfaces of the randomly oriented nanograins (5-20 nm). Room temperature
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Kk1at values of the nanocomposites decreased by about 40% (0.43-0.52 Wm™! K’l)
(Fig. 8.6c). The reduced kota1 and the enhanced power factor result in maximum
thermoelectric figure of merit (z7) of ~0.71 at 480 K for (BixTe3)9o(Bi2Se3)10
samples (Fig. 8.6d).

8.4.5 SnSe

SnSe, an environment-friendly layered chalcogenide, has drawn enormous consid-
eration of the TE community with their high thermoelectric performance in single
crystals [67-69]. SnSe crystallizes in layered orthorhombic crystal structure (space
group Pnma, lattice parameters, a = 11.502 A, b = 4.15 A, c = 445 10\) at
room temperature with sterically accommodated lone pair [69]. When temperature
increases (~800 K), SnSe undergoes a second-order displacive phase transition to
a higher symmetric five-fold coordinated Cmcm phase [69]. The two-atom-thick
SnSe slabs are folded up and create a zigzag accordion-like projection along the
crystallographic b axis. In both the structures these identical layers are weakly
bound via weak van der Waals interaction and resulting in an anisotropic layered
structure. Han et al. have recently developed a surfactant-free simple solution-
based technique, using water as a solvent, for the synthesis of phase pure gram
scale orthorhombic SnSe nanoplates [70]. Hot-pressed SnSe nanosheets exhibit
outstanding electrical conductivity (o) and power factors (o S%). Recently, Chandra
et al. have reported the solution phase synthesis and thermoelectric transport
properties of two-dimensional (2D) ultrathin few-layer nanosheets (2—4 layers) of
n-type SnSe using SnCly-5H,0 and SeO; as a preliminary precursor [71]. The
n-type nature of the SnSe nanosheets arises from in situ chlorination during the
synthesis. The carrier concentration of n-type SnSe has been significantly increased
from 3.08 x 10'7 cm™3 to 1.97 x 10'® cm™3 via Bi-doping which results in the
significant rise of electrical conductivity and power factor (Fig. 8.7). Typically,
Snp.94Big 0sSe nanosheets (L to pressing direction) have S value of —219 wWV/K
at 300 K, which increases to —285 wV/K at 719 K. Furthermore, Bi-doped
nanosheets exhibit ultralow lattice thermal conductivity (~0.3 W/mK) throughout
the temperature range of 300—720 K originating from the effective phonon scattering
by interface of SnSe layers, nanoscale grain boundaries and point defects.

8.4.6 SnSe;

Tin diselenide (SnSe») is an additional layered compound from the phase diagram
of Sn-Se [72-74]. Our group has reported the synthesis of n-type ultrathin few-
layer SnSe; nanosheets via the simple solution-based low temperature synthesis,
which exhibits semiconducting electronic transport (Fig. 8.8) [72]. An ultralow
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Fig. 8.7 (a) TEM image of Sngg4BiposSe nanosheets. (b) HRTEM image of Sng94BigoeSe
nanosheets. (¢) SAED pattern of a single Sngog4BigosSe nanosheet. Inset of (c¢) shows the
STEM image of single nanosheet of Sng4BigsSe. Temperature dependent (d) electrical con-
ductivity (o), (e) Seebeck coefficient, (S) and (f) lattice thermal conductivity (k1y) of SnSe
and Sng94Big p6Se nanosheets measured along the SPS direction (indicated by squares) and
perpendicular to the SPS direction (indicated by spheres). Adapted with permission from Ref.
[71] © 2018, American Chemical Society

thermal conductivity (~0.67 Wm~! K1) has been achieved due to the anisotropic
layered structure, which results in effective phonon scattering at layered interface
and grain boundaries. However, the low carrier concentration (~10'8 cm~3) and
randomly oriented grains still result in a low power factor (=150 wWm~! K=2).
Thermoelectric properties of SnSe, have been improved by Kanatzidis and co-
worker by simultaneously introducing a selenium (Se) deficiency and chlorine (Cl)
doping in SnSe, nanoplate-based pellets, in which the nanoplates show a preferred
orientation of the (001) planes along the primary surface of the pellet (in-plane) [73].
This yields a sharp increase in the in-plane electrical conductivity and power factor.
The SnSe; nanoplate-based pellets have been prepared via a two-step process: (1)
the synthesis of precursor bulk ingots by a vacuum-sealed high temperature melting
process, followed by ball-milling grinding of the ingots; (2) obtaining the nanoplate-
based pellets through the densification of ground precursors in SPS process. The
electrical resistivity (p) of the Se-deficient and halogen-doped samples is much
lower than that of the pristine SnSe; over the entire temperature range (Fig. 8.9).
As a result, an improved in-plane thermoelectric figure of merit, zTmax, of 0.63 is
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Fig. 8.8 (a) TEM image of Cl-doped SnSe; nanosheets. (b) HRTEM image of Cl-doped SnSe;
nanosheets showing distance between (011) planes. Inset of (b) shows SAED pattern of a single
nanosheet. Temperature dependent (¢) Seebeck coefficient (S) and electrical conductivity (o),
and (d) power factor (05%) and thermal conductivity (kota1) Of SnSe, nanosheets. Adapted with
permission from Ref. [72] © 2016, John Wiley and Sons

obtained for a 1.5 at% Cl-doped SnSej 95 pellet at 673 K, which is significantly
higher than the corresponding in-plane z7 of pure SnSe; (0.08) (Fig. 8.9).

8.4.7 Layered Intergrowth Chalcogenides

Layered intergrowth inorganic compounds in the homologous series have drawn the
attention of thermoelectric community due to their ultralow thermal conductivity
[75-79]. Phase homology is a collective demonstration of various structures built
on the same structural principle with a certain module(s) expanding in different
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dimensions in standard increments. The modules are usually infinite rods, cluster
blocks or layers, which can be consolidated in various ways to frame each member
via coordination chemistry principles or structure building operators, reflection
twinning, glide reflection twinning, cyclic twinning, unit cell intergrowth, etc. [75]
The homologous series is represented by a mathematical formula which is able
to produce each member [75, 80]. In solid-state inorganic chemistry, the use of
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phase homologies is a well-established approach to predict new compounds with
a predictable structure. The general representation of some of the series includes
ApM 1 41SexD)2mM 21 nSeay3ryn) (A = alkali metal; M’, M” = main group
element), Cs4(Biz,+4Tesn46) and (SbaTes),,(Sba), [75, 80, 81]. These materials are
structurally as well as electronically anisotropic in nature, which can have a positive
impact on the thermoelectric properties.

