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\Welcome to ECT2016

It is our great pleasure to invite you to participate in the 14th European
Conference on Thermoelectrics (ECT2016), to be held in Lisbon, PORTUGAL, on
September 20-23, 2016.

The European Conferences on Thermoelectrics are high quality scientific forums
promoted by the European Thermoelectric Society (ETS) that offer open and
informal discussions on Thermoelectrics. The sessions of ECT2016 will cover all
aspects on Thermoelectrics, from materials design, synthesis and
characterization to application issues, modules and simulations.

Experts, scientists and engineers from Academia and Industry all around Europe
and abroad, are invited and expected for attending ECT2016 and discuss the
state-of-the-art of the technology, latest advances in material research, device
design and market opportunities.

According to the authors preference, papers presented in the Conference may
be published in a volume ofMaterials Today: Proceedings or submitted to a
regular scientific journal. The Energy Conversion and Management and
Energy journals have already agreed to receive paper submissions from the
conference (please note that a standard peer review process will take place, with
no guarantee of acceptance).

We feel confident that you will enjoy ECT2016, which will be also a wonderful
opportunity to meet old friends and make new ones, and that the conference will
be a memorable event.

On behalf of the Local Organizing Committee

Antonio Pereira Gongalves
Instituto Superior Técnico, Universidade de Lisboa, PORTUGAL
Chairman
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ECT2016 Invited Lectures
1.1

Design of thermoelectrically highly efficient Heusler
compounds using phase separations and nano-composites
B. Balke
Institute of Inorganic and Analytical Chemistry, Johannes Gutenberg - University, Mainz,
Germany

Abstract

Half-Heusler compounds are one of the most promising candidates for mid-
temperature to high-temperature thermoelectric materials. Currently, they are
investigated for automotive and industrial waste heat recovery applications. For both,
n- and p-type materials, maximum ZT values of larger than one have been published,
and recently first modules have been built.

In this talk, I will give an overview about our recent investigations of phase
separations in half Heusler thermoelectrics, focusing on the ternary system TiNiSn-
ZrNiSn-HfNiSn. During the last two years, many publications and patents appeared
discussing not-single phase samples within the TiNiSn-ZrNiSn-HfNiSn system. | will
show how we adapted this knowledge to design a p-type Heusler compound which
exhibits a ZT that is increased by 130% compared to the best published bulk p-type
Heusler. I will also present how we used the phase separation to design thermoelectric
highly efficient nano-composites of different single-phase materials. Since the price
for Hafnium was doubled within the last 15 months, our research focused on the
design of half-Heusler compounds without Hafnium. | will present a very recent
calculation on ZT per € and efficiency per € for various materials followed by our
latest very promising results for n-type Heusler compunds without Hafnium.

These results strongly underline the importance of phase separations as a powerful
tool for designing highly efficient materials for thermoelectric applications that fulfill
the industrial demands for a thermoelectric converter.
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1.2
Applications in thermoelectricity
J. Stockholm
Marvel Thermoelectrics. www.marvelte.com, johngstockholm@gmail.com
Abstract

A brief history of Applications in thermoelectricity (TE) is given starting with the first
Soviet Union military application; then a review of the 1960’s where all ended
because the expected breakthrough did not materialize. In the 1970’s there was an
interest in large cooling systems, but no commercial success. In 1993 after the
announcement by Hicks and Dresselhaus that low dimensionality TE materials could
produce very high performances; Universities and industry became again interested
in TE. The consumer products, and the industrial applications are presented, from
applications in cooling and in electricity generation in Space, to the diverse
equipment’s using thermoelectrics. Today bismuth telluride is still the best for cooling
and is expected to remain so. High temperature materials are emerging for electricity
generators. The automotive industry, is a key driving factor for electricity generation
from exhaust heat. The first industrial cooling large series application was car seat
cooling. Laboratory equipment’s requiring cooling and heating are less known
applications. The overall market size will be estimated.
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Cu-S based synthetic minerals promising as medium-high

temperature thermoelectric materials

K. Suekuni®? T. Takabatake?® and M. Ohta®¢
Department of Applied Science for Electronics and Materials, Interdisciplinary Graduate
School of Engineering Sciences, Kyushu University, Kasuga, Fukuoka 816-8580, Japan
2Department of Quantum Matter, Graduate School of Advanced Sciences of Matter,
Hiroshima University, Higashi-Hiroshima, Hiroshima 739-8530, Japan
SResearch Institute for Energy Conservation, National Institute of Advanced Industrial Science
and Technology (AIST), Tsukuba, Ibaraki 305-8568, Japan
2 suekuni.koichiro.063@m.kyushu-u.ac.jp
b takaba@hiroshima-u.ac.jp, ¢ ohta.michihiro@aist.go.jp

Abstract

Copper-sulfur based synthetic minerals have been receiving considerable attention
as potential candidates for thermoelectric (TE) materials. They have the advantages
of earth abundant, low cost, and less toxic characters of constituent elements. The
examples are tetrahedrites Cui2xTrxSbaSiz (Tr = Mn, Fe, Co, Ni, Zn) [1-3] and
colusites CuzsA2MsS32 (A =V, Nb, Ta; M = Ge, Sn) [4, 5], both of which exhibit
positive and large thermopower. More importantly, these synthetic minerals—exhibit
the lattice thermal conductivity less than 0.5 W/Km, and thereby achieve ZT
exceeding 0.5 at ~700 K. Our recent studies of the relation between phonon structures
and TE properties will be presented.

In search of n-type Cu-S based compounds, we have studied Cu2TrTisSs (Tr = Mn,
Fe, Co, Ni) thiospinels. They are derivatives of mineral rhodostannite CuzFeSnsSs.
The negative thermopower of —100 uV/K combined with the metallic electrical
resistivity and relatively low lattice thermal conductivity of ~1.5 W/Km led to ZT~0.2
at 660 K for M = Mn, Co, Ni. The result will be compared with other n-type Cu-S
and Ti-S based materials.

This work is partly supported by JSPS KAKENHI Grant Number 26820296 and
the International Joint Research Program for Innovative Energy Technology funded
by METI, Japan.

References:

[11 K. Suekuni et al., Appl. Phys. Express 5, 051201 (2012).
[2] X. Lu et al., Adv. Energy Mater. 3, 342 (2013).

[3] K. Suekuni etal., J. Appl. Phys.113, 043712 (2013).

[4] K. Suekuni etal., Appl. Phys. Lett. 105, 132107 (2014).
[5] Y. Kikuchi et al., to be submitted.

[6] K. Hashikuni et al., to be submitted.


mailto:suekuni.koichiro.063@m.kyushu-u.ac.jp
mailto:takaba@hiroshima-u.ac.jp
mailto:ohta.michihiro@aist.go.jp

Invited Lectures ECT2016

1.4
The specificities of oxides thermopower
investigated in some ruthenates and hollandites
Sylvie Hébert
Laboratoire CRISMAT, UMR6508 CNRS et ENSICAEN, Caen, France
sylvie.hebert@ensicaen.fr
Abstract

The transport properties of oxides exhibit peculiar characteristics, not easily described
by standard Boltzmann equation. In transition metal oxides, the thermopower can be
very sensitive to the spin states and oxidation states of the transition metal cations,
especially in the case of layered oxides with Cdl2 type layers, which still remain today
the best p type oxides. The presence of strong electronic correlations can also be a
source for enhanced thermopower.

Following the investigation of these layered oxides, the hollandite family has been
considered, due to the presence of edge shared octahedra of the transition metal cation,
connected in ribbons forming large tunnels. We will present here the results
concerning manganese and vanadium hollandites [1], to show the importance of the
spin entropy, the possible doping effect in these structures, and the thermal
conductivity of these hollandites.

In a second part, the strong sensitivity of the thermopower to the spin and orbital states
of the transition metal cation will be presented in the case of ruthenium oxides. In
SroRuQ4, the major role of the spin entropy of Ru** on the high T Seebeck value has
been discussed [2]. Different families of ruthenates (with different ruthenium
environment) have been investigated, and the thermopower unexpectedly tends to a
similar value at high T, close to 25 — 35uV/K, very close to the one previously
measured in SrRuOz perovskites [3] or in Sr2RuO4. The band structure seems thus to
play only a minor role at high temperature in these ruthenates.

References:

[11 A. Maignan, O. Lebedev, C. Martin, G. Van Tendeloo, S. Hébert, Phys. Rev. B82, 035122
(2010); O. Lebedev et al., submitted.
[2] J. Mravlje, A. Georges, Phys. Rev. Lett. 117, 036401 (2016).
[3] Y. Klein, S. Hébert, A. Maignan, S. Kolesnik, T. Maxwell, B. Dabrowski, Phys. Rev. B73,
052412 (2006); S. Hébert, R. Daou, A. Maignan, Phys. Rev. B91, 045106 (2015).
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1.5
Silicide thermoelectrics: recent progress in research
A.T. Burkov
loffe Institute, Polytechnicheskaya 26, 194021 Sankt-Petersburg, Russia
Abstract

The silicide family of potential thermoelectrics includes more than 15 compounds,
among them at least 2 are semimetals, while the other are semiconductors with band
gaps ranging from 0.1 to 2.3 eV. The silicides have obvious attractive features as the
materials for thermoelectric energy converters. The most of the constituting elements
are abundant, have low price, many of the compounds have good high temperature
stability. This is why considerable efforts have been undertaken, especially in the past
10 years, in order to develop efficient silicide-based thermoelectric materials. These
efforts have culminated in the creation of Mgz(Si-Sn) n-type thermoelectric alloys
with the proven maximum thermoelectric figure of merit ZT of 1.3. Other silicides
were investigated, although to a lesser extend. Currently the most efficient silicide
thermoelectrics are based on Mgz(Si-Sn) alloys (ZT up to 1.3), MnSi17s (with the
highest reported ZT of 1.05) and ReSiu.7s (peak ZT about 0.7). For other members of
silicide family ZT currently does not exceed 0.25. In this presentation | will review
the current status of the research on the silicide-based thermoelectric materials. A
particular attention will be paid to the silicide materials, which were not in the research
focus; to the recent efforts for enhancement of ZT of CrSiz and FeSiz; to topologically
non-trivial electronic structure of CoSi and SrSi2 and its implications for
thermoelectric efficiency.
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Mechanical processing of thermoelectric materials: a solution
for material texture inducing
C. Fanciulli?, S. Ceresara®, A. Famengo?, S. Boldrini?, S. Battiston?, C. Tomasi?, H.
Abedi , M. Coduri® and F. Passaretti'
ICNR-ICMATE (Insttute of Condensed Matter Chemistry and Technologies for Energy) Corso
Promessi sposi 29, 23900, Lecco, Italy
2CNR — ICMATE, Corso Stati Uniti,4, 35127 Padova, Italy
SEuropean Synchrotron Radiation Facility, 71 avenue des Martyrs, 38000 Grenoble, France

2 carlo.fanciulli@cnr.it

Abstract

Many conventional thermoelectric materials are anisotropic: the structural
complexity, useful to improve the material efficiency, often leads to a strong
dependence of the material properties on the different spatial direction considered.
This aspect, lately subject of increasing interest, has been often neglected in the study
of polycrystalline samples, because of their randomly oriented grain structure.
Recently, looking for further improvements in thermoelectric efficiency, techniques
for the sintering of polycrystalline samples able to preserve the natural anisotropy of
the compounds have been studied and developed. The common target is to produce
bulk samples easier to deal with as respect to single crystals, with improved thermal
and mechanical properties, preserving the optimal electrical characteristics. In some
cases, the latter depending on the crystallographic direction considered.

The present work offers a short review of the results obtained for material texture
induction using different techniques, focusing on solutions involving a mechanical
processing. Large space is given to the open die pressing sintering technique. The
technique results to be effective in material texturing and allows to produce
polycrystalline large bulks preserving the anisotropy of electrical properties (o and
o). Both structural analyses and microscopy display strong orientation of the material
after sintering. In case of anisotropic materials, thermoelectric analyses performed on
processed samples cut in the appropriate direction produced results comparable to the
best one reported in literature.
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Thermoelectric applications: from automotive to oil & gas,
highlighting design, modeling & testing methodology
D.T. Crane

Alphabet Energy, Inc., 26225 Eden Landing Rd., Suite D, Hayward, CA 94545 USA
doug@alphabetenergy.com

Abstract

This presentation will describe thermoelectric applications such as automotive waste
heat recovery as well as the EITM, an exhaust-gas heat recovery generator, and the
Power Generating Combustor (PGC™), which generates electricity from the exhaust
heat in enclosed flare stacks, will be introduced and reviewed.

In addition to the applications themselves, this presentation will describe some of the
design, modelling, and testing methodology that goes into many of the components
that comprise systems in these applications. Many of these applications require
targeted modelling to determine the optimal design for the components and system.
In the context of application and non-application specific simulation and testing,
steady-state and transient/cycling performance, both measured and simulated, will be
shown for both PowerCardsTM and PowerModulesTM. Steady-state and transient
model validation studies of the PowerCardTM and PowerModuleTM will also be
reported.

We will also briefly highlight the four attributes that we believe are required for a
thermoelectric material to be successful in waste heat recovery applications. They
include 1) an average ZT of at least 0.5 between 100C and 400C, 2) tensile strength
of at least 35 MPa with a tight distribution, 3) less than 5% degradation of
thermoelectric material with metallization and bond layers when assembled in the
package over at least 100 hours and 100 cycles, and 4) existing supply chain must be
similar to elements like copper, where global production rate is high and cost is low.
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Chain-forming Zintl phases as promising
thermoelectric materials
U. Aydemir'?, A, Zevalkink?, S.K. Bux® and G.J. Snyder!
!Northwestern University, Evanston, 1L-60208, USA
2Max Planck Institute for Chemical Physics of Solids, Dresden 01187, Germany
3NASA’s Jet Propulsion Laboratory, Pasadena, CA-91109, USA
@ umut.aydemir@northwestern.edu

Abstract

Significant improvements in thermoelectric efficiency have been achieved in the past
decade owing to both innovations in controlling thermal and electronic transport
properties and to the discovery of a large number of entirely new thermoelectric
materials. Zintl phases represent an important and incredibly diverse new class of
thermoelectrics, with promising novel structure types and compounds being reported
on a frequent basis. Zintl phases are a subset of intermetallic compounds that are
characterized by covalently-bonded anionic “sub-structures”, surrounded by highly
electropositive cations. They are efficient thermoelectric materials with complex
structures and bonding, highly tunable properties, and at times exceptionally low,
glass-like lattice thermal conductivity. Several Zintl compounds have been reported
with zT values in excess of unity, including Yb14MnSbz1, YbM2Sh2 (M = Zn, Cd), and
many others have exciting properties that need only to be optimized. However, the
vast majority of Zintl compounds have not been studied beyond the initial
crystallographic characterization, suggesting that many potential thermoelectric
materials remain “undiscovered”. Recognized only in past several years, the chain-
forming AsMPn3 and AsM2Pne compounds represent an entirely new class of Zintl
thermoelectrics. In these compounds, the cation, A, can be an alkaline earth or divalent
rare earth metal (Ca, Sr, Ba Eu, YDb), M is either a triel element (Al, Ga, In) or Sn, and
Pn is a pnictogen species (P, As, Sh, Bi). Like Yb14MnShii, they are stable at
relatively high temperatures, they exhibit intrinsically low lattice thermal
conductivity, and doping can be used to tune their electronic properties. This
combination has led to promising zT values in the range of 0.5-1 in initial studies. In
this contribution, | will discuss about the crystal structure, tunable electronic transport
properties and glass-like lattice thermal conductivity of the chain-forming AsMPns
and AsMzPns Zintl compounds.
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Design strategies for thermoelectric half-Heusler compounds
G.K.H. Madsen
Institute of Materials Chemistry, Vienna University of Technology,
A-1060 Vienna, Austria

Large scale utilization of thermoelectric materials is conceivable with the discovery
of new efficient materials comprised of Earth abundant and non-toxic constituents. A
promising material class in this respect is the half-Heusler compounds (HHCs). They
are highly attractive because high conversion efficiencies have been demonstrated in
the 500-900 K temperature range as well as the fact that they are generally based on
noncritical elements. The chemical complexity of the intermetallic phases both offers
a great opportunity for systematically optimizing the thermoelectric performance but
also a highly complex and many-dimensional phase space for the optimization.

With the advances of computational methodologies, theoretical methods promise to
play a important role in exploring and understanding the rules underlying high
thermoelectric performance, thereby paving the way for the design new materials. In
the present talk, we will present design strategies covering band structure [1,2] and
defect engineering[3,4] to optimize the thermoelectric powerfactor, as well as the
minimization of lattice thermal conductivity by the combined optimization of alloying
and nano-structure.

References:

[11 S. Bhattacharya and G. K. H. Madsen, Phys. Rev. B 92 (2015) 085205.

[2] J. Zhang, L. Song, G. K. H. Madsen, K. F. F. Fischer, W. Zhang, X. Shi, B. B. Iversen
Nature Comm. 7 (2016) 10892.

[31 M. Wambach, R. Stern, S. Bhattacharya, P. Ziolkowski, E. Miller, G.K.H. Madsen and A.
Ludwig, Adv. Electron. Mater., 2, 1500208 (2016) [4] R. Stern, B. Dongre, G. K. H.
Madsen Nanotechnology 27 (2016) 334002.
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SnTe: an “old” new thermoelectric material
C. Candolfi?, D. Ibrahim, V. Ohorodniichuk, S. Sassi, P. Masschelein, A. Dauscher
and B. Lenoir
Institut Jean Lamour, UMR 7198 CNRS — Université de Lorraine, Parc de Saurupt, CS 50840,
F-54011 NANCY Cedex, France
a christophe.candolfi@univ-lorraine.fr

Abstract

SnTe is asimple cubic binary compound, which has been known for decades to exhibit
poor thermoelectric performances due to inherent Sn vacancies that give rise to
metallic properties. Yet, this compound came back to the forefront of research in
thermoelectricity a couple of years ago leading to high thermoelectric performances
with ZT values up to 1.35 at 950 K [1-3]. Despite rather high lattice thermal
conductivity, these good thermoelectric properties were achieved thanks to its peculiar
electronic band structure that can be manipulated through chemical substitutions [4,5].
In this contribution, its main structural, chemical and transport properties will be
presented with a particular emphasis on the sensitivity of the vacancy concentration
to the synthesis process and the influence of substitutions on the Sn or Te sites on the
two-band character of its electronic band structure.

References:

[11 G. Tan, F. Shi, J. W. Doak, H. Sun, L-D. Zhao, P. Wang, C. Uher, C. Wolverton, V. P.
Dravid, M. G. Kanatzidis, Energy Environ. Sci. 8 (2015) 267.