Layered intergrowth compounds from the homologous series of quasi-binary
(AVBVD),(AV,BV]3), systems, where AV = Ge, Sn, Pb; AV = Sb, Bi and
BVl = Se, Te, are predicted to show promising thermoelectric performance [75,
82]. These compounds crystallize in anisotropic layered tetradymite Bi TeaS-type
structures [8§2—86]. Most of the layered compounds in the above homologous series
resemble natural van der Waals heterostructure and are anticipated to be 3D-
topological insulators [87-90]. These compounds are predicted to show low x1,; due
to complex crystal structure and strong phonon scattering at the interfaces between
the layers [82, 84]. However, it is really difficult to synthesize these compounds
in pure phases through high temperature solid-state melting technique due to their
incongruent melting nature (Fig. 8.10a) [83, 84]. Preparation of these compounds in
nanosheets form can provide excess metallic surfaces with scattering resistant trans-
port and high carrier mobility. Potential applications of these intergrowth nanosheets
in the field of topological materials and thermoelectrics have grown interest to study
the layered complex compounds in the pseudo-binary homologous series. As an
example, we can consider (SnTe),,-(Bix Te3), series, where SnBi,Tes, SnBisTe; and
SnBigTe are distinguished members (Fig. 8.10) [84]. They can also be visualized
as intergrowths of SnTe-type rocksalt and Biy Te3-type hexagonal phases, which are
indeed natural heterostructures [84]. In the unit cell of SnBirTe4 (rhombohedral
structure, R-3m space group), septuple layers are stacked along the c-axis by van
der Waals interactions. Each septuple layer is composed of seven covalently bonded
atomic planes [Te2-Bi—-Tel-Sn—Tel1-Bi—Te2] with 1.13 nm thickness (Fig. 8.10b).
Layered intergrowth compound, SnBisTe7 [i.e. (SnTe);(BixTes),] crystallizes in
trigonal structure (P-3m1 space group) with a long unit cell (¢ = 2.406 nm).
The SnBisTe7 crystal structure contains two subunits, a quintuple layered (QL)
BiyTes and a septuple layered (SL) SnBirTes, assembled along the c-axis with
the 5757 sequences by van der Waals interactions (Fig. 8.10c). In SnBigTe;g [i.e.
(SnTe);(BixTe3)3], SnBixTes and BipTes subunits are assembled along the c-axis
in 7557 sequence (Fig. 8.10d). Similarly, several layered intergrowth compounds
exist in the (PbTe),-(BixTe3), and (PbTe),-(BixSes),. Recently, 2D ultrathin
nanosheets of various layered compounds from homologous A,,Biy,Tes; 4, have
been synthesized by low temperature solution-based bottom up method and their
thermoelectric properties have been investigated [83, 84]. The nanosheets were
characterized using various experimental techniques (Fig. 8.11). Atomic force
microscopy (AFM) and transmission electron microscopy (TEM) measurement
indicate the ultrathin nature of the nanosheets. HAADF-STEM imaging confirms
van der Waals heterostructured nature of nanosheets. Few-layer nanosheets indeed
exhibit semiconducting electronic-transport properties with high carrier mobility
(Fig. 8.12a, b). Long periodic intergrowth structure and effective phonon scattering
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Fig. 8.10 (a) Existence of incongruently melting layered ternary intergrowth tin chalcogenide
compounds in the SnTe-Bi,Tes pseudo-binary phase diagram. (b) Crystal structure of SnBi;Tey
showing the 1.13 nm thick septuple atomic layers. (c, d) Crystal structure of natural van der Waals
heterostructure SnBisTe7 and SnBigTe o showing different stacking sequences of quintuple layers
of BipTes and septuple layers of SnBi,Tey

at the interface lead to low thermal conductivity (ks of 0.3-0.5 Wm~! K_l) for
these 2D nanosheets (Fig. 8.12c).

8.4.8 BiCuSeO

Layered quaternary metal oxychalcogenide, MCuXO (M = La, Ce, Nd, Pr, Bi
and In; X = Te, Se and S) is reported to show superior properties in various
fields like thermoelectrics and superconductivity [91, 92]. BiCuSeO, a multiband
semiconductor and a promising TE material from this oxychalcogenide family [93].
It crystallizes in ZrCuSiAs-type layered structure with a tetragonal unit cell (space
group P4/nmm). BiCuSeO crystal structure comprises of insulating (Bi;0,)?" and
conducting (CuxSe;)?~ layers, which are stacked along the crystallographic c-axis
of the tetragonal cell (Fig. 8.13a) [93]. The (Bi»07)>" layers are composed by dis-
torted BisO tetrahedra (fluorite type structure), whereas (CuQSez)2’ layers contain
distorted CuSe4 tetrahedra (anti-fluorite type structure). The ultralow k4 originates
from the scattering of phonons from the interface due to the layered structure, soft
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Fig. 8.11 (a) AFM image of
a SnBi, Te4 nanosheet. The
inset in (a) shows the Tyndall
light scattering effect of
SnBi, Te4 nanosheet
dispersed in toluene. (b) TEM
image of a SnBi;Tey
nanosheet. The inset in (b)
shows the SAED pattern of a
single SnBi;Tes4 nanosheet.
(c) HRTEM image showing
the crystalline nature of
as-synthesized of SnBi;Tes
nanosheet. (d)
HAADF-STEM image shows
long-range ordered sequence
of SnBi;Tey4 blocks with a
schematic of the atomic layer
sequence in structures built
from SnBi;Te4. () AFM
image of a SnBisTe;
nanosheet. (f) TEM image of
SnBi4Te7 nanosheet. The
inset in (f) shows the SAED
pattern of a single SnBig Tey
nanosheet. (g) HRTEM image
of a SnBiyTe7 nanosheet. (h)
HAADEF-STEM image of
SnBiyTe; showing presence
of 57 stacking of Bi,Tes and
SnBiyTeyq. Adapted with
permission from Ref. [84] ©
2017, John Wiley and Sons
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bonding and lattice anharmonicity, which result in low k1, in BiCuSeO. A recent
study by Samanta et al. has explored the synthesis of few-layered ultrathin BiCuSeO
nanosheets via a facile surfactant-free low temperature solvothermal synthesis [94].
Large-scale few-layered BiCuSeO nanosheets (Fig. 8.13b—d) have been synthesized
by the reaction of Bi(NO3),-5H,>0, Cu(NO3)2-3H,0 and selenourea in the presence
of KOH/NaOH under solvothermal conditions. BiCuSeO nanosheets exhibit lower
lattice thermal conductivity (0.55-0.4 Wm~!' K~!) compared to that of the bulk
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Fig. 8.12 Temperature-dependent (a) electrical conductivity (o), (b) Seebeck coefficient (S) and
(c) lattice thermal conductivity (k15) of SnBiyTes and SnBisTe; nanosheets with 5% error bar.
Adapted with permission from Ref. [84] © 2017, John Wiley and Sons

sample (Fig. 8.13f). Significant phonon scattering from the interfaces of the layers,
bond anharmonicity and nanoscale grain boundaries resulted in low thermal conduc-
tivity in BiCuSeO nanosheets. Thus, nanosheets of pristine BiCuSeO demonstrate
potential application in thermoelectric energy harvesting.