[2] G. Tan, F. Shi, S. Hao, H. Sun, H. Chi, T. P. Bailey, L.-D. Zhao, C. Uher, C. Wolverton,
V. P. Dravid, M. G. Kanatzidis, J. Am. Chem. Soc. 137 (2015) 11507.

[3]1 R. Al Rahal Al Orabi, N. A. Mecholsky, J. Hwang, W. Kim, J.-S. Rhyee, D. Wee, M.
Fornari, Chem. Mater. 28 (2016) 376.

[4] G. Tan, F. Shi, S. Hao, H. Sun, H. Chi, L.-D. Zhao, C. Uher, C. Wolverton, V. P. Dravid,
M. G. Kanatzidis, J. Am. Chem. Soc. 137 (2015) 5100.

[5]1 Q. Zhang, B. Liao, Y. Lan, K. Lukas, W. Liu, K. Esfarjani, D. Broido, G. Chen, Z. Ren,
Proc. Natl. Acad. Sci. USA 110 (2013) 13261.
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Predicting the thermoelectric figure of merit from first
principles
0.M. Lawvik!?2, K. Berland?, S.N.H. Eliassen?, N. Shulumba® and O. Hellman?
ISINTEF Materials and Chemistry, 0314 Oslo, Norway
2University of Oslo, 0316 Oslo, Norway
ICalifornia institute of Technology, Pasadena, CA 91125, USA
2ole.martin.lovwik@sintef.no

Abstract

First-principles atomistic-scale calculations have been going through a rapid
development during the last few years, and the first studies presenting the
thermoelectric figure of merit without adjustable parameters are emerging. This now
includes computations based on Boltzmann transport theory of both electron and
phonon transport. We will in this talk discuss opportunities and limitations within
current state-of-the-art electronic structure calculations, with particular emphasis on
challenges related to scattering phenomena and possibilities to enhance thermoelectric
performance by e.g. energy filtering.[1] Examples are taken from popular materials
systems like half-Heusler and Zn-Sh compounds.

References:
[11 K. Berland, X. Song, P.A. Carvalho, C. Persson, T. Finstad, O. M. Lgvvik, Enhancement

of thermoelectric properties by energy filtering: Theoretical potential and experimental
reality in nanostructured ZnSh, J. Appl. Phys. 119 (2016) 125103.
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Thermoelectric interfaces: characterisation and evaluation for
manufacturing high-quality thermoelectric modules

G. Min and M. Phillips
School of Engineering, Cardiff University, UK

Abstract

Thermoelectric modules are solid-state energy converters that can convert heat into
electricity for power generation, or pump heat from one junction to another for
refrigeration applications. A key step in the fabrication process of thermoelectric
modules is to join an n-type thermoelement with a p-type thermoelement through a
metallic contact layer. The existence of various contact layers and their requisite
interfaces will inevitably introduce both electrical and thermal contact resistances into
a practical thermoelectric device. This will result in the consumption of energy at these
interfaces, or a decrease in actual temperature difference across the thermoelement,
with a reduction in device performance expected. In order to minimise the
performance reduction due to these interfaces, characterisation and evaluation of
thermoelectric interfaces plays a crucial role in developing thermoelectric module
manufacturing technology. In this talk, we present an overview of an experimental
approach for the evaluation of thermoelectric interfaces, which involve preparation of
double-interface samples by high temperature soldering or brazing; determination of
electrical contact resistivity using scanning voltage probe and thermal contact
resistivity using infrared microscopy. In addition, we present a simplified model that
facilitates the quantitative analysis of interface’s influence on the performances of
thermoelectric modules to assist in identifying key factors and challenges that are
crucial to obtain satisfactory thermoelectric interfaces for manufacturing high-quality
thermoelectric modules.
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AZO thin films deposited by ALD showing state of art
thermoelectric properties
J. Loureiro'?, M. Ruoho?, M. Pudas®, T. Juntunen?, C. Marques?, J. Figueira?, I.
Tittonen?and |. Ferreira®
1I3N/CENIMAT, Departamento de Ciéncia dos Materiais, Faculdade de Ciéncias e
Tecnologia, Universidade NOVA de Lisboa, 2829-516, Portugal,
2Department of Micro and Nanosciences, Aalto University, P.O. Box 13500, FI-00076 Aalto,
Finland
3Picosun Ou, Masalantie 365, F1-02430 Masala, Finland
2joa.loureiro@gmail.com

Abstract

The urgent need of non-toxic and abundant thermoelectric materials has become a
significant motivation to study the thermoelectric properties of metal oxides in order
to overcome barrier towards its widespread use in large scale applications. Thin films
enable the use of thermoelectric materials in large areas and on flexible substrates
without having prohibiting costs and the need of high ZT values. On the other hand,
the great demand for low cost, stable, highly transparent and conductive oxides has
contributed to increase the research on the electro-optical properties of zinc oxide and
its alloys. In particular, thin films of aluminium doped zinc oxides (AZO) have been
one of the most exhaustively studied. However, their thermoelectric properties only
recently have started to be more explored with thin films being deposited by rf
magnetron sputtering [1], atomic layer deposition —ALD [2] or spray pyrolysis [3]
techniques. In this work, AZO thin films have been deposited on different substrates
(glass, Kapton CS) by ALD and their properties optimized by varying the deposition
temperature (150, 200 and 250°C).

Thus, we report transparent AZO thin films, with thickness ranging 100nm, showing
high Power Factor and ZT values on glass and on Kapton CS (DuPont), at room
temperature. Moreover, it is the first time AZO results are shown on
flexible/polymeric substrate.

References:

[11 J. Loureiro, et al., Transparent aluminium zinc oxide thin films with enhanced
thermoelectric properties. J. Mater. Chem. A 2 (2014) 6649-6655.

[2] M. Ruoho, et al., "Influence of aluminium doping on thermoelectric performance of atomic
layer deposited ZnO thin films. Applied Physics Letters 103 (20) (2013) 203903.

[3] E.A. Mondarte, et al., Al-doped ZnO and N-doped Cu,O thermoelectric thin films for self-
powering integrated devices. Materials Science in Semiconductor Processing 45 (2016)
27-31.
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Flexible thermoelectric sensor for thermal mapping
T. Juntunen'? M. Ruoho?, M. Pudas?, and I. Tittonen!
1Department of Micro and Nanosciences, Aalto University, P.O. Box 13500, FI-00076 Aalto,
Finland
2Pjcosun Oy, Masalantie 365, FI-02430 Masala, Finland
2taneli.juntunen@aalto.fi

Abstract

Thermocouples are one of the most common ways for measuring temperature. Based
on the Seebeck effect, thermocouples create a voltage difference by direct conversion
from an applied temperature gradient, thus providing an energy efficient sensor
solution.

This work describes our recent progress in designing, prototyping and understanding
of a novel flexible thermal touch sensor architechture (Fig. 1). A single conductor line
of a traditional thermocouple is replaced by the introduction of a two-dimensional
thermoelectric thin film; consequently, the temperature distribution of the thin film
may be measured with appropriate contacts. This principle may be liberally applied
to a wide range of applications requiring gesture sensing or heat distribution mapping,
from industrial scale processes to consumer products and basic research. The
proposed device is based on simple and scalable fabrication methods, and it is in
principle material independent, durable, and provides passive sensing of its thermal
environment.

We illustrate the working principle of the touch panel using atomic layer deposited
ZnO thin films as the active material, which combine transparency and flexibility with
reasonable electrical properties. The mechanical as well as electrical characteristics of
three test devices are presented.

Figure 1: Schematic of the proposed flexible touch sensor.
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TransFlexTegq: Large area transparent thin film thermoelectric
devices for smart window and flexible applications

M. Bari'?, J. Loureiro?, M. Pudas®, K. Tappura*, K. Jaakkola*, M. Ruoho®,

1. Tittonen%, S.Volz8, C. Pavan’, K. Costabello’, D. Bollen8, M. Haslam®, 1. Ferreira?
ISTREP, Ireland; %i3N/CENIMAT and UNINOVA, Portugal; *PICOSUN, Finland; *VTT,
Finland; SAalto University, Finland; °*CNRS, France; ‘GRINP, Italy; SAGFA, Belgium;
®Solearth, Ireland
?mazharalibari@gmail.com

Abstract

The main objective of TransFlexTeg is to develop an innovative large area distributed
sensor network integrating transparent thin film thermoelectric devices and sensors
for multifunctional smart windows and flexible high impact volume applications.
Different breakthrough concepts will be developed:

1) large area high performance transparent thermoelectric thin films deposited on
flexible substrates for thermal energy harvesting;

2) low cost high throughput thin film thermal sensors for thermal mapping and gesture
sensing;

3) flexible smart windows and walls with energy harvesting, environmental sensing
and wireless communication functionalities.

This technology aims to demonstrate the functionalities of a smart window able to
measure air quality and environmental parameters such as temperature, sun radiation
and humidity. The data is automatically collected and can be utilized for controlling
heating, cooling and ventilation systems of indoors. Active radio interface enables
long range communication and long term data collection with WiFi or a similar base
station. The proposed concept of smart windows replaces several conventional
sensors with a distributed sensor network that is integrated invisibly into windows. In
addition to the power generated from the thermal energy harvesting, the
thermoelectric elements (TE) are also used as temperature sensors that, while being
distributed over large area, enable thermal mapping of the area instead of just one or
a few values measured from particular points.

This smart window can be produced on glass. The active layer itself can be flexible
glass layer or polymer sheet, which will significantly broaden the field of applications
and improve business opportunities. Both can be manufactured in batch, or in Roll to
Roll Atomic Layer Deposition (R2R ALD) process. High environmental impact is
expected with savings of more than 25% of the electrical usage of residential homes
and office buildings.
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Computational design of thin-film thermoelectric devices for
large area applications
K. Tappura

VTT Technical Research Centre of Finland Ltd, P.O. Box 1300, FI-33101 Tampere, Finland
kirsi.tappura@vtt.fi

Abstract

Thin-film thermoelectric (TE) devices to be integrated on windows or other suitable
surfaces providing thermal gradients for power production are studied by
computational methods. Thermodynamic modelling and performance simulations are
conducted for a set of selected mechanical designs in order to estimate the available
thermal gradients, the performance of the thermoelectric elements and the power
available from the TE modules consisting of various geometries, configurations and
numbers of the elements. In addition to the electrical properties, an essential part of
the model includes the simulations of the heat transfer mechanisms over the TE
modules of various geometries. The ultimate goal of the simulations is to find the
close to optimal designs for the materials available under the constraints set by the
fabrication processes and thermal gradients accessible.

An overview of the main considerations and results will be given for selected
geometries. The primary principles and challenges of designing translucent thin-film
thermoelectric modules for large area applications are discussed.

Figure 1: Potential difference generated by a temperature gradient applied over a thin-film
thermoelectric device.
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Thermoelectric properties of Al-doped ZnO
based on ab-initio method and molecular dynamics
L. Yu'?, J. Amrit}, S. Volz?
L LIMSI-UPR CNRS 3251, Université Paris Sud, 91403, Orsay, France
2EM2C-UPR CNRS 288, Ecole Centrale Paris, 92295, Chatenay-Malabry, France
lantao.yu@ecp.fr, sebastian.volz@ecp.fr

Abstract

ZnO s considered as a promising candidate for thermoelectric applications. The
effects of Al-doping on the thermoelectric properties and electronic structures of ZnO
have been reported recently [1]. However, enhancement of the thermoelectric
properties is not always improving with a higher concentration of doping. Therefore,
it is relevant to estimate the figure of merit at different concentrations with Density
Functional Theory [2] and Molecular Dynamics simulations [3].

Electronic band structures of Al-doped ZnO were obtained, which have shown band
gaps decrease with increasing Al concentrations (Fig. 1a). Seebeck coefficients,
electrical conductivities and power factors were calculated by solving Boltzmann
Transport Equation [4]. The results (Fig. 1b) confirm that power factor is much
improved with 3% and 4% Al doped into ZnO.

®

Figure 1:(a) Electronic structure of ZnO (b) Power factor of Al-doped ZnO with concentration
of doping from 1% to 4%
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Skutterudites BayNis(Sb1.xSny)12; rattling features?
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Abstract

The homogeneity region at 450°C and solidus temperatures have been defined for
novel quaternary filled skutterudites BayNis(Sbi-xSnx)12 by means of Electron Probe
Microanalysis (EPMA), X-ray Powder Diffraction (XPD) and Differential Thermal
Analyses (DTA). For two selected samples, Bao.73NisSbsiSnse and
Bao.esNisShs 1Sns.9, temperature dependent single crystal X-ray structure analyses (at
100 K, 200 K, 300 K) revealed the thermal expansion coefficients, Einstein and Debye
temperatures and the Debye Waller factors. These Atom Displacement Parameters
(ADP’s) indicate rather insignificant differences between framework and filler atoms,
suggesting a strong coupling of the filler atoms with the framework.

Physical property measurements (i.e. temperature dependent specific heat, electrical
resistivity, Seebeck coefficient and thermal conductivity) compare unfilled
NisShg2Snsg with the Ba-filled samples, Bao.42NisShs2Snss and Bao.s2NiaShe.7Sns 3.
Small Sommerfeld constants from specific heat data (y<15 mJ/molK) are consistent
for all samples with low carrier concentrations (n~4x102%/cm3) derived from Hall data
(n-type from negative Sebeck coefficients). Interestingly Ba-fillers and rising Sn-
contents increase the Debye temperatures significantly. Electrical resistivities reveal
a crossover from metallic to semiconducting behaviour, which is discussed in terms
of a temperature-dependent carrier concentration employing a simple model for a
rectangular density of states with the Fermi energy slightly below a narrow gap. In
contrast to common features in filled skutterudites, a rising Ba content in
BayNia(Sh1-xSnx)12 enhances thermal conductivity.
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Abstract

Skutterudites are known as excellent thermoelectric (TE) materials because they can be
produced easily and fast from cheap starting materials, they can be used in a wide
temperature range and besides an excellent TE quality they also show stability and a good
mechanical performance. The quality of every TE material is represented by the
dimensionless figure of merit ZT. Among the filled skutterudites based on CoSh3 high
ZTs, (laboratory values: p-type: ZT = 1.3 [1], n-type: ZT = 1.8 [2], values from
commercially produced powders by TIAG, Austria: p-type: ZT 1.1+ 0.1, n-type: ZT =1.3
+ 0.1) have been gained. Still, there is the urge to further enhance ZT, by simultaneously
increase the electrical conductivity and the Seebeck coefficient while maintaining a thermal
conductivity as low as possible.

One approach is to form bulk nano-composites where various types of nanoinclusions are
dispersed in the CoSb3-based matrix. Provided the phonon mean-free path is reduced by
enhanced phonon boundary scattering to a greater degree than any reduction in the mean-
free path of charge carriers, the net effect is an improvement in the figure of merit.
Moreover, there is also a possibility that the presence of dispersed nanoinclusions will lead
to an enhancement in the Seebeck coefficient as a result of energy-dependent scattering of
electrons at the interface of nanoinclusions and the matrix.

It was demonstrated by the authors [3] that a homogeneous nanoscale distribution of Yb203
in n-type SroosBaoi1YboosCosSb12 improved the TE performance, resulting in an
enhancement of ZT from 1.4 to 1.6. Based on such inspiring results, further similar
experiments were carried out. In this paper not only the influence of addition of oxide
nanoparticles (Al20s3, Cu20 and LaissSro1sCuOa4) in various wt. % but also of borides in
various wt. % (Fe225C00.7sB and TaosZro2B) to p- and n-type skutterudites (commercially
produced) under various preparation methods will be discussed. In some cases the
thermoelectric properties led to a higher ZT, but even if this was not the case, the
investigated mechanical properties changed to the better.
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Thermoelectric properties of skutterudite materials made from
lower purity elements
T. Caillat* and C.- K. Huang?!
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Abstract

Skutterudite materials have been the subject of renewed interest in the 1990’s and
have since been intensively investigated as thermoelectric power generation materials.
There are a number of binary, ternary, and filled skutterudite materials with diverse
transport properties, making this class of materials attractive for thermoelectric
applications. Today, they are one of the leading classes of materials considered for
several power generation applications including automotive and space. The cost of
the thermoelectric materials may be one of the important factors that may limit the
commercial viability of some of these applications. Most of skutterudite materials
R&D is performed using high purity starting elements which tend to be expensive.
This paper reports on the initial assessment of using lower purity elements to
synthesize n- and p-type selected skutterudite materials and provides an initial
sensitivity comparison of the thermoelectric properties for materials made from high-
and low-purity elements. A brief cost analysis is also presented.
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Abstract

Compounds with the skutterudite structure have been studied extensively since they
were reported as potential thermoelectric materials at elevated temperatures [1].
Typically, the thermal conductivity (k) of skutterudites is reduced by the introduction
of filler species into the cavities within the structure. In this work we propose a new
approach to reduce the thermal conductivity via isoelectronic framework substitution.
Materials of the form Coz-2xFexNixShs (0 < x < 0.5), isoelectronic with the archetypal
CoSbs, have been synthesized by conventional solid-state methods. All phases are
cubic and crystallise in the Im3 space group. Surprisingly, even in the absence of a
filler species, « is reduced substantially (kL= 3.7 — 4.7 W m* K at 300 K) from that
of CoShs (kL= 8.5 W m*K"! at 300 K) (Fig. 1a). Given the very similar atomic masses
of Co, Fe and Ni, mass fluctuation scattering of phonons in the mixed-metal
frameworks is unlikely to play a major part in lowering .

A pair distribution analysis (PDF) by neutron diffraction suggests changes in local
structure (Fig 1b) which may be related to the reduction in thermal conductivity
through a perturbation of the phonon propagation. Furthermore, inelastic neutron
scattering measurements reveal differences in the vibrational spectrum associated
with the transition-metal based modes (Fig 1c). Rietveld refinement using neutron
diffraction data, SEM coupled with XEDS, XANES spectroscopy, Seebeck
coefficient and electrical conductivity measurements have also been performed for
Coz-2xFexNixShs and will be presented and discussed.
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Figure 1: CosaxFexNixSh; (0 <x < 0.5) a) Temperature dependence of the lattice thermal
conductivity, b) PDF data at RT, c) Neutron Phonon Density Of States (PDOS) data at 5 K.
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Abstract

Ino.2sC04Shi2 is a n-type thermoelectric skutterudites which displays a moderately
large figure of merit ZT = 1 at 550 K[1]. Ino.2sC04Sh12 shows a large power factor
(~ 3.4 mW. mK2 at 300K) but its lattice thermal conductivity which amounts to
L= 3.8 W.m.K"2 could nonetheless be reduced. Several studies have shown that the
reduction of the grain size to a mesoscopic scale (~ 200 nm) or the addition of
nanoparticles (~ 20 nm) lead to a reduction of the lattice thermal conductivity and to
an increase of ZT. The phonons are indeed scattered by the numerous grain boundaries
or by the nanoparticles.

Ino.2sC04Shi2 is synthesized by melting and annealing the elements. Grain size
reduction is obtained by ball milling in a planetary mill. To inhibit the grain size
growth which occurs during densification by Spark Plasma Sintering, CeO:
nanoparticles (~ 20 nm) are added. This leads to Ino.2sC04Sh12 compacts with small
grain sizes in the 200 — 400 nm range. The lattice thermal conductivity is strongly
reduced (AL = 2.2 W mt Kt at 300K) (Fig. 1) and the figure oh merit is strongly
enhanced to ZT = 1.4 at 750 K.
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Figure 1: Lattice thermal conductivity in Ing 2sC0,Sh;, nanocomposites.
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Abstract

Long-term (8880 hours) thermal stability tests (TST) were performed at a temperature
of 600°C for p- and n-type skutterudites (p-(RE)yFesCoSbiz, (RE)yC04Sbiz, RE is rare
earth) produced from industrial powders supplied by Treibacher Industrie AG
(production Nov. 2012). The TE properties and thermal stability for specimens hot
pressed under industrial and reference laboratory conditions were compared. The
partial oxidation of the p-type material during hot pressing results in a significant
degradation of the TE performance: the figure of merit at 800K is reduced to 0.9 in
comparison to the reference sample (ZTsook = 1.1). The better oxidation resistance of
n-type material results in almost identical ZTsook=1.320.1 for samples hot-pressed in
both conditions.

The experimental set-up for TST was designed in a way that allows (i) gas transport
between n- and p-type legs located at 600°C (hot side) and (ii) sublimation of
antimony from this couple at the cold side (at 80°C) of the silica tubes. The results
obtained show an enhanced stability of n-type against thermal decomposition. P-type
materials show stronger Sh-evaporation resulting in weight losses of ~0.0001 wt %/h
(or 0.001 mg/cm?), however, the decomposition occurs only in the surface zone of the
specimens with a thickness of 25-50 pm and this insulating layer does not affect the
thermoelectric performance of the legs. Unusual weight exchange between p- and n-
legs, observed for the specimens hot-pressed in an industrial equipment is attributed
to partial oxidation of p-type materials, however, this effect is absent for the samples
compacted under reference laboratory conditions.

The figure of merit during the entire TST period remains in the range of 0.9+0.1 for
p-type but it slightly decreases from 1.3+0.1 to 1.1+0.1 for the n-type material. The
decrease of the TE performance for n-type materials is explained with a gradual
decrease of the filling level from y=0.17 (start of the TST) to y=0.11 (after 8880 h of
TST). Considering that in TE modules only a small part of the legs will be subjected
to high temperatures (600°C), the observed decrease of ZT for the n-type materials
will have only a very small effect on the overall TE performance of the TE modules
built on the base of these materials.
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Abstract

Melt-spinning nowadays is widely used as a method of non-equilibrium
synthesis of thermoelectric materials [1]. It has several very important advantages in
comparison with conventional procedures. Due to very high cooling rate it allows to
quench high-temperature phases and avoid long-time annealing procedures. The
resulting materials have amorphous or quasi-amorphous structure, which helps to
reduce lattice thermal conductivity. Usually, the melt-spinnig is only the first step in
sample preparation procedure. To prepare bulk samples for measurements of
thermoelectric properties, the ribbons, produced by melt-spinning, are crushed to
powder, which compacted by hot pressing (HP) or spark plasma sintering (SPS). The
material undergoes at least partial crystallization during the sintering process.
Thermoelectric properties of the initial, as prepared ribbons and, consequently, the
effect of the re-crystallization remains largely unknown. In this work we study
thermopower and electrical resistivity of as prepared ribbons of Co4SbiisTeo.s
scutterudite. The ribbons were produced by melt-spinning. Skutterudite samples had
width about 0.25 mm, length 30 mm and thickness about 0.01 mm. The properties
were measured during in-situ annealing of the ribbon samples, using home made
equipment [2]. We found that initial state of the ribbons is stable up to about 620 K.
At this temperature sharp changes of both, the thermopower and the resistivity were
observed, see Fig.1. These changes indicate onset of crystallization.
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Figure 1: Temperature dependences of thermopower (S) and resistivity (p) of amorphous
ribbon COASbu_GTeo_A.
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Thermoelectric properties and stability of filled skutterudite
materials under large temperature gradient and thermal cycling
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Abstract

Filled Skutterudite materials are among the most promising high performance (zT)
candidates for building up thermoelectric (TE) modules [1]. Besides the high zT
values, the stability of the materials under dynamic conditions is equally important,
and it plays a crucial role in the performance of TE module. In this work, the TE
properties and stability of filled skutterudites are investigated under a large
temperature difference of 397 K (Thot = 773 K; Teold = 376 K) and thermal cycling from
RT up to 773 K. The results showed that after 20" thermal cycles zT values of 1.3 for
p-type and 1.6 for n-type at 773 K materials are maintained. However, under operating
conditions of AT = 397 K for 600 hours, the maximum output power was degraded
resulting from the increase in the total electrical resistances. The effect is very
substantial with the p-type, while the change in the resistance of n-type is less than
7% after 300 h. Microstructures at the interfaces as well as of the materials were
carried out and correlated with the observed TE performance.
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Figure 1: (a) Power generation characteristics, and (b) the change in total electrical resistances
of single p-type and n-type legs under temperature gradient of 397 K for 600 hours.
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Theoretical and experimental investigation of the electronic
structure and thermoelectric properties of Fe;VAI
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Abstract

In today’s world, the energy demand has been increased enormously driven by
population growth and increase in living standards. There is an urgent requirement of
efficient and eco-friendly thermoelectric devices to recover energy losses. Heusler-
type Fe2VVAI compounds attained a great attention due to their semiconducting nature
over a wide temperature range up to 1200 K. First principles calculations are
performed to study the electronic structure of the full Heusler compound Fe2VVAI and
the formation energy of the intrinsic point defects such as vacancies, antisites and
interstitials is analyzed as well. The ab initio calculations show that Fe2VVAI is a non-
magnetic semimetal. The density of states reveals a sharp pseudogap at the Fermi
level, which is a beneficial aspect for thermoelectricity. The electronic transport
properties of Fe2VAI and the most favorable defects are analyzed based on the
Boltzmann transport theory within the constant relaxation time approach. The lattice
thermal conductivity is also being analyzed by using the sets of second- and third-
order interatomic force constants which can be calculated from ab intio methods. Pure
Fe2VAI compounds in parallel have been synthesized by the combination of
mechanical alloying and spark plasma sintering. The transport properties obtained
from the experiments are compared with the calculated values.
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Abstract

Full Heusler alloys such as Fe2VVAI are one of the potential candidates for practical
use because they are typically composed of the earth-abundant elements [1]. Recently,
by first principle calculations, we discovered a novel composition: FezTiSi with
possible high Seebeck cofficient [2]. So far, there has been no experimental evidence
for their thermoelectric properties. In this study, we investigated the effect of V
doping on thermoeletcic properties in Fe;TiSi films and found the high Seebeck
coefficient of -159 uV/K by controlling the valence electron concentration (VEC).
200 nm-thick Fez(TiV)Si films were deposited on MgO(001) single crystal substrates
by magnetron sputtering and then annealed at 800°C in order to crystallize the as-
sputtered films from amorphous state. The VEC was changed by using V-doped
Fe2TiSi targets and resultantly the V doping concentration was varied from 0 to 10
at%. The crystal structures of the films were analyzed by X-ray diffraction and cross-
sectional TEM images. The Seebeck coefficients and the resistivity were measured by
dc four-probe method at 50 °C.

The annealed Fez(TiV)Si films are found to have highly Fm3m symmetry. The non -
doped Fe2TiSi film, in which the differential VEC (AVEC) is 0.00, shows the S of -
13.2 uV/K. When the V substitution increases, the |S| takes a maximum value of -80.4
uV/K at AVEC of 0.05. This behavior can be caused by the carrier concentraiton
modulation through the AVEC change. Finally, by optimizing the Er level, the Al-
doped Fez(TiV)Si alloy shows the S as large as -158.9uV/K. The obtained large S
could originate from a narrow energy gap near Fermi level (Er) and flat-bands are
located in the bottom of conduction band.
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Figure 1: Thermoelectric properties of Fe(TiV)Si.
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Abstract

Among a variety of thermoelectric materials, half Heusler NiMSn (M = Ti, Zr, Hf)
and full Heusler Fe2VAI semiconducting alloys have been attracted considerable
attention over last years. Other representatives of the semiconducting Heusler alloys,
Fe2TiSi and FezTiSn, have enjoyed recently growing interest. Results of first
principles calculations [1] have indicated that a large Seebeck coefficient, up to — 300
MV/K, can be expected in FezTiSnixSix alloys. On the other hand, experimental
investigations [2] have shown that physical properties of Fe2TiSn significantly depend
on both atomic disorder and stoichiometry. Although a secondary phase is presented
in bulk samples of Fe2TiSi, the single Heusler phase can be stabilized in thin films of
Fe2TiSi [3]. The mentioned above facts imply that precipitations of the secondary
phase in Fe:TiSi and the physical properties of Fe:TiSn can be controlled by
preparation method and/or thermal treatment. In order to check this we have studied
Fe2TiSn1xSix alloys prepared by induction melting and mechanical alloying.

Results of this study revealed that a secondary phase appears in both induction melted
and ball milled samples with x > 0. Consolidation of the ball-milled powder by Spark
Plasma Sintering (SPS) brings about even more complex phase coexistence.
Comparison of electrical resistivity p, Seebeck coefficient S and thermal conductivity
k measured in induction melted and SPS sintered samples of the same composition
indicates that thermoelectric properties of Fe2TiSn1xSix depend on the preparation
method. Details of these measurements shall be given in the presentation.
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Role of point defects for thermoelectric properties of ZrNiSn
and ZrCoBi
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Abstract

Density functional theory calculations using both the PBE and the HSE06 functional
are employed to investigate the role of intrinsic point defects for the thermoelectric
properties of the semiconducting half-Heusler alloys ZrNiSn and ZrCoBi. In ZrNiSn,
the interstitial Ni atom (Ni;) as well as the VuNi: complex introduce defect states in
the band gap, whereas just a minor reduction of the band gap is associated with the Ni
vacancy (V). While Ni; is electrically active and may act as a donor, the other two
types of defects may compensate extrinsic doping. In ZrCoBi, defect formation
energies are found to be higher than in ZrNiSn, and only the V.Co: complex
introduces a defect state in the band gap. Motivated by the reported use of ZrNiSn for
thermoelectric applications, the Seebeck coefficient of both materials, both in the p-
type and the n-type regime, is calculated. We find ZrCoBi to display a large
thermopower of up to 500 pVV/K when p-doped, whereas the maximum thermopower
of ZrNiSn is in the n-type regime. The reported difficulties in achieving p-type doping
in ZrNiSn could be rationalised by the unintended formation of Niz in conjunction
with extrinsic acceptors, resulting in their compensation. Moreover, our calculations
show that all types of defects considered, when present in concentrations as large as
3%, tend to reduce the thermopower compared to ideal bulk crystals at T=600K. For
ZrNiSn, the calculated thermodynamic data suggest that excess Ni could be removed
by annealing, leading to precipitation of a metallic Ni.ZrSn phase.
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Figure: Seebeck coefficient for ZrNiSn (left) and ZrCoBi (right) for Fermi levels close to the
band edges, for pure materials (thick line), interstitial Ni or Co (thin blue line), Ni vacancies
(dashed) and V¢,Co; or VniNiicomplexes (orange lines with symbols).

References:
[1] G. Fiedler and P. Kratzer, Ternary Semiconductors NiZrSn and CoZrBi with half-Heusler
structure: a first-principles study, Phys. Rev. B, submitted.

38



ECT2016 Oral Communications

A3. Clathrates
&
A6. Zintl Phases

39



Oral Communications ECT2016

40



ECT2016 Oral Communications
OA3-6.1
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Abstract

A ternary Zintl phase, NalnSnz, reported by Blase et al. [1] has a crystal structure
similar to that of Nai+xGai+xSn2—~ showing relatively high ZT values of 0.12-0.98 at
295 K [2]. In the structure of NalnSnz, Na atoms are located in helical tunnels of In-
Sn framework as shown in Fig. 1(a). The objective of the present study was to prepare
NalnSnz polycrystalline samples by sintering and to clarify the thermoelectric
properties. The Seebeck coefficient (S) of a sintered sample of NalnSnz, having a
relative density of ca.100%, was —130 pV K! at 295 K and the absolute S value

showed a maximum of | -151] pV K at 358 K (Fig. 1(b)). The electrical conductivity

(o) of the sample was increased from 0.89x10° to 1.37x10° Sm™' with increasing
temperature. The thermal conductivity (x) measurement was carried out by the hot-
disk method for two samples prepared at the same condition. The x was increased
from 1.49 to 2.17 Wm'K ™! at 295-380 K. ZT values calculated from these data were
0.30-0.48. Low-temperature X-ray diffraction of a single crystal revealed a large
dynamical positional disorder of Na atoms in the structure of NalnSnz, which is
probably responsible for the low thermal conductivity.
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Figure 1: Crystal structure of NaInSn, (a) and thermoelectric properties of a polycrystalline
sintered sample of NaInSn; (b).
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Type Il Sn clathrates — unexpected outcomes from cage
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Abstract

Clathrate systems are cage-like formations which can host different guest atoms and
molecules. The relationship between the particular structure and its transport
properties is of fundamental importance for their basic understanding and
technological importance. The relatively high electron mobility and low thermal
conductivity are particularly attractive features of these systems for potential
applications in thermoelectricity. The focus of our investigation are type Il Sn
clathrates, which have been explored to a lesser extent as compared to Si or Ge
materials. We present results for calculated lattice structure, electronic structure and
phonon dynamics properties based on first principles calculations. Comparison with
available experimental data is also performed. Our comprehensive investigation
shows that the type of guest atoms and cage substitution via Ga atoms strongly affect
the energy band structure coupled with anharmonicity effects originating from the
guest atoms. Unusual effects arising from weak van der Waals interactions and
negative Gruneisen parameters have also been identified. Our study expands and
improves the fundamental understanding of clathrate materials in general and it gives
new perspectives for experimental applications.
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Abstract

The ternary phosphide AgsGe1oP12 [1], exhibiting a complex crystal structure, is build
up by octahedral Ags-clusters embedded in a three-dimensional phosphorous-
germanium anionic-covalent-framework (Fig. 1). The material contains sub-valent
silver (Age**), mixed-valent germanium (Ge?*/Ge*), it is stable in air, and its structure
is closely related to the tetrahedrite, Cu12ShaSis: Ags[1GesGesP12 = CusSShaCusSi2.
As later one is attributed to have prominent thermoelectric properties it seemed to be
worthwhile to investigate AgsGeioP12 in more detail.

The semiconducting character of this material is reflected in band structure
calculations, which reveal an indirect band gap of about 0.46 eV. Measurements of
the thermal diffusivity exhibit a very small thermal conductivity (x~ 1 W/m-K) across
the temperature range of 300-700 K. This directly reflects the strong lattice
anharmonicity of the material. Combining this with an adequate electrical
conductivity (¢) and a high Seebeck coefficient (S) results in a remarkable high figure
of merit (ZT = (S*¢°T)/x) of about 0.5 at 700 K (Fig. 2). The coexistence of these
properties suggests that AgeGeioP12 is one of the first phosphides having potential as
a thermoelectric material.

Figure 1: Representation of the crystal

structure of AgsGeioPi..
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Abstract

Intermetallic clathrates have potential as thermoelectric materials for waste-heat
recovery application, in particular if based on a silicon framework [1]. Substitutions
with transition metal atoms add flexibility in tuning the charge carrier concentration.
BasAuySise-y, for instance, shows a metal-insulator transition as function of y [2,3].
The incorporation of some rare-earth elements into the clathrate cages leads to an
enhancement of the Seebeck coefficient via electronic correlation effects [4,5]. Here,
we report a study of the low-temperature transport and magnetic properties of single-
crystalline Bas-xEuxAuySiss.y (x = 1.0, 1.7 and y = 4.8, 5.3) type-1 clathrates. Our
investigations show that a transition from n- to p-type conduction takes place with
increasing the Au content. The n-type sample presents a large maximum in the phonon
thermal conductivity xph due to the freezing of three phonon Umklapp scattering
processes at low temperatures. The maximum of xph in the p-type sample is strongly
reduced, which we attribute to an enhanced phonon-electron coupling and to a larger
Eu content. The Seebeck coefficient is well described by a diffusion term, evaluated
in the free-electron approximation. Both samples are metallic and ferromagnetic, with
Curie temperatures Tc 0of 3.1 Kand 10 K for x = 1.0 and 1.7, respectively, and effective
magnetic moments of ~ 7.2 us, confirming the Eu?* state.

We acknowledge support from the Austrian Science Fund (FWF project 1623-N16).
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Abstract

As,Tes belongs to the tetradymite family of materials. Unlike Bi2Tes, it may be
synthesized in two polymorphic phases, rhombohedral (f) and monoclinic (o).
Interesting thermoelectric properties of both phases of As2Tes have been recently
reported [1, 2]. In this work, electronic structure and transport properties of n- and p-
type, alpha and beta phases of AszTes are studied using first principles calculations
methods, in order to understand and optimize the thermoelectric performance of this
material. For the pure compounds of both rhombohedral and monoclinic As2Tes, band
structures and Fermi surfaces (Fig. 1) are computed, and the transport properties are
studied using the Boltzmann approach. Electronic structures of the realistic cases of
materials containing defects, vacancies and various dopants, are studied basing on the
KKR-CPA method [3]. Theoretical results are compared to the experimental findings
and help to design the efficient doping strategy, which involves classical and resonant
impurities.

Figure 1: Fermi surface of n-type B-As;Tes
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Abstract

AgShTez-based compounds attract interest both from the experimental and
computational points of view [1] owing to their good thermoelectric (TE) properties
in the medium temperature range [2], and since they are constituents in high
performance LAST alloys [3]. The &-phase of the Ag-Sb-Te system, which is a
Sh-rich off-stoichiometric AgShTez compound, decomposes below 633 K into AgzTe
and Sh2Tes. Upon cooling, a microstructure of interconnected Sbh2Tes/5-AgSbTe:
phases typically forms due to fast heterogeneous nucleation of Sh2Tes on planar
defects and grain boundaries [4], with consequent deterioration of TE properties.
The aim of this work is the stabilization of a homogeneous 5-AgSbTe: single phase
by rapid solidification techniques (planar-flow casting and melt-spinning), avoiding
the formation of primary Sh2Tes lamellae upon quenching.