8.4.9 CusSe

As one of the promising thermoelectric materials, CuySe provides opportunities to
overcome the global energy crisis via the conversion of waste heat into electricity
[95]. Low temperature a-CusSe phase has a complex monoclinic crystal structure



180 A. Banik et al.

—#— BiCuSeO nanosheets
—8— BiCuSeO bulk

300 400 500 600 700
T(K)

Fig. 8.13 (a) Crystal structure of BiCuSeO demonstrating the layered structure. (b) Ultrathin van
der Waals heterostructured nanosheets of layered quaternary metal oxychalcogenide, BiCuSeO.
Inset image shows that the bent edges of several BiCuSeO nanosheets are stacked one over
another. (¢c) HRTEM image of the BiCuSeO nanosheets showing the crystalline nature and lattice
spacing between (111) planes. The inset image demonstrates an AFM image of the BiCuSeO
nanosheets and the height profile showing a thickness of ~3.4 nm. (d) STEM image of the
BiCuSeO nanosheets. () EDAX colour mapping for Bi, Cu, Se and O in the BiCuSeO nanosheets
during STEM imaging (from the highlighted portion (numbered as 2) of the STEM image). (f)
Temperature dependent lattice thermal conductivity (ka¢) of BiCuSeO nanosheets (marked in red)
and bulk BiCuSeO (marked in black). Adapted with permission from Ref. [94] © 2017, Royal
Society of Chemistry

with 144 atoms per unit cell. When the temperature increases to 400 K, «-CuySe
transforms to a high temperature S-phase with Fm-3m space group. During the
phase transition, Cu™ ions assemble in the ordered stack along the <111> directions
to form a simple anti-fluorite structure. Such a phase transformation is reversible
through cooling or heating processes. In case of S-Cu;Se crystal structure, Se atoms
form a face-centred-cubic (FCC) frame and Cu™ ions behave like liquid (high
mobility) with a reduced phonon mean free path [96], which results in a low x4
value of 0.4-0.6 Wm~! K~!. Yang et al. have studied thermoelectric properties
of SPS-processed B-phase CusSe nanoplates [95]. Significantly enhanced phonon
scattering achieved by high-density small-angle grain boundaries and dislocations
efficiently block phonons with long and intermediate mean free paths. Moreover,
Cu™ ions strongly scatter phonons with a short mean free path. This full-spectrum
phonon scattering has a negligible control over the electrical transport because
electrons are having very short mean free path which can transport through grains.
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Fig. 8.14 Temperature dependent (a) thermal conductivities and (b) z7" of CuySe. Adapted with
permission from Ref. [95] © 2015, Elsevier

Thus, an ultra-low x5 (~0.2 Wm™! K’l) and zT of 1.82 has been achieved in
SPS-processed CuySe pellets (Fig. 8.14). Such an enhanced zT could be attributed
to its very low kia;, Which benefits from the strong phonon scattering by high
densities of small-angle grain boundaries and dislocations within the boundaries
via nanostructure engineering.

8.5 Conclusions and Future Directions

In this chapter, we have discussed the key concepts, latest development and under-
standing of the thermoelectric properties of metal chalcogenides nanosheets and 2D
thin films prepared by physical and chemical routes. However, thermoelectric thin
film metrology is yet to be reinvestigated as uncertainty in thin film measurement is
still a challenging task, especially measurement of cross-plane TE properties of 2D
materials. Nevertheless, Bip Te3-based nanosheets and thin films are still considered
as leading thermoelectric materials for near room temperature power generation
and refrigeration applications, while SnSe, CuzSe nanosheets are observed to be
potential candidates for the mid-to-high temperature power generation.

Generally, layered metal chalcogenides show intrinsically low thermal conduc-
tivity due to anisotropic structure and strong lattice anharmonicity. Intergrowth
homologous chalcogenides are new candidates for thermoelectric applications as
they exhibit low thermal conductivity due to long periodic intergrowth structure.
The studies on the thermoelectric properties of layered chalcogenides are vibrant
and open area of research. Although the thermal conductivity is intrinsically low
for layered chalcogenides, attention should be given on improving the Seebeck
coefficient by various innovative approaches such as electronic band valley conver-
gence and exploration of resonance level in the electron structure. Many new layered
materials with promising thermoelectric properties have been discovered, although
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a lot of work and progress need to be done for their practical realization in the
form of thermoelectric module. In this context, the combined effort from chemistry,
physics, materials scientists and engineers will certainly lead to the achievement of
high performance 2D chalcogenide-based TE materials and fabrication of highly
efficient TE devices for localized power generation, small-scale electronic systems
and for booting-up the conventional combustion gasoline heat engines.
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Chapter 9 )
Thermoelectric Oxide Thin Films Chack for
with Hopping Transport