Rapidly solidified samples are in form of flakes with different thickness (60-400 pum).
The cross section of the flakes shows a columnar microstructure with grains that are
getting smaller with decreasing flake thickness. Thick flakes (thickness above 100
pm) exhibit isolated Sh2Tes precipitates dispersed in the 8-AgShTe2 matrix, with no
apparent continuous interconnected Widmanstatten microstructure. Conversely, thin
flakes (thickness below 100 pm) consist of a homogeneous 3-AgShTez single phase
with no residues of the Sb2Tes-phase. The lattice parameter of the 3-AgShTez phase
progressively increases with the cooling rate, indicating progressive supersaturation
of the matrix for high degree of super-cooling.

Bulk samples were obtained by hot pressing of the as-milled rapidly solidified flakes.
Sintered samples show lower thermal conductivity (k), higher Seebeck coefficient (S)
and lower electrical conductivity (c) values with respect to as-cast samples. On the
one hand, the decrease of k and the increase of S can be related to the stabilization of
the 3-AgShTe: single phase. On the other hand, the decrease of o can be likely
explained by the lattice distortion of supersaturated 3-AgShTe: single phase and the
presence of a high density of defects, due to the rapid solidification process. Further
heat treatments under controlled conditions are expected to further homogenize the
microstructure, providing enhanced TE performance.
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Abstract

In addition to the well-established need for highly reliable space power systems, there
is renewed interest in developing practical new materials capable of efficient thermal-
to-electric conversion by coupling to high grade heat sources (1100 K up to 2000 K),
such as generated through fossil fuel combustion or produced from a high temperature
waste exhaust stream. Segmented and cascaded modular device architectures that
combine multiple materials, each operating at high efficiency, provide unique
flexibility when designing for maximum thermoelectric converter performance and
robustness.

Proven state-of—practice SiosGeo.2 alloys are unpractical, due to the cost of Ge but
more importantly because of their low thermoelectric and mechanical compatibility
with the most mature lower temperature materials, such as skutterudites, that are
available today.

Refractory n-type rare-earth based selenides and sulphides, as well as p-type boride
compounds have been explored in the 1980’s for use in devices up to 1800 K. For
applications below 1300 K, complex p-type 14-1-11 Zintl antimonides have been
more recently identified as practical high performance thermoelectric materials and
they, just like their n-type rare earth tellurides counterpart, typically share similar
favorable characteristics for their use at high temperatures. In addition to good
mechanical compatibility with each other and with skutterudites, they exhibit semi-
metallic behavior, with low to very low lattice thermal conductivity values and
reasonably large thermopower values near their peak operating temperatures.
Approaches for tuning the properties of these rare earth compounds have focused on
suitable chemical substitutions and inert particles compositing coupled with guidance
from first principle electronic structure simulations. We present an overview of recent
collaborative research efforts aimed at optimizing the performance of these materials
and facilitating their integration into thermally and mechanically stable high
efficiency (>15%) segmented devices.
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Abstract

Developing high efficient thermoelectric materials is one of the essential aspects for
energy conversion applications[1]. In order to investigate the effect of grain size on
thermoelectric performance, different size range of powder particles of 25%Bi2Tes-
75%Sh2Tes thermoelectric alloys were successfully fabricated by Gas-atomization
and spark plasma sintering (SPS) processes[2,3]. The crystal structures of as-atomized
powders and SPSed bulk samples were analyzed by X-ray diffraction (XRD) and their
cross-sectional microstructures were observed by the scanning electron microscopy
(SEM). The micro hardness values were increased with decreasing grain size and
obtained maximum 80 Hv for <30um SPSed samples. The Seebeck coefficient values
were greatly enhanced by 52% for <30um powder SPSed sample compared to GA
sample through potential barrier scattering mechanism. The electrical conductivity
and thermal conductivity values were decreased with decreasing the grain size. The
thermal conductivity of <30pum powder SPSed sample is around 0.85 Wm™*K-! which
is decreased by 36% of its GA powder sample thermal conductivity, due to the fine
microstructure which enables scattering of carriers at grain boundaries. The ZT value
for <30pm and 32~75pum bulk samples exhibits a ZT of 1.1 at 300 K and 1.23 at 350
K respectively.
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Abstract

Thermoelectric properties of PbTe films and PbTe-based superlattices are discussed.
Bi doped PbTe, EuTe/PbTe, and PbTe/PbSnTe superlattices were prepared by hot
wall epitaxy, and temperature dependence of electrical conductivity and Seebeck
coefficient were measured. In the n-type films and superlattices, main scattering
mechanisms are nonpolar phonon scatterings, and temperature dependence of
conductivity and Seebeck coefficient are well explained by the theoretical calculation.
Electrical conductivity and Seebeck coefficient of p-type PbTe are well explained by
considering indirect X valleys with heavy effective masses. GeS/PbTe amorphous /
epitaxial superlattices useful to decrease the thermal conductivity are presented also.
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Figure 1: Theoretical temperature dependence of conductivity for (a) n-type PbTe, (b) p-type
PbTe, and (c) temperature dependence of Seebeck coefficient for n- and p-type PbTe.
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thermoelectric power generation applications by optimization of
the preparation process
0. Meroz! and Y. Gelbsteint
!Department of Materials Engineering, Ben-Gurion University of the Negev, Beer-Sheva
84105, Israel

Abstract

In an attempt to find new alternative energy resources new technological
developments must be made to bring society one step closer to a cleaner environment.
The rising awareness of the global warming effect as well as the steady decline in the
quantity of current resources and subsequently the climb in their price drive the search
for improving current energy usage and finding new energy resources. Thermoelectric
devices take thermal heat, either directly from solar energy or as a byproduct of fuel
burn, and transform it to electricity.

The efficiency of thermoelectric devices can be gauged by the dimensionless figure
of merit ZT of the material, defined as ZT =06 T/k, where a, o, k and T are the Seebeck
coefficient, the electrical conductivity, the thermal conductivity and the temperature
in Kelvin, respectively. The inter-correlated o, a and k make it difficult to improve the
thermoelectric performance in a satisfactory way just by electronic doping
approaches.

Bismuth—telluride-based alloys are of great importance not only as the best
thermoelectric materials with the maximum ZT values close to unity near room
temperature, but also due to the potential for further performance improvement.
Since these alloys are highly anisotropic, there is a direct relation between the
orientation and the thermoelectric properties of the ingots. Hence, higher ZT values
can be achieved by improving the orientation anisotropy of the ingots. In this study
the Bi2TexSex composition was optimized by various CHI3 doping, preferred
alignment of the crystallographic orientation, and lattice thermal conductivity
minimization. The synthesis route included rocking furnace melting, energetic ball
milling or by mortar and pestle and hot pressing with optimal parameters for
enhancement of the thermoelectric figure of merit, ZT, at temperatures higher than
2000C, commonly applied in low temperature power generation applications. The
transport properties in the directions perpendicular to the pressing direction were
examined was achieved.
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Abstract

Bi2Tes—Sh2Tes solid solution has a rhombohedral crystal structure with the R3m space
group, and anisotropic physical and thermoelectric properties [1]. The anisotropies of
the electrical and phonon thermal conductivities of Bi2Tes are respectively estimated

to be 6,/0, =3 and k,/xc; = 0.47, for the values parallel and perpendicular to the c-

basal plane, but the Seebeck coefficient is isotropic in case of melt growth [1]. Fine-
grained and isotropic materials are prepared by mechanical alloying (MA). Inside of
sintered compacts MA powders by hot pressing (HP) have random crystal orientations
and refined structures, which decrease the thermal conductivity [2]. However the
preferred orientation affects the electrical and thermal conductivities on the surface of
the BizTes-related materials sintered compacts as a result of thermal stress of
heterojunction between the HP mold and sintered compacts arising from hot
deformation process [3].

In present study, the isotropic BixSh2-xTes were prepared by MA and followed by HP.
Only millimeter-scale grains of the bismuth (5N), antimony (5N), and tellurium (6N)
were used, to suppress contamination by a surface oxide layer. The raw materials were
placed in a stainless-steel vessel with a milling ball made of a silicon nitride ceramic
in a glove box filled with argon. MA was performed in a Fritch P-5 planetary ball mill
at a maximum speed of 180 rpm for 30 h. The MAed powder was sintered by HP at
623 K under a uniaxial pressure of 147 MPa in an argon atmosphere. All sintered
compacts were eliminated approximately 1 mm of the sintered compact surface. The
Seebeck coefficient, electrical and thermal conductivities at room temperature were
measured by constructed thermal contact, four point probe, and static comparison
methods, respectively. The accuracies of these instruments were less than +1%. The
temperature dependence of Seebeck coefficient and electrical conductivity were
measured by ZEM-3 from 300 K to 573 K (Advance-Rico). The accuracy of ZEM-3
was around +7%.

As results, an isotropic Bio.sSh1.7Tes with a maximum dimensionless figure of merit
ZT =1.16 at 367 K was obtained by MA-HP.

References:
[1] G. S. Nolas, J. Sharp and H. J. Goldsmid: Thermo-electrics Basic Principles and New
Materials Development (Springer-Verlag, Berlin, 2001) pp. 113-128.
[2] B.A.CookandJ. L. Harringa: Thermoelectric Handbook: macro to nano, ed. D. M. Rowe,
(CRC press, Taylor & Francis Group, Florida, 2006) Ch.19.
[3] M. Orihashi, Y. Noda, K. Hasezaki: Proc. 2007 Int. Conf. on Thermoelectrics, (IEEE, Cheju,
Korea, 2007) pp.95-98.
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Abstract

Thermoelectric materials (TE) are playing a vital role in limiting greenhouse gas
emissions, through their unique application in renewable energy technologies, which
includes automobiles, power generators, refrigerators, gas sensors, aerospace and
defense applications. In particular, Bi>Tes based materials exhibits high
thermoelectric performance at room temperature. However, these materials have poor
mechanical properties and low productivity, which limits their broader applications.
To resolve this problem, the powder metallurgy processes are beneficial for producing
an efficient thermoelectric performance with high mechanical properties.

The purpose of this study is fabrication of large scale p-type Bi-Te based powder
using gas atomization and subsequently consolidated to large diameter pellets around
25mm with 16-17mm thickness by spark plasma sintering techniques. The sintered
bulk samples thermoelectric properties were analyzed at different positions pellets.

References:

[1]1 T.C.Harman, P. I. Taylor, M. P. Walsh, B. E. Laforge, Science 297 (2002) 2229.
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Abstract

The Mg2Si compound is a very good candidate for thermoelectrics since it combines
high ZT and environmentally friendly features. ZT up to 1.0 has been reported for the
binary Mg.Si system and reached 1.4 for the multinary Mg2(Si,Sn,Ge) materials. On
the other hand, its availability in nature as well as its non-toxicity are significant
advantages.

Although Si is a widely available material, recycling process is always a priority,
when possible, in technology. Several processes have been developed to recover Si
from the slurry waste produced during wire saw cutting of Si photovoltaic cells. In
this work, high-density liquid and gravitational settling technique were used to
separate Si and SiC powders after removal of organic medium and metallic impurities.
The recovered powder was used as starting material and only Si source for MgzSi
synthesis in order to evaluate its feasibility as well as to study its effect on the
thermoelectric performance. The formation of Mg2Si compound via solid state
reaction was successful with the products containing also silicon carbide. Moreover,
Bi was used as dopant and the thermoelectric properties of the doped Mg2Si are also
discussed.
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Abstract

Silicide semiconductors have attracted much attention for in-vehicle applications
of thermoelectric materials Among a variety of silicides, CasSis has been predicted as
a semiconducting material with 42 atoms in unit cell[1]. The complex hexagonal
crystal structure could realize a low lattice thermal conductivity. We have previously
reported the Seebeck coefficients and the phonon properties of CasSis[2]. However,
the thermal conductivity and the figure of merit (ZT) have not been clarified both
experimentally and theoretically. In this study, we evaluated ZT value by calculating
the lattice thermal conductivity and Seebeck coefficients using first-principles
calculations. Figure 1(a) shows the cumulative lattice thermal conductivities of CasSia
as a function of mean free path of the phonons. The main contribution of lattice
thermal conductivity comes from phonons with the mean free path of over 10 nm.
Figure 1(b) shows the carrier concentration dependence of ZT value of CasSis at
800K. The maximum ZT value of bulk CasSi4 reaches 0.8 while the ZT value exceeds
1.5 in the case of the grain size of around 10 nm. In the conference, we will report the
thermoelectric properties of CasSi4 in detail. This work is based on results obtained
from the Future Pioneering Program ‘“Research and Development of Thermal
Management and Technology” commissioned by the New Energy and Industrial
Technology Development Organization (NEDO). This work is also supported by
TherMAT.
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Figure 1: (a) Cumulative thermal conductivity of CaszSis, (b) Carrier concentration dependence
of ZT (P-type) at 800 K.
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Abstract

Morphology, crystal structure and thermoelectric behaviour of Sro.s1Bao.3aNb206
(SBN61) were investigated as a function of sintering aid (0.5wt% MnO or B203) and
annealing time in Ar/Hz 5% reducing atmosphere. Density measurements showed that
SBN61 prepared with MnO or B20s sintered for 4h at 1598 K and at 1573 K
respectively and annealed for 12h at 1623 K were at least 98% dense. SEM analysis
showed that the grain sizes of sample with MnO and B203 annealed for 12h are 15.6
um and 7.3um respectively, but only MnO doped samples are completely crack free.
XRD spectra indicated that all annealed SBN61 samples are predominantly single
phase (tetragonal crystal structure) at room temperature; it was identified the presence
of very small amounts of MnNb2Os with NbO2 and just NbO2 secondary phases in
samples prepared with MnO and B20s respectively. SEM and XRD analysis suggests
tendency for Mn to react with Nb and tendency of B to cause sample micro and macro
cracking in any Ar/Hz 5% reduction conditions. Measurement of thermoelectric
properties revealed that samples annealed for 12h and prepared with MnO exhibited
significantly higher Power factor (PF) values = 490 pW/mK? and Figure of merit (zT)
values = 0.176 at 870 K, whilst sample’s with B203 PF = 375 uW/mK? and zT = 0.157
at 870 K. The significant enhancement in PF and zT in samples prepared with MnO
is attributed to the very high density, absence of micro-cracks and higher average grain
size.
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Abstract

(Ko.sNao.s)NbOs is a white compound that presents a perovskite structure [1]. Since
Saito et al. [2] have reported a large ds3 value in 2004, (KosNaos)NbOs is largely
studied as a lead free piezoelectric material to substitute to lead—zirconate—titanates.
In a recent paper, Bah et al. [3] have shown that spark plasma sintering (SPS) allow
synthesizing dense (KosNaos)NbOs ceramics. However, these authors have shown
that such sintering route leads to the formation of dark pellets that require air annealing
to restore the white colour and present the piezoelectric properties. Indeed, without
such an air annealing the dark (Ko.sNaos)NbOs samples breaks at low voltage during
poling and present high electrical losses. They have attributed such a behaviour to an
oxygen deficiency that leads to increase the electrical conductivity of such
perovskites. Many oxides with a high electrical conductivity are studied for
thermoelectric applications since the discovery of a large thermopower in the metallic
oxide NaxCoOz. Among them, perovskites present some of the best n-type properties:
recently, doped-SrTiOs ceramics have exhibited ZT values close to 0.4 at 1000 K [4].
Oxygen deficient (Ko.sNaos)NbOs present promising n-type thermoelectric properties.
The electrical conductivity is still limited (circa 102 S/m) but the Seebeck coefficient
is high (-(600-700) pV/K). The most remarkable feature compared to doped-SrTiOs
is that thermal conductivity is low and stable over the 325-1000 K temperature range
between 3.5 to 4 Wm KL, These promising results will now have to be improved by
controlled annealing, through cations substitutions on both alkaline or niobium sites
or nanostructuration. The thermoelectric properties of KNbO3s and NaNbOs will also
be presented.
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Abstract

The continuous search for environmentally friendly and abundant materials for
efficient thermoelectric (TE) devices has lead to growing interest in the research of
metal oxides, mainly transition metal oxides.

While bulk TE materials are foremost applied in high power and high temperature
regimes, TE thin films (TE-TF) have their main field of application in low temperature
and low power consumption electronic devices. Along with a reduction in material
usage, TE-TF materials have also other advantages when compared to the bulk: higher
degrees of freedom with in-plane geometry being adapted to the application
requirements; possibility to be deposited on flexible substrates; and high transmittance
in the visible range.

In this work, we present an overview of the TE optimization of eco-friendly metal
oxides thin films, deposited either by rf magnetron sputtering or thermal evaporation,
having transmittances up to 80% in the visible range: AZO [1], Cr/V20s[2],
graphite/V20s[3], SnO2[4] and Cu20. These films can be used in different type of
applications from energy harvesting in large areas (as they have room temperature ZT
up to 0.2) to transparent electronic devices, like temperature sensors or touch triggers
(as they have Seebeck coefficients up to 1ImV/K).
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Abstract
Amorphous InGaZnO (a-InGaZnO) is n-type semiconductor material and has
enormous potential such as transparency, a low temperature fabrication process. Thus,
the application of a-InGaZnO to flexible electronics (thin film transistor) has been
studied. Low thermal conductivity and a low temperature process are merit for a
transparent and a flexible thermoelectric (TE) module application. Oxide TE materials
can be also used for high temperature applications. Our group researched the
dependence of carrier density in the a-InGaZnO thermoelectric properties [1,2].
Additionally, a transparent TE device was demonstrated using a-InGaZnO and ITO
electrode. In this study, we evaluated a thermoelectric properties at high temperature
range. Effects of a film thickness and a surface roughness were also measured. ZT
value was 0.02 ~0.03 at 300 K and 0.14 ~ 0.2 at ~800 K (k = 1.0~1.4 W/mK ref [3,4]).
Even amorphous material, the ZT value of a-InGaZnO was almost comparable with
InGeO and AIZnO bulk materials (Fig.1). PF was decreased when the film thickness
becomes thinner than 100 nm. This result was caused by a surface and an interface
effect. By increasing surface roughness of substrate, defects were formed at the a-
InGazZnO /sub interface. As a results, the electrical conductivity increased and the
thickness effect was recovered.
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Figure 1: ZT values of various oxide materials [5-7] and a-InGaZnO film.
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Abstract

Calcium-manganate based thermoelectric (TE) oxides of the CaO(CaMnO3s)m
(m=1,2,3,00)-form are good candidates for high-temperature power generation, and
their TE performance strongly depends on their composition, as reflected by the m-
value [1]. We study electronic and vibrational transport properties of these compounds
applying the density functional theory (DFT) to elucidate their electrical and thermal
transport behavior. The electronic properties of these compounds are analyzed in
terms of band structure at the vicinity of the Fermi level (Ef). It is shown that the total
density of states (DOS) values at Er increase with increasing the m-value, which
implies on increase of the electrical conductivity, o, with increasing m-values, in full
accordance with experimental results. Additionally, the calculated values of the
relative slopes of the DOSs at Er correlate with the experimentally-measured Seebeck
coefficients [1].

The electrical conductivity was calculated in the framework of the constant relaxation
time approximation. It is shown that the o behavior is dominated by electron scattering
on the boundaries between perovskite (CaMnOs) and Ca oxide (CaO) layers inside
the crystal lattice.

To elucidate the thermal conductivity behavior, the various contributions to the
phonon relaxation time (t) were calculated and analyzed applying well-established
approaches [2]. We found that the thermal conductivity of CaO(CaMnOsz)m is
governed by contributions from phonon scattering on CaO/CaMnOs layer boundaries
(for m=1, 2, and 3) and Umklapp processes having characteristic relaxation times
which are inversely proportional to the square Grlineisen parameter, y [2]. Our
calculated y—values are close to 3 on average, a value which exceeds the typical value
of y~2. Our computational approach enables illuminating the TE behavior of these
compounds.
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Abstract

Very recent works have highlighted good prospects for boosting
thermoelectric performance in SrTiOs —based materials by introducing A-site
deficiency [1,2]. This work focuses on detailed analysis of the changes in performance
promoted by altering the defect chemistry. To compare the impacts from defect
structure on thermoelectric properties, Ta- and Nb-substituted strontium titanates
were selected as model systems. The prevailing defect types were controlled by
introducing nominal A-site deficiency, from Ruddlesden-Popper-type (RP) and other
oxygen-rich defects, confirmed by TEM (Fig. 1), to oxygen nonstoichiometry,
estimated by TG. Combined electrical conductivity/TG/XPS studies suggest that
presence of cation- and oxygen vacancies is favourable for high mobility of the charge
carriers (Fig. 1). Noticeable deviations from stoichiometric oxygen content were
found to decrease the lattice thermal conductivity (Fig. 1), suggesting good phonon
scattering ability for oxygen vacancies, vacant A-sites and oxygen-excessive defects.
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Figure 1: Temperature dependencies of the electrical conductivity (left), lattice thermal
conductivity (centre) and high-resolutions TEM images (right) of Sry 05 TiggNbo 1035 Sample. The
sample denominations correspond to SrTig.esTao0503:5 (STT5), Sro.g75 Tio.es T@0.0503+5 (S975TT5),
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References:

[1] AV. Kovalevsky, A.A. Yaremchenko, S. Populoh, A. Weidenkaff, J.R. Frade,, J. Phys.
Chem. C. 118 (2014) 4596-4606.

[2] S.R. Popuri, AJ.M. Scott, R.A. Downie, M.A. Hall, E. Suard, R. Decourt, M. Pollet, J.-
W.G. Bos, RSC Adv. 4 (2014) 33720-33723.

68


mailto:akavaleuski@ua.pt

ECT2016 Oral Communications
OA7.7

Materials for high temperature thermoelectric converters
A. Weidenkaff?, A. Veziridis, W. Xie, T. Zou, X. Xiao, M. Widenmeyer, S. Yoon
Institute for Materials Science, University of Stuttgart, Heisenbergstr. 3, DE-70569 Stuttgart,
Germany
2weidenkaff@imw.uni-stuttgart.de

Abstract

Nanostructured chalcogenides (600 K < T < 700 K), half-Heusler compounds (700 K
< T <1000 K), and perovskite-type oxides (T > 1000 K), have been developed and
tested for a large range of high operating temperature. The relation between sample
preparation methods, microstructure, and transport properties are investigated to
obtain high efficiency thermoelectric materials and devices. Perovskite-type ceramics
as well as their nanocomposites are prospective candidates for the high temperature
side of thermoelectric energy conversion processes [1-3] in exhaust gas catalysts,
solar furnaces and solid oxide fuel cells. Here they are combining their catalytic
activity with the thermoelectric function. Their good performance can be explained
based on e.g. their suitable band structures, adjusted charge carrier density, effective
mass and - mobility, hindered phonon transport, electron filtering potentials, and
strongly correlated electronic systems. These properties are tuneable by changing the
composition, structure, crystallites size, interfaces and materials combinations with
tailor-made scalable synthesis procedures. The resulting improved thermoelectric
generators are characterised and tested in diverse high temperature applications to
improve the efficiency and energy density of the thermoelectric conversion process.
The goal is to finally utilize the investigated materials to convert large temperature
gradients from concentrated solar systems and other forms of wasted heat into
electricity.how to prepare your camera-ready to A5 format (14.8 x 21 cm or 5.8 x 8
inches); with the margins: bottom 1.5 cm (0.59 in) and top 2 cm (0.79 in), right/left
margins must be 2 cm (0.79 in).
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Abstract

Donor-doped SrTiOs ceramics show promising features for thermoelectric
applications [1]. In this study, high density Sro.oNdo.1TiOs ceramics with 0.5 wt%
B20s and varying ZrOz content (x=0, 0.2, 0.3, 0,4 and 0.8 wt%) were prepared by the
mixed oxide route. B20z addition allowed densification of the samples at low
temperature of 1673 K in a single step sintering process under reducing atmosphere.
Additionally, the effect of different sintering times (4 to 24 hours) on microstructural
development and thermoelectric properties was investigated.

Structural characterisation of the samples was carried out by both Synchrotron X-ray
diffraction and electron diffraction techniques. Study revealed that the samples had
tetragonal symmetry (S.G. I4/mcm). Microstructural analysis by HRTEM and
aberration corrected STEM-HAADF showed a high density of dislocations and phase-
transformation induced sub-grain boundaries acting as source of phonon scattering,
promoting a low thermal conductivity of ~3.3 W/Km at 1000 K. XPS results revealed
that there was a slight increase in [Ti%*] with ZrO2 content up to 0.3 wt.%.
Furthermore, additions of ZrOz, up to 0.3 wt%, significantly improved electrical
conductivity, resulting from enhanced carrier mobility. This was supported by
transport property measurements showing an increase in power factor mainly
resulting from enhanced electrical conductivity while the Seebeck coefficient was in
the same range for all the samples. In the optimised samples a power factor of 2.0 x
10° W/mK? was obtained at 500 K. This is a ~ 30% improvement with regards the
highest values reported value for un-doped Sro.oNdo.1TiO3 [2]. The highest ZT value
was 0.33 at 1000 K for Sro.9Ndo.1TiOs with 0.5 wt% B203 and 0.3 wt% ZrO2 additions
prepared by sintering at 1673 K for 12 hours under reducing atmosphere.
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Abstract

(Bi — Sr — Co — O) based compounds are among the candidate materials for high
temperature applications as p — type thermoelectrics [1]. High quality Bi2+xSr2Co20y
(X= 0.0, 0.1, 0.2) ceramics were prepared by the mixed-oxide and Spark Plasma
Sintering (SPS) method. Structural characterisation of the samples was carried out by
both Synchrotron X-ray diffraction and electron diffraction techniques. The results
revealed that the samples had misfit type structure with a doubled c-axis. Structural
observations along [100], [010] and [110] directions using aberration corrected
STEM-HAADF showed three distinct arrangements between Cobalt oxide layers Cdl2
type hexagonal structure layers and Bi2Sr.04 Rock Salt layers. The secondary phase
Bio.75Sr0.2501.375 was observed in the microstructure, increasing with the amount of
bismuth doping. HRTEM study showed an ordered Aurivillius type structure for this
phase. The effect of these phases on thermoelectric properties was evaluated. Samples
of Bi2.2Sr2C020y showed lowest electrical resistivity leading to ZT of 0.10 at 900K.
Bi2.2Sr2C020y exhibited the following thermoelectric properties: Electrical resistivity,
p=18-21 mQ.cm, Seebeck coefficient, S = 110-155 pV/K, thermal conductivity, K =
0.6-0.8 W/m.K, and ZT = 0.04 - 0.1 over 300-900K temperature range.

References:
[11 R. Funahashi, |. Matsubara, and S. Sodeoka, Thermoelectric properties of Bi,Sr,C0,0x
polycrystalline materials, Applied Physics Letters 76 (2000) 2385-2387.

71


mailto:nuth.kulwongwit@postgrad.manchester.ac.uk

Oral Communications ECT2016
OA7.10

An innovative n-type thermoelectric oxide: the adaptive
structure of the tetragonal tungsten bronzes Nbg-xWag.xOa7
G. Cerretti,! M. Schrade,? B. Balke,! I. Lieberwirth® and W. Tremel*
nstitut fir Anorganische Chemie und Analytische Chemie der Johannes Gutenberg-
Universitat, Duesbergweg 10-14, D-55099 Mainz, Germany.

2 Centre for Materials Science and Nanotechnology, University of Oslo, FERMiO,
Gaustadalléen 21, NO-0349 Oslo, Norway.

3 Max Planck-Institut fur Polymerforschung, Ackermannweg 10, 55128 Mainz, Germany.
2 cerretti@uni-mainz.de

Abstract

Materials for thermoelectric applications are required to possess a low thermal
conductivity combined with good electrical properties to fulfil the concept of
“phonon-glass electron-crystal”. In this scenario, materials with an engineered
nanostructure can offer an important contribution. Within the structural family of the
tetragonal tungsten bronzes (TTB), the tungsten niobium oxides (Nb,W)17047 [1]
seem to be promising n-type oxides for thermoelectric applications. The general
stoichiometry of these compounds is Nbs-xWs+QOa7, with x = 4 representing the upper
limit of the series. Upon substitution of Nb> by W¢*, the overall charge carrier
concentration can be manipulated to reduce the electrical resistivity down to values
proper of a doped semiconductor material. At the same time thanks to a layered
nanostructure and to the presence of intrinsic crystallographic shear planes, the
thermal conductivity is expected to be maintained constantly low over the whole
substitution range.

Figure 1: Crystal structure of the TTB Nbs.<Ws.xO47 viewed along the c axis. The dark blue and
turquoise polyhedra represent distorted mixed metal-centered octahedra and pentagonal
bipyramids, respectively, with oxygen atoms situated on the corners and a mixed Nb/W
occupancy of the central cation. [2]

Starting from this idea, we synthesized the whole series Nbg-xWo+xOa7 (0 < x < 4)
and we carried out a complete high temperature (above 1100 K) thermoelectric
characterization of the phase pure compounds.
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Abstract

[Bio.s7SrO2]2[Co02]1.82 (BSCO) is one of the best p-type thermoelectric oxide
materials but its structural and electronic properties are little understood. Here we
investigate the crystallographic and electronic structure as well as thermoelectric
transport properties using density functional theory and Boltzmann transport
calculations. BSCO is a misfit-layered compound composed of two incommensurate
subsystems — crystalline hexagonal CoOz2 layers and double rocksalt-type BiSrO2
layers and we identify the most stable structures by considering different structural
approximations between these subsystems. We present a structural model for BSCO
that agrees well with the X-ray data and high-angle annular dark-field imaging and
provide data on its electronic, magnetic and transport properties. We show that Bi-
deficiency leads to a band-gap opening and increases p-type electronic conductivity
of the material due to formation of Co** species that serve as itinerant holes within the
predominantly Co®* framework of CoO: layer. The relationship between the hole-
doping mechanism and the Bi defect, through the changes of the local structure is
evaluated. The reliability of the simulations is supported by the calculated temperature
dependence of the Seebeck coefficient for the Bi-deficient BSCO, which is in good
agreement with the measurements further stressing the importance of the Bi
deficiency for this material. Moreover, we shed light on the apparent stacking disorder
of the BiSrO: layers that can take different arrangements between CoO: layers. We
find that such a disorder arises from the minor energetic difference between different
relative arrangements of CoO2 and BiSrO layers in consecutive layers of BSCO and
can be related to the low thermal conductivity of the material. Our study shows that
the first principle calculations can provide detailed understanding of the properties of
this complex material, which make them a valuable tool for developing and testing
new oxide thermoelectric materials.
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Abstract

Unprecedented thermoelectric properties have been recently reported in p-type single
crystal SnSe with extraordinarily high, positive, Seebeck coefficient and an extremely
low thermal conductivity. These excellent features are described in the threshold
temperature of a structural phase transition from the low temperature Pnma structure
to the high temperature Cmem structure.

In order to enhance thermoelectric efficiency through proper tuning of this material
we report on the structural characterization and assessment of the thermoelectric
properties of doped tin selenide compounds prepared by a straightforward arc-melting
method, which yields nanostructured polycrystalline materials.

SnSe pellets prepared by arc-melting present a nearly perfect stoichiometric structure,
higher Seebeck coefficients and even slightly lower thermal conductivity than single
crystals.[1]

Electron donor effect by Sb doping produces a change in the type of primary charge
carriers, which turnouts into large, negative Seebeck coefficients. Moreover, the
increased amount of Sn defects and the mentioned layered nanostructure, accounts for
a reduction of the thermal conductivity, which is highly desirable for thermoelectric
materials.

Lattice point defects in Ge-doped SnSe have been found to produce a notable effect
in the thermoelectric properties, yet the electrical properties show a semiconductor
behavior with resistivity values higher than that of the parent compound, whereas the
Seebeck coefficient is higher and thermal conductivity lower, favorable to a better ZT
figure of merit.
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Figure 1: a) thermal conductivity and b) Seebeck coefficient vs temperature for Sn;..Ge,Se
(x=0.1, 0.2, 0.3) compounds.
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Abstract

Thermoelectric materials based on non-toxic and abundant titanium disulphide have
been recognised as a possible alternative for the telluride-based alloys utilized at near-
room and mid-temperatures [1]. Several studies have demonstrated a promising
potential of TiSz below 670K, with PF over 1.7 mW/mK at room temperature, and ZT
up to 0.5 at 700 K [1-3]. However, at temperatures above 770K, which are necessary
for the solid-state synthesis of TiS2, self-intercalation of Ti atoms into van der Waals
gap occurs due to deviation from stoichiometry caused by sulphur volatilisation. Such
structural changes affect the charge-carrier concentration and consequently
significantly impact the thermoelectric properties of TiS2 [2]. Moreover, sulphur
losses during the solid-state synthesis and consolidation have been found to
deteriorate thermoelectric properties in several TiSz-based materials [2-4].
Determination of sulphur losses during processing is thus necessary for optimization
of thermoelectric performance of TiSz-based materials. By performing an accurate
analysis of stoichiometry using XRD, TGA and ICP-AES, we determined that
substantial off-stoichiometry can occur during consolidation of TiSz, and that self-
intercalation of Ti-atoms is progressively induced with higher sintering temperatures,
which significantly affects the ZT of the material. We identified pulsed-electric-
current sintering conditions (temperature and pressure) at which bulk TiS2 can be
prepared highly stoichiometric with high bulk density. Furthermore, we found that it
is possible to diminish the sulphur volatilization and suppress the sulphur deficiency
even at high sintering temperatures by using a gas-tight sintering mould. The ability
to consolidate TiSz2-based materials without sulphur deficiency is of crucial
importance for the future engineering of optimal transport properties for achieving
high ZT values.
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The scarcity and cost of tellurium coupled with the limited thermal stability of Bi2Tes
have motivated the search for new Te-free materials for energy recovery, particularly
at temperatures appropriate to low to medium-grade waste heat. Metal sulphides are
attractive candidate thermoelectric (TE) materials, owing to the low cost and ready
availability of sulphur. Here we describe the impact of chemical substitution on the
TE properties of the metal-rich sulphide, shandite, CosSn2S..

The shandite structure consists of two-dimensional kagome-like CosSn layers capped
by sulphur and linked through trigonal antiprismatically coordinated Sn atoms (Fig.
1). Following our recent demonstration that substitution at the tin site markedly
improves the TE figure-of-merit [1], we will describe here the effect of substitution at
the transition-metal site.

Figure 1: Shandite Structure.

Preparation of series Cos-xMxSn2S2 has enabled the impact on TE properties of both
electron (M = Ni) and hole (M = Fe) doping to be explored. Nickel substitution
increases the metallic character of the materials, leading to increased electrical and
thermal conductivities. Conversely, iron substitution leads to a transition from
metallic to n-type semiconducting behaviour and improves the TE properties.
Furthermore, we have combined iron substitution with substitution at the tin site to
optimise the TE properties through synthesis of materials C02.667F€0.333Sn2-yInyS2 (0 <
y < 0.7). Physical property measurements reveal a large increase in the Seebeck
coefficient, which in combination with the reduction of thermal conductivity,
contributes to a further rise of the figure-of-merit, ZT = 0.28 at 473 K.
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Abstract

Tetrahedrite mineral family, one of the most widespread sulfosalts on Earth’s crust,
seems to meet the right features for an attractive sustainable p-Type Pb-free
thermoelectric material, showing relatively high conversion efficiency, achieving a
figure of merit value of almost 1 at 450°C [1,2].

In this work, Ni-Zn co-doped tetrahedrite samples were prepared by Open Die
Pressing one step reactive consolidation method [3], employing previously ball milled
sulphide powder precursors, in order to identify a simple cheap scalable fast
production route for thermoelectric pellets.

The influence of dopant presence and reactive consolidation process parameters on
the tetrahedrite phase content, stoichiometry and density of the samples were
investigated by X-ray diffraction, scanning electron microscope (equipped with
energy dispersive X-ray spectroscopy), and thermogravimetric analysis. Laser Flash
Analysis, electrical conductivity, and Seebeck coefficient measurements were carried
out for obtaining a complete thermoelectric characterization.
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Abstract

Over the last decade, thermoelectric (TE) materials have considerably drawn global
interest in research and development due to the need to find a sustainable future source
of energy. Indeed, numerous sectors could take advantage of the thermoelectric
materials capacity to directly convert the waste-heat into electrical energy and then
contribute to close energy crisis and global climate change. For low and medium
temperature range applications (i.e. below 700 K) best performances are currently
obtained by AgPbmSbTez+m and ZnsShs compounds which exhibit ZT values higher
than 1.70 and 1.35 at 700 K respectively [1]. Nevertheless, the generally complex and
costly synthesis processes, together with the scarce and toxic compounds used,
prevent the use of these complex thermoelectric materials for large scale applications.
Many efforts were therefore been made in order to find new environmentally-friendly
TE compounds which not only exhibits high performance, but also possess the
potential to be produced on large scale. Based on this trend, the high TE performance
together with the potential for economical, large scale production makes sulfide based
TE materials very promising candidates for the construction of competitive TE
generators [2]. In that respect, the high Power Factor (PF) value reported for copper
based ternary sulfides, together with the cheap, non-toxic and abundant precursors
used for synthesizing them, prompted us to further investigations regarding this
system.