Yohann Thimont

9.1 Introduction

In this chapter, we will focus our interest on semiconductors which are concerned
by a hopping conduction for thermoelectric applications and more specifically
with a thin film configuration. For the last years, the thermoelectric properties
of oxides were studied to characterize these materials because the study of the
Seebeck coefficient gives fundamental information about the Fermi level (Ef),
effective mass (m”"), density of state (DOS), sign of possible structural transitions,
and carrier density. In terms of thermoelectric performances, characterized by the
power factor PF (PF = oa?) where o is the electrical conductivity and o the
Seebeck coefficient and figure of merit ZT (ZT = oa’T/k where k is the thermal
conductivity of the material), their performances remain often lower in comparison
with the commonly degenerated semiconductors intermetallic materials as silicides
[1-3], tellure [4, 5], skutterudites [6, 7], Zintl [8], and half Heusler [9, 10]. The
figure of merit of these materials is close to one and for some of them can be
over 1 at their optimal temperature. Nevertheless, some oxides like NaCo,04 show
competitive figure of merit (also close to one) and the main oxides show other
advantages in comparison with the previously cited materials such as their chemical
stability in air, low toxicities, densities, and is relatively cheapness. It reveals also
some interests for future specific TE applications and initiates new researches
to increase the thermoelectric performances of oxide materials. A lot of oxide
materials show semiconductor behaviors, their electrical conductivity increases with
the temperature leading to potential technological applications as the transparent
conducting oxides (TCO) such as InyO3, ZnO, and TiO, [11-13]. These oxides
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show a large band gap that can be used to avoid the photons absorption, thanks
to an interband electronic transition corresponding to the visible range and needs
also good electronics conductivities. Other common target applications are solar
cells, electrochromic devices, chemical and temperature sensors, high temperature
superconductors (YBa;CuzO7) [14], dielectrics (SrTiO3 [15], BaTiOs [16, 17]),
temperature sensors (Mn;NiOy) [18], and of course thermoelectrics like the well-
known NaCo,04 [19] BiSrCoO [20] (whiskers), and CazCo409 compounds. For
a targeted application, the band gap, doping concentration, and stoichiometry must
be optimized to obtain good thermoelectric properties. The thermoelectricity allows
to convert the thermal energy into electrical energy and vice versa, in particular if
the oxide shows a good Seebeck coefficient and have a low thermal conductivity.
The semiconductor properties relate to the type of transport which can be different
in various semiconductors. We can distinguish two types of conduction in all
semiconductors. The first type is related to the band conduction mechanism with
free carriers in an allowed band, the highly degeneracy semiconductor which has
also free carrier conduction and electrical properties close to those of metals. Here,
the free carriers are moving freely when a voltage is applied. It is concerning the
case of various oxides as InpO3 and ZnO. The second case, which is the main
purpose of this chapter, is related to the hopping conduction mechanism, which
has no really free carriers, where the electrical conduction operates by a carrier hop
from a localized state (where they are not free) to another one. It is the case of the
mixed valence oxides such as CuCrO; and NaCo,04. These two various types of
conduction then modify also the temperature behavior of the Seebeck coefficient.

The material shaping is an important point for the thermoelectric performance
optimization because it is necessary to have a high versatility for tuning the TE
material to specific applications in the aim to reduce the heat losses. TE materials
deposited as thin films offer also the possibility to enhance ZT values due to specific
microstructures which can lead to a significant reduction of the thermal conductivity
compared to that observed in bulk materials [21-24]. Thin film geometry allows to
have a better integration in heat dissipation devices. Nevertheless, microstructures
obtained in the case of thin films can reduce also the electrical conduction of the
film by free carrier scattering effects and the influence of the interfaces made also
free carrier scattering. In the case of hopping semiconductors, the hop distances
are clearly smaller than the film thickness, which leads to an advantage in terms of
transport for the very thin thickness.

In the first part, we will discuss the properties of the thermoelectric properties
based on hopping semiconductors and the case of thin films for thermoelectric
applications. A second part will be devoted to the measurements of the transport
properties of thin films. The last part of this chapter will be devoted to the thin
films made with hopping semiconductors. We will show the case of the Mg doped
CuCrO;, compound oxide concerned by the hopping transport.
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9.2 Thermoelectric Properties of the Thermoelectric
Hopping Oxides

Hopping operates between two different oxidations states of the same elements (M)
localized in the same type of site in the crystallographic structure. It is then possible
to write the redox equations (where A and B are two similar and neighboring sites):

M(A)(n+1)+ +e M(A)nJr and M(A)nJr +ht = M(A)(n+1)+
The global equation is:
M(A)n+ + M(B)(n+l)+ s M(A)(n+l)+ +M(B)n+

The hopping conduction is characterized by a carrier hop from a localized state
to another. In this case, the electrical conductivity increases with the temperature not
due to an increasing of the carrier concentration but due to the hop success which
increases with the temperature. To have this type of conduction it is necessary to
have element with a mixed valence in the material in a same type of structural site.
This type of conduction was identified by Mott [25] in some materials.

This transport mode is often found in the case of the disordered correlated sys-
tems and the mixed valence materials. It is the case of a large number of oxide mate-
rials which have a spinel (Mn3_xNixO4) [18, 26] and delafossite (CuCrO,) struc-
tures [27], for instance, and also in some conducting polymers like p-PEDOT [28].

This mode of transport plays an important role in the thermoelectric proper-
ties. In fact, the Seebeck coefficient relates to the carrier concentration in the
semiconductor. In the case of the hopping semiconductor for which the carrier
concentration stays constant with the temperature, it is leading to a constant Seebeck
coefficient with the temperature while the electrical conductivity increases. The
relation between the Seebeck coefficient (o) and the mixed valence of the ions M
concerned by the hopping is given in the simplest case by the Heikes formula (9.1):

k Mo+
o= qB ln<Mﬂ+> ©.1)

As an example, Fig. 9.1 shows the Seebeck coefficient and the electrical
conductivity variations with the temperature of the hopping semiconductor and is
compared to other types of conductors.

The sign of the Seebeck coefficient gives an information about the semiconductor
transport type. In fact, p- and n-type hopping semiconductors are identified by the
entropy flow (oriented from the most ordered state to the most disordered state for
a positive entropy flow) in the structure (see Fig. 9.2 in the example of the M"*
normal state cation) and not by the nature of the carrier (electron and hole). In both
cases, when electron hops, a hole hops too but in the opposite direction.
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Fig. 9.1 Left: Schematic variation of the Seebeck coefficient with the temperature for various
types of materials (hopping semiconductor with a constant carrier concentration and no variation
of the spin-orbital degeneracy, band gap semiconductors with free carriers, degenerated semicon-
ductors and metals). The variation of the Seebeck coefficient in the band gap semiconductor with
two doping concentrations is inspired by Snyder et al. [29]. Right: Schematic variation of the
electrical conductivity of these various types of materials
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Fig. 9.2 (Left) p-type hopping and (Right) n-type hopping along a conducting chain with their
corresponding entropy flow in an M"* matrix (the ions radii are correlated to their respective
oxidation degrees and the positive entropy flow schematized by arrows)

There are many other oxide materials which are concerned by the extended
Heikes relation like CaMnO3, Ca3Co409, CaMn3_xCuxMn4O12 or LiMnyO4, and
FexMn;_xNiCrO4 spinel compounds.

The g1/g> ratio drives to the entropy flow which is at the origin of the p- or n-type
transport nature whatever the carrier type. The net entropy flow is given by (9.2):

Spet = kpn 5! (9.2)
I
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It is possible to enhance the Seebeck coefficient, thanks to the g1/g> ratio in
some structures. As an example, Kobayashi et al. [30] have showed the influence of
the g1/g> ratio on the Seebeck coefficient in the case of the CaMn3z_yCuxMnsO12
compound.

A study was led on NaCo,04 oxides by Terasaki et al. [19]. This oxide shows
a metallic electrical resistivity of (0.2 mS2 cm) [31] and its Seebeck coefficient
increases from 4100 pV/K at 300 K to 200 pwV/K at 800 K which drives to a
ZT near 1 at 800 K. To this day, it is the oxide compound which shows the highest
thermoelectric performances. This compound shows a high Seebeck coefficient with
a large carrier density (10%2 cm™3) and the Seebeck coefficient increases with the
temperature. Its high magnitude is due to a high gi/g» ratio which is equal to
1/12 [32]. This large ratio is due to the possibility to have simultaneously high
spin and low spin states in the compound leading to a high global entropy per
carrier. The high and low spin proportions vary with the temperature, which explains
the variation of the Seebeck coefficient and the electrical conductivity with the
temperature in the case of such compound.

Moreover, in the case of hopping transport, their thermal conductivities remain
relatively low (it is depending on their structures) because of the conduction heat
transfer which operates mainly by the phonons and not by the carriers which are not
free. The Wiedemann—Franz relation [33] application is not well appropriate in this
case. It was demonstrated in the case of the VO, compound, for example. Although
their electrical conductivities are relatively low due to the transport behavior,
the oxides concerned by hopping transport are studied for various applications
and in particular for thermoelectric applications. Moreover, a lot of these oxide
materials are ecofriendly, cheap, and light. Some researches are also devoted to use
this kind of semiconductors in thin film configurations for specific thermoelectric
applications.

9.3 Thin Films for Thermoelectric Applications

9.3.1 Thin Films Preparation and Specificity

To this day, there are only a few thermoelectric applications which are based on thin
films of some hundred nanometers in comparison with bulk materials. It is due to
their low electrical power generation. Nevertheless, thin films have other advantages
like, as shown below.

Thin films are in adequacy with the miniaturization of the thermoelectric devices
and are also suitable for fitting to the geometry of the waste heat dissipation devices
(which reduces the thermal loss) or as accurate temperature probes (due to a low
thermal pumping and good thermal contact).

Thin films can be elaborated by physical vapor deposition techniques which can
be sputtering and pulsed laser deposition (PLD) techniques or by chemical vapor
deposition techniques as atomic layer deposition (ALD). In the case of sputtering
techniques, a plasma of inert gas is generated and ions will bombard a target. A
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kinetic energy of the ions in the plasma will be exchanged with the atoms of the
target. These atoms will be extracted from the target and will be deposited on a
substrate. In the case of PLD, a laser is used to extract atoms from the target.
In both cases, the chemical compositions of the films are similar to those of the
targets. Otherwise, in the case of the CVD process, a chemical reaction is initiated
at the surface of the substrate with precursors. Due to the deposition techniques, the
microstructure of the films can be very different in comparison with the bulk.

The crystallization of the film can be obtained after the deposition step or
after post-annealing treatment. Films can be single crystals or in polycrystalline.
The influence of the crystallinity of the substrate and its crystal orientation is
very important for the film growth and for the transport properties. Seebeck
coefficient relates to the band structure and can be anisotropic. Thin films can be
orientated according to a crystallographic orientation (preferred orientation) and
it is depending on the substrate. The orientation can be profitable for transport
properties.

In an additional point, thin films made by PVD route can show specific nanos-
tructuration as a function of the deposition parameters [34]. The nanostructuration
allows to have higher phonon scattering effects which can strongly reduce the
thermal conductivity of the film material. The influence of the nanostructuration or
grains with nanometric sizes was strongly studied by Dresselhaus et al. [35] which
have led to a large benefit on the ZT.

The nanostructuration and stress effect induced by the substrate can also impact
the band structure of the deposited crystal material and consequently the density
of state which has a large influence on the Seebeck coefficient of band gap and
degenerated semiconductors with free carriers.

In the case of thin films, the grains can be smaller than in a bulk material.
When the grains become very small, the quantum confinement can be present,
which increases consequently the band gap energy and is then profitable for high
temperature thermoelectric applications because it reduces the presence of both
carrier types.

The deposition techniques make possible the stabilization of metastable com-
pounds such as the spinel oxide Coj7Fe; 304, while the thermodynamic laws
lead to a spinodal decomposition [36] in two different phases (Coj 16Fe;.8404 and
Cos.7Fe( 304) according to the phase diagram which could initiate new interest for
this compounds.

The influence of the substrate on the thermal properties gives the possibility to
tune the thermal conductivity of the system.

The last point concerns the heat flux exchange due to a high surface/thickness
ratio. The emissivity and convection have a stronger impact in the case of thin films
and they can be suitable for thermoelectric applications due to the possibility to have
higher temperature gradients in the plane of the film. Nevertheless, the emissivity of
the film is rarely taken into consideration in the case of thermoelectric applications
and it should be more studied.

Due to these various effects, thin films show a large versatility for thermoelectric
applications. We will explain some properties of thermoelectric material when they
are deposited as thin films.



9 Thermoelectric Oxide Thin Films with Hopping Transport 191
9.3.2 Thin Films Geometry for Thermoelectric Applications

Two types of thin films geometries can be used for thermoelectric applications.
Geometries can be identified according to the heat flux direction g, as it is
schematized in Fig. 9.3.

The planar geometry allows to obtain high temperature gradients (only if the
substrate and films have not too high thermal conductivities) but shows small current
section (film width multiplied by film thickness). This type of geometry allows to
have a high voltage in an open circuit (Eqc) but with low power production.

The electrical power (P) produced by the film can be approximated by 9.3 (the
contact resistances are neglected):

P =Eyl —rl? 9.3)
where:
EOC = —0 X AT (94)
and
pL
= 9.5
r=q 9.5)

(with § the section through by the current and p the resistivity of the material).
Then:

pL 2
P =—aAT x 1 — x I 9.6)
S
AV
AV |
T, qQy | Tc film
— T, ; %
film film
Substrate Substrate
Planar geometry Cross plane geometry

Fig. 9.3 The two geometries used for TE applications in the case of thin films: planar and cross
plane geometry



192 Y. Thimont
By definition:
o
Rsheet = ‘ (9-7)

with ¢ the thickness of the film.
Then the electrical power (P) is equal to (9.8):

P = —aAT x I — Rgneet X F x I? (9.8)

with F the shape factor which depends on the film size.

— In the case of a planar geometry, the first term (—aAT x I) can be high because
of high temperature gradient which can be easily obtained but the second term
is also high because of the low thickness which can increase drastically the
electrical resistivity when the thickness is in the range order of the carrier mean
free path (\). The main problem of this kind of geometry is the high electrical
resistance which decreases the electrical power. This geometry was used in
various works for thermoelectric generators as described by Fang et al. [37] and
Zappa et al. [38].