Thus, through this presentation, we will describe and discuss the TE properties of
some promising new sulphide compounds.
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Current interest in thermoelectric materials (TE) focuses on their ability to transform
a temperature difference in a voltage difference (Seebeck effect). Similarly, the
obtention of a temperature difference due to an applied electric voltage (Peltier effect),
allows to use them as heat sources and sinks in industrial applications as an alternative
cooling devices. Recently crystalline p-type CuzSe bulk material has been synthesized
with excellent thermoelectric properties [2]. In this work we report a novel approach
on the growth of highly efficient thermoelectric materials via pulse controlled reactive
magnetron sputtering. This technique allows for a fine control of the stoichiometry of
the films, of their texture or crystallographic orientation and of their thermoelectric
properties and it is shown to be fully reproducible and scalable to the industry.
Moreover, the whole process takes place at low room temperature without further
post-selenization or post-annealing treatments, which allows the production of
excellent polycrystalline selenide films even on polymer or flexible substrates. Figure
1 shows experimental results on the promising thermoelectric properties of thin films
of p-type Cua+Se, deposited by our particular reactive sputtering method both at
200°C and at room substrate temperature. The extremely wide range of Cu to Se ratio
in the grown films with nearly constant Seebeck and electrical conductivity values is
due to the segregation of excess Cu atoms in the matrix to Cu nano-clusters at grain
boundaries as observed on TEM images. These results, along with fact that this
material is a high temperature stable super ionic conductor, makes it especially
encouraging for a wide range of applications, reaching a thermoelectric figure of merit
of 1.5 at 1000 K [2].
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Figure 1: Seebeck and electrical conductivity at room temperature as a function of the
compositional ratio Cu/Se @ RT. The values marked with a red cross are taken from [2].
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Abstract

Recently, naturally occurring sulfosalt minerals from the tetrahedrite-tennantite series
(Cu,AQ)10(Fe,Zn,Cu,...)2(Sb,As)sS13  have been proposed for direct use in
manufacturing moderate temperature thermoelectric devices [1,2]. The high
thermoelectric potential of these abundant sulfosalt minerals lies within their
extremely low lattice thermal conductivity and high Seebeck coefficient, giving rise
to ZT values close to unity.

It has been shown that mechanical alloying can be used for their rapid synthesis, either
making use of natural minerals as a starting material [2,3] or even directly from
stoichiometric mixtures of elements [4]. In this contribution, we report on the
microstructure and thermoelectric properties of mixtures of natural and synthetic
tetrahedrite prepared via two different routes: simple mixing and grinding in an agate
mortar and high energetic ball milling.
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Abstract
Sulfosalt minerals such as tetrahedrite and bornite [1,2,3,4], exhibit promising
thermoelectric properties thanks to their intrinsic low thergf@i™~cbdrductivity and

% estigated the

tunable electronic transport properties. In the present work, we '
thermoelectric transport properties of solid solution of borpi ex (0<x<0.6)
compositions in the temperature range of 300-620™K. Sel sulfur substitution
results in a significant reduction in electric i pristine CusFeSs,
which leads to an improvement in the power . al resistivity has been
reduced effectively by nearly an order of magnl d to the pristine bornite
with selenium substitution. The electrical re ,...1 ) es from ~ 22 mQ cm for the
pristine CusFeS4 to ~ 3.95 mQ cm for Cu ¢ room temperature as shown
in Figure 1. A maximum power factor \ J W/mK? is attained at 615 K for
x = 0.3 composition. Thermal transpgft e ents indicate a reduction in lattice
thermal conductivity by introduction\0f selenjum at the sulfur site. Surprisingly, the
Hall effect measurements indi arrier concentration decreases with the
increase of selenium concentr, parabolic band approximation calculations
indicate that the reduction i
attributed to the reductig
originating from the
attained at 620K f

Cl

p{mQ.cm)

T(K)
Figure 1. Temperature dependence of the electrical resistivity in the series CusFeS,.«Sex
(0<x<0.6).
References:

[1] X. Lu, D. T. Morelli, Y. Xia, F. Zhou, V. Ozolins, H. Chi, X. Zhou and C. Uher, Adv.
Energy Mater. 3 (2013) 342.

[2] T. Barbier, P. Lemoine, S. Gascoin, O. |. Lebedev, A. Kaltzoglou, P. Vaqueiro, A.V.
Powell, R.I. Smith and E. Guilmeau, J. Alloys Compd. 634 (2015) 253.

[3]1 [3]P.Qiu, T. Zhang, Y. Qiu, X. Shi and L. Chen, Energy Environ.Sci. 7 (2014) 4000.

[4] [4] G. Guelou, A.V. Powell and P. Vaqueiro, J. Mater. Chem. C. 3 (2015) 10624.

84


mailto:emmanuel.guilmeau@ensicaen.fr

ECT2016 Oral Communications

A10. Organics

85



Oral Communications ECT2016

86



ECT2016 Oral Communications
OA10.1

Flexible thermoelectric generators using organic materials by
printing process
E.J. Bae, Y.H. Kang, and S.Y. Cho?
Division of Advanced Materials, Korea Research Institute of Chemical Technology, 141
Gajeong-ro, Yuseong, Daejeon 34114, Korea

ascho@kerict.re.kr

Abstract

Thermoelectric energy conversion is an attractive and environmentally friendly way
to recover energy from industrial waste heat or natural heat because of its potential
for improving the energy efficiency. As thermoelectric materials, organic materials
have unique advantages, such as cost effectiveness, low intrinsic thermal conductivity,
high flexibility, and amenability to large area applications. Therefore, organic
conducting polymers, which possess good electrical conductivity, have been actively
researched. Herein, we present a convenient method for enhancing the thermoelectric
properties of inorganic-based  nanostructures coated with  poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) ~ (PEDOT:PSS)  (PEDOT:PSS
hybrid) by simple chemical treatment. Significant enhancement of the electrical
conductivity of PEDOT:PSS hybrids was achieved by simple chemical treatment with
H2S0a4. The power factor of the developed materials could be effectively tuned over
a very wide range depending on the concentration of the H2SOa4 solution used in the
chemical treatment. The power factors of the developed thermoelectric materials were
optimized to 284 uW m™K?2 Using the BiTe-PEDOT:PSS hybrids, a flexible
thermoelectric generator that could be embedded in textiles was fabricated by a
printing process. This thermoelectric array generates a thermoelectric voltage of 2 mV

using human body heat [1,2].
M iR

Figure 1: (a) Generation of electricity by grabbing both sides of the thermoelectric array at room
temperature; (b), (c) images of the flexible and twistable thermoelectric generator comprising
240 legs arranged in four rows, and (d) demonstration of the thermoelectric generator embedded
in a glove for the generation of electricity by human body heat.
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Abstract

Nanocomposites of conjugated polymers and carbon nanotubes are promising
materials for large-area thermoelectric generators that operate at room temperature.
They combine the high electrical conductivity of nanotubes with the low thermal
conductivity and solution processability of polymers. While encouraging power
factors have been achieved for composites with positive Seebeck coefficients (S>0,
p-type) [1], air-stable organic n-type materials pose a real challenge. Here we report
on composites of regio-regular poly(3-hexylthiophene-2,5-diyl) (rr-P3HT) and
nitrogen-doped multi-walled carbon nanotubes (n\CNTS), which can exhibit either S>0
or S<0. N-type behavior can be obtained by increasing the nCNT content of a p-type
composite. However, we found a more powerful way by UV-irradiating a solution of
p-type composite during deposition [2] (see Fig. 1). Using the developed method, we
demonstrate a thermoelectric module, where both types of legs are deposited from the
same solution and whose design takes full advantage of flexible substrates.

2

] [ [
20 30 40 50 60
AT[K]

Figure 1: Seebeck voltage versus temperature difference for a P3HT/CNT composite as a
function of UV irradiation.
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Abstract

Room temperature thermoelectric application of conjugated polymer poly(3,4-
dioxyethylenthiofene) (PEDOT) has recently gained a lot of attention due to its
peculiar features such as low cost, safety and possibility to easily process it, which
makes it an interesting alternative to tellurides commonly used in this field [1]. In
spite of these advantages, nowadays the main drawback of PEDOT is its low
thermoelectric efficiency that has still to be successfully addressed. Two interesting
paths have been explored: the first involves the development of PEDOT based
nanocomposites [2], including nanostructured material into the polymer, in order to
generate nanometric size related effects (e.g. energy filtering). The second one deals
with the optimization of the oxidation state of the polymer, since it sets its electronic
properties [3]. Considering both strategies, we prepared PEDOT nanocomposites,
embedding inorganic nanoparticles (INPs) of Mn3O4 and CuO (Figure 1) in different
concentration, and achieved a fine tuning of the oxidation state through an
electrochemical path. This combined strategy allowed to analyse the dependence of
the electric and thermoelectric properties on the applied electrochemical potential
(Figure 2). Results will be discussed, showing the correlation between the two
transport coefficients and the nanocomposite oxidation state.
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Figure 1: SEM image of PEDOT
CuO nanocomposite (NP density of Figure 2: PEDOT:Tos conductivity and Seebeck

10%cm®), showing proper coefficient as a function of its electrochemically set
dispersion of INPs (white spots). oxidation level.
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Abstract

The classical inorganic thermoelectric materials exhibit good thermoelectric
efficiency in terms of figure of merit ZT (ZT=S%cT/x) where S, ¢ and x are the
Seebeck coefficient, the electrical and thermal conductivities, respectively. Most of
them become from tellurium derivates such as BizTes, SboTes, PbSeTe or PbTe.
However, even with their relative high thermoelectric efficiency, this kind of materials
present several drawbacks when it comes to the fabrication of thermoelectric
generators, such as scarcity of raw materials, high cost of production, and toxicity.
Recently, organic semiconductors such as conducting polymers have become very
important in the development of new thermoelectric materials, since these materials
can solve the problems associated to the cost and the toxicity, because they are cheap
and non-toxic. However, conducting polymers are not very efficient compared with
classical inorganic thermoelectric materials. For this reason in this work we provide
several routs to increase the thermoelectric efficiency, such as: chemical and
electrochemical de/doping [1] [2] [3] and synthesis of hybrids materials using
conducting polymers and inorganic thermoelectric materials (Tellurium). With these
tools it is possible to increase the Power Factor (PF = S? 6) until values around 300
UW/m K2,

Figure 1: PEDOT-Te film.
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Abstract

While material scientists in thermoelectrics traditionally focus on improving ZT, for
the production of a working TE-Module many more factors come into play. This is
especially true for organic thermoelectrics, were traditional module assembly methods
cannot be applied. However, organic materials allow for extremely cost-effective
production methods like printing. In order to make use of these new production
techniques, the thermoelectric materials need to fulfill particular requirements, which
research has not taken into account yet. We will show an innovative interplay of
material design and production technology on the basis of roll-to-roll printed organic
TEGs manufactured by otego[1].

From an application point of view, more, or at least equally important parameters in
comparison to ZT are 1) processablility from solution, 2) air stability, 3) cost and 4)
scalability. To prove this point, we will present a roll-to-roll printed, organic TEG.
Although this TEG is based on commercially available PEDOT:PSS with ZT=0.003,
it is already able to power a wireless sensor-node which transmits temperature
measurements via Bluetooth.

OTEGO

low-cost material:
semiconductor

Figure 1: The interplay of a printable organic semiconductor and a scalable production method
allows for the production of cost-effective TEGs.

References:
[1] www.otego.de/en
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Abstract

While thermoelectricity strives to become a viable renewable energy source for wide-
scale applications, a debate still divides the academic community regarding its energy
conversion efficiency.[1] In this presentation, we take a look at some unconventional
thermoelectric materials, such as doped polymers, or carbon based composites, which
could soon enable a significant performance improvement. On this occasion, we also
discuss some ideas developed in our own group, such as the versatile oxide based
thermoelectric pastes,[2,3] or the supported thin layer approach.[4] The prospects of
the mentioned materials for commercial implementation are underlined, while the
advantages of such flexible, environmentally friendly composites are also revealed.
Moreover, the general idea of combining several renewable energy sources into better
performing hybrid devices is further promoted (see Fig. 1). Although momentarily
still overlooked, such interdisciplinary research might hold the key to a broad
introduction of sustainable energy facilities,[1] bringing Anastas’ and Warner’s 12
principles of green chemistry closer to realization.

Figure 1: Artistic depiction of a hybrid device, which would combine thermoelectricity,
photovoltaics and photoelectrocatalysis for a higher energy conversion efficiency.
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Abstract

Thermogalvanic conversion is currently attracting much attention as an alternative
path to produce electricity from low-grade waste heat [1]. To enhance the
thermogalvanic cell performance, improvements are made, in particular, through
electrode materials, redox-couples and electrolyte types. Recently, it has been implied
that in charged colloidal suspensions, such as ferrofluids (i.e., suspensions of magnetic
nanoparticles (NPs)), the Seebeck voltage induced by the thermodiffusion of colloidal
particles can further enhance the overall thermoelectric effect [2]. Moreover, it has
been shown that the thermodiffusion effect of NP can be greatly increased by the
application of a magnetic field [3]. Here we present the Seebeck coefficient (Se)
measurements of two ferrofluids: DiMethyl SulfOxide based ferrofluids (DMSO-FF)
with ferrocene/ferrocenium redox couple [4] and water based ferrofluids (H20-FF)
with ferricyanide/ferrocyanide redox couple. In both systems, the Seebeck coefficient
was measured as a function of magnetic field and the NP concentration. The magnetic
field ranging between 0 and 0.5 T was applied either in parallel or perpendicular to
the temperature gradient. It has been found that the application of magnetic field
increases the Seebeck coefficient by as much as 25 % as expected from in-field
thermodiffusion measurements performed on these ferrofluids. The observed
phenomena are analysed in terms of competing thermogalvanic (redox couple) and
thermodiffusion (NP) effects. Further insight into achieving higher thermoelectric
conversion efficiency by tuning the solvent and NP properties is also presented.
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Abstract

Many intermetallic compounds containing chalcogens have already been discovered
from a structural point of view but for most of them no physical properties have been
reported. Moreover, a literature survey tends to indicate that a large number of
unknown phases are expected to be discovered with a systematic approach since many
of these systems have not been thoroughly examined. In conclusion, clearly,
chalcogenides phases have the potential to bring diverse structures and properties, and
their further study is of great importance.

For example, chromium selenides based compounds have shown the potential of this
family of compounds for thermoelectric applications. It is for instance the case of the
new ternary BaxCrsSes, in which the cations sit within the infinite channels formed by
the [CrsSes]™ anionic sub-network. The complex ordering of the cations lead to an
extremely small thermal conductivity of less than 1 W/(mK), that together with a large
Seebeck coefficient, produces thermoelectric figure of merit above of 0.1 at 900K.
This example validates the fact that, indeed, attractive properties can be unveiled.

In this contribution, the first result of our systematic exploration will show that in
certain systems, physical properties are promising and that the richness of these
systems probably still hides some interesting materials. In addition to the known
phases, new ternary intermediate phases have been isolated. We will present here the
crystal structures refinements, based on transmission electron microscopy and X-ray
diffraction data, as long with physical properties obtained by means of magnetic and
transport properties measurements.

97


mailto:david.berthebaud@ensicaen.fr

Oral Communications ECT2016
OAl14

p, n control in thermoelectric borides and sulfides
T. Morit22, S, Maruyamal®, N. Tsujiit¢, A.U. Khan4, R. Gautier3¢
and J.-F. Halet3f
INational Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba, 305-0044, Japan
2University of Tsukuba, 1-1-1 Tennodai, Tsukuba 305-8573, Japan
SUniversité de Rennes 1, CS 50837, 35708 Rennes, France
2MORI.Takao@nims.go.jp, "MARUYAMA.Satofumi@nims.go.jp, “TSUJII1.Naohito@nims.go.jp,
IKHAN.Attaullah@nims.go.jp, éregis.gautier@ensc-rennes.fr,
fiean-francois.halet@univ-rennesl.fr

Abstract

Developing good p- and n- type pair thermoelectric materials is an important and often
difficult aspect for moving forward thermoelectric application. I will present recent
advancements we have made on this for high temperature borides and low to mid
temperature sulphides. Excellent (Ja/>200 puV/K) p-type or n-type characteristics
could be controlled in YAIxBa4 by varying occupancy of the Al site (Fig. 1) [1]. This
is p, n control with same crystal structure (i.e. good matching) and no necessity for
doping of foreign elements (i.e. no migration problems). The discovery is surprising,
since in metal borides, the metal site occupancies are typically with small
homogeneity region. Theoretical investigations reveal the stable configuration of the
atomic sites and density of states variation behind the thermoelectric properties. | will
present recent further development we have carried out on the aluminoborides.
Regarding sulfides, we have previously discovered high power factors at 300 K, for
carrier-doped CuFeSz. We have proposed that magnetic semiconductors can have
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present this also. Figure 1: View of crystal structure and Seebeck coefficients
of YALB[1].
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Abstract

Current, Seebeck-coefficients (SE) and maximal power output (Pmax) of
thermoelectric generators using ionic liquids (ILs) were measured to determine the
optimal temperature window for their use as in a range between 100-2500C. The
thermoelectric current extraction was identified to be a key factor based on dissolving
redox-couples (12/1-) that are added to the IL and the charge transition from the IL and
the electrode. The experiments are carried out in a thermoelectric cell, where the IL is
sandwiched between two electrodes [1]. Experimentally we determinate an increase
of electrical power of more than 35 times while keeping the temperature difference of
the two electrodes constant at 20 K and increasing the temperature of the hot electrode
T(hot) from 30°C to 165°C whereby the heat-flow increases only 3.5 times.

Despite a decrease of Seebeck-coefficient by heating up the TEG the current increases
continuously at increasing T(hot). Apparently, heating overcomes the activation
energy for both, the bulk conductivity and the carrier extraction from the liquid and
the solid electrodes. Saturation of the effect was not reached in the currently used
generator with temperatures up to 1650C, using silicone as packaging material for the
generator. A new TEG concept (compatible for T(hot), up to 250 ° C) was developed
and the thermo-electrical properties (SE, I, Pmax) of different ionic liquids were
determined in this temperature range. The challenges and the potential of ionic liquids
for thermoelectric applications in high temperature range, e.g. in the automotive
industry, was discussed.

References:
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flexible micro-thermo-electrochemical generators based on ionic liquids, Journal of
Electronic Materials 43 (2014) 3759.
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Aiming to improve their transport properties, Dresselhaus et al. [1] have theoretically
demonstrated that the use of low-dimensional systems can reduce its lattice thermal
conductivity. Since 2000’s the electrodeposition of nanowires in ion track-etched
polycarbonate membranes (PCM) used as template has become one of promising and
competitive processes due to its low-cost and simplicity [2]. It appears that pore
diameter, potential of deposition and concentration of the bath are considered as
important factors to be adjusted in order to obtain the desired composition, crystalline
structure and morphology of the nanowires [3].

Nanowires (NWs), p-type bismuth-antimony-tellurium-based, were electrodeposited
for different deposition potentials. Calibrated TEM-EDX analyses and XRD patterns
showed a transition from Te-rich to BiosSb15Tes nanowires between 0 and -100mV
associated to increasing content of antimony with the deposition potential. High-
resolution transmission electron microscopy revealed polycrystalline NWs and
smooth morphology along the length of NW. Specific experimental setup was used in
order to measure the Seebeck coefficient and the output power of a nanowire bundle
across of the membrane thickness. It appears that an optimal chemical composition
Bio.4Sb14Tes2 was detected exhibiting maximum values at 300 K of 140 pV/K for
Seebeck coefficient and of 4.8 nW/cm? for output power factor. These results were
associated with electrical properties of individual NWs performed trough 4-probe
device in PPMS system in the temperature range 10K-400 K.
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Abstract

Ybo.2Co4Shi2 displays the best figure of merit (ZT = 1.2 at 800 K) among single filled
AxCo4Sbi2 (A = alkaline earth, rare earth). Since its lattice thermal conductivity is still
high (AL = 2.8 W m'? K1 at 300K), further improvements of the figure of merit should
be gained by scattering heat carrying phonons at the grain boundaries upon grain size
reduction to nanometric sizes. Prior to nanostructuration, we re-examined the
YbxCo4Sh12 series (0 < x < 0.5) synthesized at 800 °C, a temperature which allows a
larger Yb solubility limit (xim) to be reached [1]. xim = 0.4 rather than xiim = 0.25 is
indeed obtained and the best ZT = 1.3 at 700 K is found for x = 0.25 (not for x = 0.20).
YbxCo4Shi2 (x = 0.20, 0.25) compacts with exceptionally small grain sizes in the 90 —
120 nm range (Fig. 1) were synthesized by high energy milling and spark plasma
sintering. A mechanism to reach these small grain sizes will be discussed in
relationship to XRD, SEM and TEM data. This very fine microstructure leads to a
reduced lattice thermal conductivity (AL = 1.4 W m* K at 300K) and an improved
ZT=1.4at 700 K.

Figure 1: SEM picture of nanostructured Yb,,C04Sh;,

References:
[1]1 Y. Tang, S.-W. Chen and G. J. Snyder, Journal of Materiomics 1 (2015) 75.
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Abstract

Thermoelectric (TE) device appear as an alternative solution to one of the major
problems in this XXIth century concerning the energy crisis and environment
deterioration. This technology have the capability in converting waste heat into the
electricity thus contributing to a sustainability system [1]. TE alloys exhibit interesting
properties to use in TE energy conversion such as: zero emissions, vast scalability,
low maintenance, and long operating lifetimes. However, nowadays the TE devices
are still the limited application mainly because of its low energy-conversion efficiency
and corresponding high material cost. Recent investigations have shown that
nanostructuring these materials can enhances the thermoelectric figure of merit (ZT)
due the phonon scattering at nanodomains. For a long time the ZT has been limit to 1
in the most common TE materials. Here, ZT is defined as ZT=(S?c/x)T, where S, o, k
and T are the Seebeck Coefficient, electrical conductivity, thermoelectric conductivity
and absolute temperature, respectively [1]. Thus, increasing the ZT through nanoscale
reduction, it may increase the energy-conversion efficiency. The main goals of the
present work are the production of efficient n-type Bi2Tes and p-type Sh2Tes thin films
with nanometre thickness in order to be below the phonon mean free path of these
materials. The films were deposited by lon Beam Deposition in different substrates
with thickness ranging from 40 nm up to 150 nm. The aims are to growth TE thin
films in Si substrates and in flexible substrates such as PET and Kapton to support
low temperatures working operation (T<200°C). In addition, the influence of post-
deposition annealing in structure, electrical and thermoelectric properties in these
materials are analysed and discussed [2].
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Abstract

Silicon is a remarkably useful element. Its abundance, low cost and low toxicity,
combined with vast practical know-how means it is a leading material on which to
base technologies. However for good reason, certain applications have under-utilised
Si, with thermoelectrics (TE) being one example. Compared to other materials,
highly-doped Si has desirably large Seebeck coefficient and high electrical
conductivity, but these are negated by high thermal conductivity, meaning that TE
performance is relatively poor for bulk Si, about 100-fold worse than for popular TE
materials.

This paper will progress some of the methods currently being explored to reduce the
Si thermal conductivity, highlighting the significant engineering challenges involved,
particularly as solutions until now have involved substantial alteration of the Si crystal
structure, such as the introduction of porosity or the formation of nanowires or
nanostructures. We will describe a range of successful alternative processes — such as
so-called vacancy-engineering [1] — which, via ion implantation and rapid-thermal
annealing, leaves the Si structure almost indistinguishable from bulk Si. This novel
approach shows that the introduction of large concentrations of lattice vacancies in
silicon creates more than a 25-fold reduction in thermal conductivity, while electrical
conductivity and Seebeck coefficient are largely maintained. This results in
thermoelectric performance comparable to silicon nanowires, but in a more robust
material that is straight-forward to fabricate [1]. Other novel strategies for Si
thermoelectrics being explored by our group — such as dislocation-engineering [2] —
will also be discussed, as will our recent work in up-scaling these methods to first,
thin-films [3], and ultimately to bulk materials.

References:
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Abstract

Polysilicon materials doped via ion implantation are conventional CMOS compatible
materials, which can be used for thermoelectric applications. The long anneals after
ion implantation provoke a high thermal budget. In order to reduce the thermal budget,
in-situ doped materials with rapid thermal anneal were investigated. The residual
stress is released and the throughput is enhanced with this process integration. The
aim of this study is to investigate Si-based in-situ doped materials and to determine
the influence of the process parameters on physical, chemical and thermoelectric
properties.

Processes and characterizations were carried out in a state-of-the-art cleanroom (ISO
6 class 1000) on industry standard tools. Thin films with a typical thickness of 250nm
were deposited. The process characterization was carried out on 300mm unpatterned
wafers using spectroscopic ellipsometry, sheet resistance, scanning electron
microscopy, X-ray diffraction and time-of-flight secondary ion mass spectrometry.
Figure 1 shows the resistivities and scanning electron microscopy results for the
different processes with rapid thermal anneal. The thermoelectric properties were
determined on 150mm patterned wafers. The investigations will show a first LPCVD
in-situ doped silicon process screening.

The materials will be used within the ECSEL project Admont for CMOS compatible
applications. Some of these applications are thermoelectric infrared sensors and
thermoelectric generators via energy harvesting.

LPCVD in-situ doped silicon
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Abstract

High improvements have been achieved in thermoelectricity field in the last years,
mainly through two different approaches: the nanostructuration and the use of
complex materials. The main goal in this new kind of materials is the decoupling of
electrical and thermal conductivity, being essential to enhance the thermoelectric
figure of merit[1]. Within this framework, an important goal was achieved through a
new method to obtain doped-Skutterudite nanocomposites with the combination of
high energy milling in air and spark plasma sintering (SPS) (Fig. 1a). The effect of
the functional interfaces between the conductor material (Te doped-CoShs) and the
oxide inclusions was studied, corroborating the importance of these interfaces, which
act as effective phonon scattering and trapping centers, thus, reducing the thermal
conductivity. With this low value of the thermal conductivity by nanocomposite effect
and low electrical resistivity by doping, high figure of merit of 1.3 at 790 K for
CoShz.5Teo.15 nanocomposite was achieved (Fig. 1b).
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Figure 1: (a) Comparison between Log (electrical resistivity) and thermal conductivity of

undoped CoShs; nanocomposite and Te-doped CoSh; nanocomposite;.(b) zT measurements for

both nanocomposite samples. The decrease of the electrical resistivity by doping while

maintaining the thermal conductivity by the effect of functional interfaces increase zT by a factor

of 10.
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Abstract
The errors in determination of thermoelectric figure of merit Z with the use of known
methods and equipment can reach 20-25%, which is an impediment to solving
material science problems of Z increase. \
The paper presents the results of using computer simyia 9‘ methods for
determination of the most important reasons giving rise to ‘:% st, they are
governed by the technique itself of finding Z. It is estabh N,v; en making a
selection of techniques preference should be absolute method.
Second, when using the absolute method the m ns for the origin of
of temperature and
ic and thermal contacts
e sample surface and local
removal with measuring

electric fields in a sample due to inferior qu
adjoining the sample, radiation and other heaflc
distortions of temperature fields becal
thermocouples.

Techniques for measuring Z, o, o, K e
correct geometry samples, attachme of special conducting elements with
low values of contact and th ces, application of thermal switches
eliminating heat removal fro es with measuring thermocouples, and ending
with gradient screens with ri imizing heat transfer due to radiation along
the sample surface.
Measuring procedure i

cloped, beginning with creation of

ial method of electric conductivity measurement

reducing the influ of eltier effect by creating at the sample ends of equal
temperatures using\a spe ater that compensates the action of the Peltier effect.
The measurement: ves and processing of their results are computer-aided in

order to eliminate theefféct of human factors on measurement process.
Measurement procedure also employs additional sample heat-ups in going from one
measured temperature to the other by passing an electric current of special shape
through the sample.

The measurement procedure and equipment are calibrated.
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Abstract

The thermoelectric performance of the device can be measured using a heat source
and a heat sink. Conventionally, a block, located between the heat source and the
device, with known geometry with temperature sensors in it was used to determine
heat flux flowing from the heat source to the device. In this case, heat loss through the
block cannot be avoidable, which could affect measurement accuracy. Here, we have
developed the measurement setup which utilized two heaters in the heat source to
accurately measure heat flux through the thermoelectric device. A heater, e.g., control
heater, controls temperature of the other heater, e.g., main heater, which is located
right on the top of the device. In this way, heat generated in the main heater can only
dissipate through the device. Also, we suggest an apparatus to implement uniform
pressure on the device, which is critical in thermal contact between the device and the
heat source/heat sink. The measurement setup was located in a vacuum chamber
surrounded by radiation shields so that convectional and radiational heat losses were
minimized. With this setup, we present data of both the power generation and
refrigeration purpose of thermoelectric devices. This measurement scheme should be
useful for those of who needs accurate measurement on performance of a
thermoelectric device.
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Abstract

Thermoelectric devices can be used as coolers, heaters, power generators and heat
flux sensors. In this work we present a new application: thermal conductivity sensors
for disc shaped samples. The method involves a simple setup where a squared
thermoelectric module with similar size to that of the disc sample is attached to a
copper block, acting as a heat sink, at the bottom side, and the disc sample is attached
to the top side (see Fig. 1).

Disc sample

Thermoelectric

module ~

Heat sink

Figure 1: Setup used for the measurement of thermal conductivity of disc samples with a
thermoelectric module.

Impedance spectroscopy measurements are performed under this setup at room
conditions. From these measurements different parameters can be calculated which
relate to the thermal conductivity of the sample. The relationship with the thermal
conductivity was evaluated employing reference materials and the repeatability and
accuracy was estimated.
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Abstract

Thermoelectric (TE) materials are designed to convert heat into electrical energy, with
no moving parts involved, completely silent and very reliably with proved operation
times over decades in space applications. In order to apply thermoelectric generators
(TEG) successively to terrestrial waste heat applications, high temperature TEG
modules are currently developed worldwide by many research groups and industrial
players.

Hence, precise metrology for TEG builds the base for a reliable assessment on the
development progress and gives crucial input information to system design and on the
applicability of TEG modules in terms of stability and effective performance.
According to results of an international round robin (RR) campaign on TEG
characterization up to temperatures of 470 K the deviation of the module efficiency
was determined to be higher than 15 %, while the discrepancy of the thermal
characterization exceeded occasionally even 30 % for the conducted heat flow
measurements. Since these deviations are too high for an industrial benchmark and
deficient for many scientific investigations and technological developments, tests
have been conducted to quantify the achievable accuracy of the commonly employed
reference principle for heat flow determination. Based on experimental data and FEM
simulations the reference principle turned out to be limited to a heat flow uncertainty
of approximately 20 % under best measurement conditions, whereas non-uniform heat
flow distributions and parasitic heat losses entailed increased uncertainties of up to
34 %, which is in good agreement to the outcome of the RR test. Furthermore, a
method for absolute heat flow determination, which is formally known as the guarded
hot plate method (GHP), was developed and investigated thoroughly for the
achievable accuracy. Results obtained from finite element modelling assisted
parametric studies on the GHP-apparatus demonstrate the enhanced accuracy and give
proof of the effectiveness of active thermal guarding for thermal TEG
characterisation. Between room temperature and 1020 K the resulting uncertainty for
heat flow determination was proofed on different samples to be below 3 %. Variances
of the measured electrical power output of Bi2Tes-based TEG revealed an expanded
uncertainty for the efficiency of 4.5 % for temperatures up to 470 K. Thus, the GHP
method represents a superior approach for precise and traceable metrology for high
temperature TEG, which exceeds the accuracy of the reference principle at least
fourfold.
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Abstract

The lattice thermal conductivity of a crystalline material is significantly reduced by
the introduction of morphological defects such as dislocations, internal surfaces,
precipitates, nanovoids, and other extended (2D and 3D) defects which affect the
phonon mean free path. Since performing thermoelectric materials require efficient
phonon scatterers marginally impacting on the electrical conductivity, it is not
surprising that over the last few years a large number of papers had appeared
proposing sophisticated theoretical approaches to the analysis of phonon scattering.
Specifically, the analysis of the reduction of thermal conductivity due to grain
boundaries and porosity has motivated a revision of the standard kinetic model. A
frequency-dependent phonon mean free path (mfp) was proposed, overcoming the
standard grey model. It was actually advanced that, paradoxically enough, about 60%
of the total heat flowing in silicon is carried by phonons with a mfp longer than the
grain size.

We will discuss the dependency of the thermal conductivity on the size, shape, and
density of morphological defects (MDs). Two interlaced fundamental issues are aimed
at, namely (1) whether the grey model may actually be used to explain the reduced
thermal conductivity observed in defective crystalline solids and its temperature
dependency; and (2) how heat may be possibly carried through internal surfaces by
phonons with wavelengths larger than the crystalline domain. To this end, a combined
approach is followed. Single-crystalline and polycrystalline silicon films, either
porous or non-porous, were investigated so to compute their thermal conductivity by
non-equilibrium molecular dynamics simulations. Results are compared with
literature data on polycrystalline silicon films. The co-presence of more MDs allowed
estimating their interplay, possibly shedding some light on the mechanism of phonon
filtering at internal surfaces.
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Abstract

There has been an increased interest in exploring methods to reduce lattice thermal
conductivity that do not rely on the concept of nanostructuring. Recent investigations
have indicated a link between a low thermal conductivity and proximity to a structural
phase transition, for example, in PbTe [1,2] and SnSe [3]. Building on this idea, we
predict from first principles that driving PbTe near the transition from rocksalt to
rhombohedral structures will significantly reduce the thermal conductivity [4]. We
illustrate this concept by applying biaxial tensile (001) strain to both PbTe and its
alloy with rocksalt PbSe, and also by alloying PbTe with rhombohedral GeTe. We
find that the considerably softened zone centre optical modes lead to increased
acoustic-optical phonon coupling, which significantly decreases phonon lifetimes and
thermal conductivity.

We further generalise this concept by investigating the thermal conductivity of both
rocksalt and rhombohedral (Pb,Ge)Te alloys. We predict that (Pb,Ge)Te alloys driven
near the ferroelectric phase transition will have considerably reduced thermal
conductivities in comparison to both PbTe and GeTe. We also find that the thermal
conductivity changes continuously between rocksalt and rhombohedral structures,
and reaches a minimum near the point of transition. This proposed concept may open
new opportunities for the development of more efficient thermoelectric materials.
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Abstract

In spite of naturally poor thermoelectric ability of graphene, it has been shown that
various strategies of nanostructuring may be used to achieve very high thermoelectric
performance.[1,2] However, the approaches to enhancing the thermoelectric figure of
merit are usually based on the reduction of phonon thermal conductance and generally
accompanied by an undesirable degradation of the electrical conductance.[3,4]

Since electronic properties are among the most intriguing ones of graphene, it is
naturally targeted to achieve an enhancement of thermoelectric performance without
degrading electronic transport. For this aim, we propose here a graphene structure as
sketched in Fig. 1(a), made of a ?C nanoribbon with the presence of a fraction of 4C
isotopes or/and vacancies at positions (along the width) m = 3i, where the electron
density is very small. By means of atomistic simulation, we show that the electrical
conductance is fully persevered while the phonon conductance is strongly reduced
(Fig. 1(b)). The maximum of ZT reaches about 0.49 for the structure of width M =5
and length La = 64 nm with only 1“C isotope doping and is even as high as 0.96 with
the addition of vacancies at positions 3i. The red curve in Fig. 1(c) shows that ZT > 3
can be achieved at room temperature in long devices of length La > 700 nm.
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Figure 1: (a) Schematic of an armchair graphene ribbon (*2C) in the presence of *C isotopes and
a single vacancy at m=6. (b) Electrical (300K) and Phonon conductance without
(clean structure) and with isotopes and vacancies. (c) Maximum value of ZT as a
function of the device length La.
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Abstract

It has been shown recently that SiGe-based thermoelectric materials prepared by
mechanical alloying followed by different consolidation method demonstrate a large
enhancement in figure-of-merit (ZT). We report on thermoelectric properties of p-
type boron doped nanostructured bulk SiosGeoz synthesized via spark plasma
technique. Characterization of thermoelectric properties of the samples revealed that
the enhancement of ZT is due mainly to the nanostructuring-induced reduction in the
thermal conductivity. Thermal conductivity of the studied p-type SiGe alloys sintered
at different conditions, industrial radioisotope material (RTG) [1] and n-type bulk
nanostructured sample [2] sintered at temperatures from 1050 to 1100 K is shown in
Fig.1. Power factor of the studied material was also slightly enhanced due to energy
filtering of hot carriers at the interface.