With this planar geometry, there is a large influence of the substrate on the
global temperature gradient because of the large contribution of substrate thermal
conductivity. It is similar to parallel thermal resistances. In this case, it is possible
to use, in some conditions (thickness of the film, emissivity of the film, and ther-
mal conductivity of the film), a modified figure of merit (ZT)" of the composite
(film and substrate) where the thermal conductivity of the thermoelectric material
is substituted by those of the substrate (ksubstrate) [39] (9.9)

0()[2

(ZT)* = T 9.9)

Ksubstrate

In this case, the (ZT*) of the system film and substrate becomes higher than the
ZT of thermoelectric in particular if the substrate have a lower thermal conductivity
than those of the thermoelectric material. Sinnarasa et al. [40] have modeled the
influence of the thickness on the temperature difference in the case of CuCrO2 thin
films (5 W/m/K) deposited on fused silica substrates (ksubstrate = 1.38 W/m/K).
They have shown that the influence of the film on the thermal properties can be
neglected for a thickness below 1 wm in this case. Finite element models are
necessary to determine the limit of validity of the (ZT)* and need to take into
consideration the film emissivity.

— The cross plane geometry (it is analogous to the conventional TE modules
geometry) in opposite has a small temperature gradient (along a step of some
100 nanometers). Then the first and the second terms become very low. The main
problem of this geometry is due to the temperature gradient which remains small
and leads to a low Ec. Then the electrical power remains low.
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Fig. 9.4 Representation of the mean free path of free carriers in a thin film and the variation of the
electrical conductivity with the film thickness

As a conclusion, to obtain high powers, it is necessary to have the lower
resistance as possible (need a good optimization of the thin film thickness and
nanostructuration) and the possibility to have the highest temperature gradient as
possible. It is difficult to have both, then it is the reason why the thermoelectric thin
films (module) are not well adapted for high electrical power production but can be
used for microelectronic power production (. Watt) or also as temperature sensors.

The film thickness plays a large role in the electrical conductivity in the case of
compounds with free carrier transport (in section 9.3.2). In the case of thin films, for
which the thickness (¢) is in the range order of the carrier mean free path (1), a film
thickness decreasing below A leads to a lower electrical conductivity (o) because of
the carrier scattering at the interface and the surface which reduces the relaxation
time (see Fig. 9.4). The film thickness must be optimized as a function of the carrier
mean free path in this case.

The nanostructuration and the microstructure of films impact the electrical
conductivity when the grain sizes are in the range order of the carrier mean free path.
Then it is necessary to have a value of the carrier mean free path length different
from those of the phonons wavelength in order to diffuse only phonons without any
impact on the carrier transport.

9.3.3 The Case of the Hopping Transport in Thin Films for
Thermoelectric Applications

In the case of the hopping transport in the thermally activated mode, the hop lengths
are in the range order of the lattice parameters. These distances are very small in
comparison with the thickness of the film or grain sizes. In this case, we cannot
consider a carrier scattering effect by interface.
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— We can conclude that the film thickness does not impact the intrinsic hopping
mobility because the film thickness is larger than the average hopping distance.

— Regarding the microstructure, the grain sizes are almost larger than the average
hopping distance and the carrier cannot be scattered by it. Nevertheless, the
grain boundaries can play an important role due to its relatively low width that
makes the carrier going through (it is also relative to the electronic wave function
amplitude damping of the carrier for the tunnel effect). The carrier percolation is
also required between grains to have a global current transport.

— In opposition, the stress induced by the substrate can have an impact on the
hopping frequency and the hopping success probability because stress makes
an interatomic distance variation (lattice deformation). For a low damping of
the wave function amplitude, if the stress induces an increase of the interatomic
distance along the hop direction, then the carrier mobility increases too. If the
damping dominates, then the mobility decreases.

— For oriented crystallized thin films, it is possible to have a large impact on the
electrical conductivity as a function of the film orientation. As an example, if

the hopping operates in the (ab) plane of the crystallographic structure, ¢ axis
growth will be a benefit for the global electrical conductivity.

The mobility can be similar to those of the bulk material with hopping transport
in the case of thin films with small grain boundary width and if no stress is present
in the film (which can impact the average hop distance). These characteristics
generate some interests for thin films with hopping transport because the difference
of mobility between the bulk and the thin film can be relatively low in compar-
ison with the free carrier conduction mode encountered in metal and band gap
semiconductors. The mobility remains often relatively small and leads to a low
electrical conductivity in the case of a lot of oxides materials. However, some
hopping semiconductor compounds like NaCo0204, Ca3C0409, and BizSr2Co0209
misfits show very good electrical conductivities and Seebeck coefficients and should
be more studied because they have also low thermal conductivities due to their misfit
structure (with misalignment of the octahedron layers).

Due to their possible constant Seebeck coefficient (when there are no variation
of the carrier concentration due to the stoichiometry or spin-orbital degeneracy), the
hopping oxide thin films can mainly be used as accurate temperature probes because
it is not necessary to take into consideration the variation of the Seebeck coefficient
with the temperature by any electronic devices leading to a cheaper and smaller
probes.

9.4 Measurement of the Physical Properties of Hopping
Conduction Thin Films (in Plane Geometry)

Measurements of the physical properties of thin films require good electrical
contacts. Therefore, metal electrodes can be deposited on top of the film or metallic
wires can also be bonded directly on the surface of the film using a wire bonder
apparatus. The electrical conductivity measurement is obtained by the four probes
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technique. Four probes are in the equivalent contact with the top of the film. The
current is injected into the film by a first probe and collected by the fourth probes
then the voltage is measured, thanks to the two medium probes. A voltage is read
when the current is applied then a resistance can be determined. It is necessary
to check the linearity of the voltage versus the current curve with various current
values injection. This condition is necessary to check the ohmic contact nature only
(avoid the Schottky contact). If the contact is a Schottky type, it is necessary to
change the metallic nature of the probes (have a low extraction potential metal for
the characterization of an n-type material as an example). The resistivity can be
calculated from the value of the resistance by applying shape correction factors
and using the film thickness. The calculations were detailed by Smith et al. [41].
The determination of an accurate value of the Seebeck coefficient in thin films was
described by Bahk et al. [42].

To apply a thermal gradient, it is necessary to have a good thermal contact
between the thin film/substrate and the heater (silver paste can be used). It is
necessary to have only one temperature gradient in the film/substrate. It is the main
problem of the two heater plates technique. In this case, when the film/substrate
has a low thermal conductivity, an intermediate location (located between the two
heaters) can show a lower temperature than the cold side leading to an error on
the Seebeck coefficient determination if the Seebeck coefficient depends on the
temperature. The heater in a furnace technique is commonly used for bulk materials
but it is applicable in the case of thin films only if the thermal contacts are good.
Figure 9.5 shows the temperature gradient in the plane of the film/substrate for both
measurement techniques and in the case of a high and low film/substrate thermal
conductivity.

Two heat plates technique

Film/substrate with high thermal conductivity Film/substrate with low thermal conductivity
v v
[ — | =T
T - T a
h‘_h'_'_h‘—‘———-_____‘_‘_ Expected gradient
\/me grodient
! * 1 ¥ X

Heater plate in furnace technique

| T1 [
Tl Tl
5 .\. )

Fig. 9.5 Representation of the temperature gradient in the film/substrate for both Seebeck mea-
surement techniques on the films/substrate with high (Left) and low (Right) thermal conductivity
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Fig. 9.6 (Left) Photography of a homemade setup for the measurement of an oxide thin film
deposited on a fused silica substrate. (Right) Schematic representation of the setup

In addition, the electrical contact and the temperature measurement must be
performed on the same isotherm line and are often at the origin of some errors.

The determination of the temperature at the surface is difficult, because the
thermocouple pumps heat from the films and introduces a bias. Infrared camera is a
good alternative path because there is no heat pumping. Nevertheless, it is necessary
to know the film emissivity which can be measured, thanks to an emissometer.
It is also possible to use a carbon spot coated on top of the film to have a good
temperature reading because carbon materials have a very high thermal conductivity
and an emissivity close to one (black body) which does not vary much with the
temperature.

As an example, a specific homemade Seebeck coefficient measurement setup
(two heat plates) adapted for thin film geometry is represented in Fig. 9.6.

9.5 The Example of the Delafossite Oxide Thin Films

Charles Friedel was a chemist and mineralogist who discovered the CuFeO, com-
pound. He named this compound delafossite in honor to the mineralogist Delafosse
[43]. The ABO; oxide materials have a delafossite structure. In this structure, A
is in dumbbell coordinance (2) and the B site is in octahedral coordinance. The
structure can be described as A lattice plan joined by two planes of BOg octahedral.
The oxidation state of the ions in the A site is +I while the oxidation state is
+I1II for the B ions. When the B ions are substituted by other elements which
have a lower oxidation state (4I1I), the mixed valence appears in the A site where
both oxidations states (+I and + II) can be found. In the case of the Mg doped
CuCrO, delafossite, Mg>* can substitute the Cr’* and generate a mixed valence
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of the copper (Cut/Cu’") in the A site. The electrical conductivities found in this
material family (doped bulk CuMO) vary from 1 x 10~* S/cm to 30 S/cm at room
temperature [44]. This material family shows good properties as p-type transparent
conducting oxide thin films, also for photocatalysis, waterspliting, HCI oxidation
[45], and thermoelectrics at high temperatures due to their large optical band gaps.
The thermoelectric properties of undoped delafossite bulk materials were performed
by Ruttanapun et al. [46], Mg doped bulk materials by Maignan et al. [47], and
Mg doped thin films by Sinnarasa et al. [26]. Other models were also developed to
explain the value of the Seebeck coefficient as the Kubo formalism [45].

9.5.1 |Influence of the Annealing Temperature

Mg doped CuCrO; thin films were deposited by RF magnetron sputtering on fused
silica substrate annealed under vacuum by Sinnarasa et al. [26]. They studied the
influence of the annealing temperature (AT) and film thickness on the transport
properties (electrical conductivity and Seebeck coefficient). Figure 9.7 reports the
electrical conductivity and Seebeck coefficient of CuCrO; thin films as a function
of temperature for various annealing temperatures.

Firstly, all Mg doped CuCrO; thin films show a positive Seebeck coefficient
which confirms the p-type semiconducting transport. Moreover, the Seebeck coeffi-
cient does not vary with the measuring temperature while the electrical conductivity
increases, which confirms the hopping transport mode with a hole concentration
which does not depend upon the temperature in the delafossite material.

On the other hand, the electrical conductivity increases with the annealing
temperature until 500 °C and remains constant. The opposite effect is showed
in the case of the Seebeck coefficient and can be explained by the fact that the
electrical conductivity and Seebeck coefficient are oppositely correlated by the
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Fig. 9.7 Electrical conductivity (Left) and Seebeck coefficient (Right) as a function of the
measuring temperature for various annealing temperatures (AT). Reproduced from open source
reference [27]
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carrier density. It is possible to conclude that the carrier density varies with the
annealing temperature and remains constant for annealing temperature which is
above 500 °C.

The mixed valence ratio [Cut]/[Cu?*] has been calculated from the extended
Heikes formula which takes into consideration the copper environment and the spin-
orbital degeneracy. In this case, the extended Heikes formula developed by Koshibae

et al. [48] becomes (9.10):
k Cu*
o ke (el uz] (9.10)
q 82 [Cu**]

where g1 and g, are the electron degeneracy factors for an oxidation state (1) or
(2) regarding both atoms which participate in the hopping conduction. The electron
degeneracy is equal to g = (2S5 + 1)N where S is the global spin and N the number
of system configurations.

Figure 9.8 shows the case of the delafossite CuCrO, with the orbital degeneracy
of the copper in the dumbbell environment due to the O-Cu-O bond. In this case, the
five 3D orbitals of the copper are split on three various energy levels (2 eg, 1 alg, and
2 e’g). Due to the Mg?* substitution (from Cr3*), the copper can be found as Cu™
(normal state) and Cu?™ in the copper plane which corresponds to a p-type hopping
conduction, the energy level filled by electrons (3d) is then described in Fig. 9.7.
The Cu™ case shows only one possible configuration because all energy levels are

( Cu*(3d) ) Cu?* (3d°)

Cu'plane

Cro, — ” ] " { 2e
L i I I | :
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Fig. 9.8 Spin and orbital degeneracies of Cut and Cu?* in the delafossite structure Mg doped
CuCrO,
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filled with two electrons with opposite spins according to the Pauli’s exclusion. The
Cu?* ion shows two possible electronic configurations.

In the case of the film which shows the highest electrical conductivity (which
is the sample annealed at 550 °C), the calculated Cu®* fraction is equal to 0.005.
Thanks to the lattice volume determined by XRD, the calculated hole density is then
equal to 1.17 x 10%° cm™3. This value also corresponds to the carrier density of thin
films annealed at higher temperature than 550 °C because the Seebeck coefficient
remains almost constant for thin films annealed at higher temperatures. Maignan
et al. [49] have reported a magnesium substitution limit of some percent which is
also in agreement with the exposed results. The 500 °C annealed thin film shows
a lower hole density of only 1.32 x 10! cm™3 which can be explained by an
uncompleted substitution of the chromium by the magnesium due to an insufficient
temperature during the annealing and an uncompleted crystallization of the CuCrO;
phase. Combining the electrical conductivity and the hole density (determined by
the Seebeck coefficient), the hole mobility has been calculated according to (9.11):

o

_ 9.11)
nlq|

u

In the case of the CuCrO», the mobility remains less than 0.1 cm? V1 571 which
are in agreement with the Van Daal’s limits [50] and justify an effective hopping
transport in this compound.

9.5.2 Influence of the Film Thickness

The influence of the film thickness on the Seebeck coefficient can be also discussed
in terms of thermoelectric properties. In the case of homogeneous film with hopping
transport, the Seebeck coefficient should not depend on the film thickness. In fact,
the hopping distance is very low in comparison with the film thickness and there
is no effect of interface scattering which could influence the transport properties.
Nevertheless, the influence of strain induced by the substrate and microstructure (by
grain boundaries) can limit the doping substitution resulting to a variation of the
carrier concentration and carrier mobility. These effects were identified in the case
of the optimized annealed (at 550 °C) Mg doped CuCrO; thin films.

Fig. 9.9 shows the variation of the electrical conductivity and Seebeck coefficient
with the film thickness at room temperature.

Firstly, the electrical conductivity increases until a thickness value of 100 nm
then it remains constant between 100 and 400 nm and decreases drastically for a
higher thickness (>400 nm). The interface scattering cannot explain the electrical
behavior for the lower thickness because the transport is hopping type. The Seebeck
coefficient gives more information which can explain the electrical properties.
The Seebeck coefficient remains independent of the measuring temperature (not
showed here). The lower thickness thin films show the highest Seebeck coefficient
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Fig. 9.9 (Left) Electrical conductivity as a function of the thickness of the Mg doped CuCrO; thin
films. (Right) The Seebeck coefficient (at room temperature) as function of the thicknesses

which corresponds to a lower hole density. The glow discharge optical emission
spectroscopy (GDOES) technique was employed to determine the magnesium dis-
tribution in the thickness of the films and revealed that the magnesium is segregated
close to the interface in the case of the thinner films and becomes homogeneous
for higher thicknesses (higher than 50 nm). The non-effective substitution of the
chromium by the magnesium leads to a global carrier concentration decreasing in
the case of the thinner films. The segregation of the magnesium could be caused
by the stress induced by the substrate on the delafossite structure. XRD analysis
revealed lattice parameter variation with the film thickness.

The high variation of the electrical conductivity for higher thickness (>400 nm) is
not explained by the variation of the carrier density because the Seebeck coefficient
remains constant, but a microscope observation revealed microcracks which avoid
the current percolation and decreases drastically the electrical conductivity. The
presence of microcracks reveals an important effect of strain induced in the film
by the substrate.

9.5.3 Elaboration and Properties of Thin Film Thermoelectric
Modules Containing a Hopping Oxide

Thin film thermoelectric modules with hopping transport oxides can be elaborated,
thanks to a deposition process like the sputtering technique. Lift off, lift on, and
shadow mask techniques can be employed to elaborate the TE strips (corresponding
to legs). We can show the case of uni-strip (unileg) p-type thin film thermoelectric
module with a planar geometry made with optimal annealed (550 °C) 100 nm Mg
doped CuCrO; strips. Figure 9.10 (Left) shows a picture of the thermoelectric
module with three Mg doped CuCrO; strips. Figure 9.10 (Right) shows the
microstructure of the Mg doped CuCrO; strip. The film is dense as we can see
on this micrography. Each 100 nm thick CuCrO; strip is electrically connected
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Fig. 9.10 (Left) Uni-strip thermoelectric thin film. (Right) Tilted SEM cross section of 100 nm
Mg doped CuCrO; thick film
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Fig. 9.11 (Left) Electrical power of the uni-strip Mg doped CuCrO; thermoelectric thin films as
a function of the current for various temperature differences. (Right) Maximum of the electrical
power as a function of the average temperature for various temperature differences

to gold strips (deposited by shadow mask technique after the annealing of the
CuCrO; compound) and the electrical contact between gold and the p-type CuCrO;
compound is of ohmic type. We can also notice that CuCrO; strips are transparent
in the visible range which can be profitable for specific applications.

Applying a controlled thermal gradient along the strip, electrical powers were
measured for various temperature differences and loading resistances. Figure 9.11
reports the electrical power generated as a function of the electrical current through
the TE module and the maximum of the electrical power as a function of the mean
temperature for various temperature differences.

In the case of a free thermal gradient, the temperature difference becomes more
important because of the low thermal conductivity of the substrate (1.38 Wm ™! K~!
for the fused silica) and can reach easily more than 200 °C leading to a higher
electrical power generation. As an example, for a 225 °C temperature difference,
the 100 nm Mg doped CuCrO; uni-strip thermoelectric module with only three
strips reaches a power of 11 nW. The performance of the device is pretty good
in comparison with other thin film thermoelectric modules made with other oxide
semiconductors as Al doped ZnO and Ca3Co4O9. As an example, Saini et al.
[51] obtained 30 pW for n-type Al doped ZnO (band semiconductor) and p-type
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CazCo409 (hopping semiconductor) strips in plane thin film thermoelectric modules
for which the oxide was deposited on Al,Os substrate and with an applied
temperature difference of 230 °C. Although the power generated by the thin film
thermoelectric modules is low in comparison with their bulk analog modules, they
can generate some interest for microelectronic energy conversion which does not
need high power supply.

9.6 Conclusion

In this chapter, we have discussed about the transport properties of the hopping
semiconductors and cited the case of the various compounds such as Ca3Co40y,
NaCo,04, and CuCrO,. These compounds can be deposited as thin films by
physical vapor deposition techniques to make some specific thermoelectric devices.
We have showed that specific oxide thin films with hopping transport and high band
gap energy can be interest in terms of thermoelectrics and more particularly for
high accurate temperature measurement sensors due to their very high stability (in
temperature and atmosphere) and their Seebeck coefficient which not depend of
the temperature. In terms of power supply, the thin film thermoelectric modules
made with this kind of compounds show a performance which could be interesting
for microelectronic energy conversion. Some of these compounds show additional
properties as optical transparent materials that can add supplementary functions as
smart windows which incorporate temperature sensors, for example.

Acknowledgement The author would like to thank Dr. C. Tenailleau for his contribution in the
editing of the document.
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