(ser. 1) F5/2h 1050
(ser. 1) F5/2h 1100
(ser. 1) F5/2h 1150
(ser. 2) F5/1h 1050
(ser. 2) F5/1h 1100
(ser. 3) F7/2h 1050
(ser. 3) F7/2h 1100
RTG p-type [ref. 1]
SiGe SPS 1100 n-type [ref 2]
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Figure 1: Thermal conductivity of p-type SiGe nanostructured bulk alloys sintered at different
conditions
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Abstract
Bi-Tes alloys present the best thermoelectric performance for room temperature
applications. We show that it can be readily prepared in nanostructured form by arc-
melting synthesis, a rapid and straightforward preparation technique [1]. It yields
mechanically robust pellets of highly oriented polycrystals. This material has been
characterized by neutron powder diffraction (NPD), scanning electron microscopy (SEM)
and electronic and thermal transport measurements. A microscopic analysis from NPD
data demonstrates a near-perfect stoichiometry of Bi.Tes, and a fair amount of
anharmonicity of the chemical bonds. The as-grown material presents a metallic
behavior, showing a record-low resistivity at 320 K of 2 pQ m, which is advantageous
for its performance as thermoelectric material. SEM analysis shows a stacking of
nanosized sheets, each of them presumably single-crystalline, with large surfaces
perpendicular to the c crystallographic axis. This nanostructuration notably affects the
thermoelectric properties, involving many surface boundaries that are responsible for
large phonon scattering factors, resulting in a thermal conductivity as low as 1.2 Wm-~
K- around room temperature.

In n-type Biz(Te1-xSex)s solid-solutions thermal conductivity is further reduced to 0.8
WmK-t around room temperature. Se

doping increases absolute Seebeck

coefficient values up to 80 pVK™. Both = prnn
nanostructuration and doping contribute
to a higher thermoelectric efficiency.
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Figure 1: Bj;Tes with very low resistivity.
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Abstract

Nanostructuring of materials is commonly put forward as a means of improving
thermoelectric efficiency above their bulk values. Such structures either act to scatter
phonons, create quantum confinement effects or filter carrier energies to maximize
the power factor [1]. Thus, their fundamental mechanism of enhancement is often
quantum mechanical and non-equilibrium in nature. In addition, their nanoscale
feature sizes lie in the regime where transport is neither totally diffusive, nor ballistic.
Despite the fact that advanced simulation packages exist for phonon transport in these
materials (mostly based on molecular dynamics), no such framework exists for
electronic transport. In this work we present a non-equilibrium Green’s function
(NEGF) based simulation framework which captures all effects for electronic
transport, from quantum mechanical to semiclassical, and from ballistic to diffusive,
all within the same theoretical framework, and is tailored for 1D and 2D
nanostructured geometries.

Such a solver allows for the inclusion of nanostructures of many different shapes and
types, whether superlattices, nanovoids or more complex structures, and calculation
of the energies of carriers, the Seebeck coefficient, charge densities and current
anywhere within the channel. The ability to attain such thorough spatially resolved
data from a non-equilibrium, two-dimensional, quantum mechanical channel allows
for great insights into the nature of thermoelectric power factor enhancement in such
systems.

Using this simulator, we will present example studies for the thermoelectric power
factor in different geometries: superlattices [2], channels with nano-inclusions and
other nano-engineered structures. We illustrate visualizations of the nature of carrier
energy flow in such structures and discuss strategies for optimal power factor
enhancement.
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A large number of FeGas-type [1] MEs compounds (Fig.1 left, M = group 7-9
transition metal and E = Ga, In) are of interest due their thermoelectric properties.
MEs compounds of group 7 and 9 transition metals are metallic whereas those with
group 8 metals are semiconducting. The latter show large thermopower and their
thermal conductivity can be significantly decreased by peculiar substitution (e.g., In
by Sn or Zn in Rulns [2]). With earlier Group 4 and 5 metals, MEs compounds
crystallise in a different atomic arrangement, namely in the TiAls-type structure
(Fig.1, right) [3]. Surprisingly, no MEs compounds have been reported so far with
transition metals of group 6. Density functional theory calculations that we performed
show indeed that the most reliable structure of these hypothetical compounds should
be the FeGas-type one. Their structural and electronic properties were analysed and
their transport properties were computed using a semi-classical approach [4].
Pertinent results of this in silico study will be presented, and a special attention will
be paid to the most promising thermoelectric candidates.

Figure 1. Crystal structures of the FeGas (left) and TiAl; type (right).
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Abstract

Copper-based minerals as tetrahedrites (Cu,M)12Sh4S13 or tennantites (Cu,M)12As4S13,
where M denotes transition metal element, exhibit propensity to energy gap opening
in the electronic density of states (DOS) [1]. Besides, their complex crystal structure
(space group 1-43m) containing 58 atoms distributed over 5 inequivalent
crystallographic sites, strongly governs their particular phonon properties (see eg. [2])
that are responsible for their very low thermal conductivity. All these favourable
properties make these materials highly attracting for thermoelectric conversion and
offer possibility of selective substitution on Cu sites (eg. Fe, Co or Zn), Sb site (eg.
Te or As) or even S sites (eg. Se), which results in effective tuning of electronic
transport properties as well as lattice dynamics behaviours. Here, we present results
of electronic band structure calculations, focusing mostly on DOS features near the
Fermi level, when substituting and/or doping the ideal systems Cu12Sb4S13 [3] and
Cu12AssS13. The Korringa-Kohn-Rostoker method with the coherent potential
approximation (KKR-CPA) was employed to account for chemical disorder and
allowing not only to study electronic DOS and energy bands characteristics, but also

energetic aspects such as the site preference of dopants and crystal stability.
Cuy,Sb,Te Sy,

Figure: Site-decomposed density of states in Cu;,Sb,Te,Ss.
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Abstract

The energy filtering of carriers has been proposed as a promising means of improving
the power factor, and thus, enhancing the ZT, figure of merit, of thermoelectric
materials. In this talk we will review recent work, based on large-scale simulations
using the fully quantum mechanical, non-equilibrium Green's functions (NEGF)
method with electron-phonon scattering, which explores the relative potential for
power factor enhancement in one-dimensional (1D) vs. two-dimensional (2D)
channels.

We will demonstrate that the van Hove singularity in 1D channels (which has been
suggested by Hicks and Dresselhaus[1] to provide larger Seebeck coefficients) makes
more effective use of the energy filtering mechanism[2] as well, whether with a single
filtering barrier structure or with many (i.e. a superlattice). In the most extreme case
the relative advantage of 1D in utilizing energy filtering can be up to a factor of 3
compared to filtering in 2D channels. We show how the van Hove singularity of the
1D density of states plays in forcing carriers to flow at lower energies as well as
producing a shorter energy relaxation length and discuss how these features allow 1D
structures to receive a greater benefit from filtering.

We will also discuss the scenario where the thermal conductivity of the barrier
material is less than that of the bulk and the direct effect that has on the power factor.
Again we find that, although the power factor in 1D and 2D is benefited from
variations in the thermal conductivity along the channel, the 1D channel sees 50%
more benefit.

Our results demonstrate the higher potential of 1D materials in utilizing energy
filtering, and could be particularly helpful in the design of low- dimensional nano-
composite thermoelectrics.
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Abstract

Maximizing the factor of cost performance (i.e. W per $) is very important for the
optimization design of thermoelectric power generation (TEG) system, especially for
large-scale industrial application [1, 2]. The costs and performances of TE materials
together with heat exchangers at cold and hot sides are some of the main factors that
can influence the output power and cost dramatically. In this study, a fully developed
analytical TEG model is built, in which the temperature depended performances such
as Seebeck coefficient, electrical conductivity and thermal conductivity of TE
materials, and the junction temperatures of p-type and n-type TE elements at hot side
(T1p, Tin) and cold side (Tzp, T2n) as well as the geometry of TE elements are
concerned. This model predicts a significant difference of junction temperatures
between p-type and n-type TE materials (Fig. 1(a)), and can predict maximum output
power wmax With optimized load resistance (Fig. 1(b)) and geometry (Ay/An, Ly/Ls) Of
TE elements. It is found that some TE materials with relative lower ZT combined
with better heat exchangers are competitive with some high-performance TE
materials.
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Figure 1: (a)hot side (T1p, T1n) and cold side (Tzp, T2n) temperatures of p-type (Zn4Sb3) and n-
type (Mg.Sii xSny) TE elements versus load resistance, with h,=h=1000wk*m?;
(b)Maximum output power wmax With optimized load resistance versus hot side heat
transfer coefficient hy, for different cold side heat transfer coefficient h.. Plate TEG size
4cmx4cem, uni-couple number 160, fill factor F=0.8, A;=A,, Ly=L,=1mm, hot and cold
side fluid temperatures 650k, 293k .
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Abstract

Thermoelectric silicide materials have recently been receiving increasing attention
because of their important role in sustainable energy technologies. MgSi, a narrow
band gap semiconductor, is a promising candidate for mid-temperature (600-900 K)
thermoelectric applications, e.g., reuse of discarded heat of vehicles.

Theoretical [1] and experimental [2] studies have previously proposed that Mg-related
defects play a crucial role in carrier transport in Mg2Si. Therefore, it is of paramount
importance to achieve a thorough understanding of the influence of Mg defects on the
electronic and carrier transport properties of MgzSi in order to enable the design of
high-performance MgzSi-based materials.

MgzSi has the antifluorite crystal structure as shown in Fig. 1. The figure depicts two
types of defects: an extra Mg atom inserted into the center of the cell (center), and
simultaneously incorporated an extra interstitial Mg atom along with a vacancy of a
regular Mg atom (on the right). We performed a pseudo-potential first-principles
calculation in order to find the optimal cell structures. The results of our calculation
show that the defects illustrated in Fig. 1 alter the carrier concentration as follows: the
interstitial Mg acts as an n-type dopant; on the other hand, the vacancy generates
holes. This alteration to the carrier concentration, induced by unintentional doping
due to the defects, can compensate for intentional doping due to the added impurity
atoms. In conclusion, we have examined the electronic states of Mg2Si incorporating
the defects as well as p-type impurity dopants and we discuss the influence of these
defects on the carrier transport properties of the systems using a KKR-CPA method.

@ ®
Figure 1: Mg:Si crystals having no defects (perfect crystal) (left), the interstitial Mg atom (center), and the

interstitial Mg atom plus the vacancy (right). Small and large symbols represent Si and Mg atoms,
respectively.
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Abstract

The Multi-Mission Radioisotope Thermoelectric Generator (MMRTG) powering the
Mars Science Laboratory (MSL) mission was developed by the United States
Department of Energy (DOE) for the National Aeronautics and Space Administration
(NASA) and fueled on October 28, 2008. It has been operating, fueled, for
approximately 8 years and has been on Mars for approximately the last 4 years; MSL
was launched on November 26, 2011. The Curiosity rover was landed on August 12,
2012 and the MMRTG was producing nearly 114W at that time [1]. Since then power
output of the MMRTG has decreased as expected. This paper updates previous reports
[2] on the MMRTG’s performance throughout the rover’s primary mission and the
first extended mission as well as discuss related events and phenomena that affected
the MMRTG’s performance.
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Abstract

Thermoelectric (TE) performance of a three-dimensional (3D) TE module is
examined by exposing it between two streams of counter-flowing thermal fluids in
which the temperature-dependent properties are ignored. The thermal fluids have the
fixed inlet temperature, 500 K and 300 K for hot and cold fluids, respectively, and
flow in the opposite direction using a sequential varied rate of hot fluid and a constant
flow rate of cold fluid, and then generate temperature difference on the hot and cold
surface of TE module. TE performance caused by different relative flow rates of
thermal fluids are numerically analyzed by using finite-volume method on 3D meshed
physical models, as shown in Figure 1, and then compare with the previous
performance of using the constant temperature boundary [1]. The results show that
TE performance is increased with the flow rate of hot fluid and reach a stable value
after a transition from a beginning moment to a stable flow, and a suitable relative
flow rate between counter-flowing thermal fluids exists to achieve a stable
performance quickly. Further, 3D contours of fluid pressure, temperature, enthalpy,
electromotive force, current density and heat flux are exhibited in order to clarify the
influence of flow rate of counter-flowing fluids on TE generation.

Hot fluid channel Ceiling =

' o Eéirling
Cold fluid channel

Figure 1: 3D physical model of TE module.
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Recent developments in high performance thermoelectric
modules for waste heat harvesting
N.V. Nong"#and L.T. Hung®®
*Department of Energy Conversion and Storage, Technical University of Denmark, Roskilde
4000, Denmark
angno@dtu.dk, ° Ithh@dtu.dk

Abstract
In this work, various types of TE modules have been developed using all oxide
materials, intermetallic compounds, and their segmentation. An all oxide 8 couples
module comprising of doped-CasCo409-+ as p-leg and Al-doped ZnO as n-leg exhibits
a maximum power density of 329 mW/cm? at AT = 700 K. By using segmentation of
misfit-layered cobaltite CasC04Os-+ and half-Heusler Tio.3Zro.3sHfo.35C0Sho.sSho.2 as p-
leg and Al-doped ZnO as n-leg, the power density at AT = 700 K achieved ~650
mW/cm?, which is about two times higher than that of an all oxide module [1]. Long-
term stability test at the hot side temperature of 800 °C in air revealed that the all oxide
module is more stable than the segmented one, which showed a degradation rate of
4% for over 300 h. A novel TE module on a flexible substrate has also been
demonstrated using Bi2Tes materials, as shown in Fig. 1 is an example. Some results
of our newly achieved module with 11% energy conversion efficiency using
intermetallic compounds will be also presented.
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Figure 1: Power generation characteristics at various temperature gradients (a) and photo of a
typical flexible TE module (b).
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Towards cost effective and efficient energy generating
skutterudite thermoelectric modules and the use of
computational modelling to predict their properties
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Abstract

Skutterudite based thermoelectric materials have the potential to be a commercially
viable energy harvesting system for waste heat recovery in the 300 °C to 600 °C
temperature range, based on their good mechanical and thermoelectric properties and
their composition of relatively abundant elements. Simplifications to the fabrication
process are also important in driving down costs. Here we present modules which
have been fabricated using low cost techniques such as electroplating of the
metalisation layer and basic encapsulation methods. We report excellent power
outputs and efficiencies, indicating that the module performance can be maintained
using these fabrication techniques. In addition, a computer model has been developed
to predict the module properties based on simple input parameters which have been
experimentally obtained. The model can be used to investigate different hot-side/cold-
side temperatures and load resistances, as well as show the optimisation of the module
through alterations to the aspect ratio of the legs.

136


mailto:PhillipsM19@cardiff.ac.uk

ECT2016 Oral Communications
OC1.5

Heat exchanger performance impacts on optimum cost
conditions in thermoelectric energy recovery designs
Terry J. Hendricks
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Abstract

Cost is just as important as power density or efficiency for the adoption of waste heat

recovery thermoelectric generators (TEG). Prior work [1] has shown that system

designs that minimize cost (e.g., the $/W value) can be close to the designs that
maximize system efficiency or power density, however, it is important to understand
the relationship between those designs to optimize TEG performance-cost
compromises. Expanding on recent work [1, 2, 3] the impact of heat exchanger
conditions on optimum TEG fill factors and cost scaling of a thermoelectric energy
recovery generator (TERG) with a detailed treatment of the hot side exhaust heat
exchanger has been investigated. The effects of heat lost to the environment and
updated relationships between hot-side and cold-side conductances [4] that maximize
power output are considered. Optimum fill factors to minimize TERG energy
recovery system costs are strongly dependent on heat leakage fraction, o, exhaust
mass flow rate, hot-side heat exchanger effectiveness, heat exchanger UAh, and heat
flux. These relationships are examined for gas-flow and liquid-flow conditions to
show the inherent design complexities. Heat exchanger costs often dominate the
TERG cost equation and it is critical to fully understand the tradeoff between heat
exchanger performance, optimum TERG fill factors, and cost to establish potentially
optimum design points within the cost-performance design space. This work explores
design relationships within the cost-efficiency-power density design space,
identifying preferred TERG design regimes and compromises, for a typical TERG
application. The interplay between optimum TERG fill factors and heat exchanger
design can impact system footprint, volume, and mass in weight-sensitive
applications. Design emphasis acknowledging the interdependence of optimum

TERG fill factors and heat exchanger performance has significant implications on

TERG system designs and their operation. This effort provides a focus for future

TERG system research and development efforts.
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Thermal and electrical characterization of silicon nanowires
forests for thermoelectric generation
E. Dimaggio, M. Macucci, G. Pennelli?
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Abstract

A strong reduction of thermal conductivity in silicon nanowires (SINWs), with respect
to the bulk value, has been demonstrated in the last few years on devices consisting
of a single, or very few nanostructures. This offers interesting opportunities for the
exploitation of silicon as a thermoelectric material. Our experimental work focuses on
the development of techniques for the fabrication of devices based on a large number
of interconnected SiNWs[1], to be used for thermoelectric purposes. In particular,
SiNW forests, made up of more than 107 nanowires/mm? oriented perpendicularly to
a silicon substrate, with a diameter of about 80 nm and lengths of several tens of
micrometers, are fabricated by means of highly directional vertical etching, based on
metal assisted catalysis (metal assisted chemical etching). The SEM image on the left
of Fig. 1 shows a nanowire forest, achieved by etching a Si wafer in an aqueous
solution of silver nitrate and hydrofluoric acid (16:5:60 in volume) for 180 minutes.
Nanowires can be doped both n type or p type, by exploiting conventional silicon
doping processes. We developed a simple technique, based on chemical
electrodeposition, for the selective growth of copper on the nanowire top ends. Our
technique allows the reliable fabrication of a common contact on the top of the silicon
nanowire forests. The SEM image on the right of Fig. 1 shows a nanowire forest with
a Cu layer grown at the top. This layer provides a good thermal and electrical top
contact; the bottom contact is provided by the silicon substrate (see the sketches in
Fig. 1). Electrical and thermal characterization of n and p doped SiNW forests, with
different doping levels, will be presented and discussed. The inset of Fig. 1 compares
1-V characteristics of n doped and heavily n doped (n+) forests.

. top-to bottom /
- Cu growth "’ v characteristic
on top
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Silicon nanowires forest

Thermoelectric Module

Figure 1
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Thermoelectric properties of doped n-Mg,Sio.4Snos and
p-MnSii g1 and their processing into thin-Thermoelectric Chips
V. Pacheco’?, C. Recknagel®, G. Pohle!, G. Span?, T. Weissgarber?, B. Kieback!
'Fraunhofer Institute for Manufacturing Technology and Advanced Materials IFAM, Branch
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Abstract

We report on the powder metallurgical preparation and thermoelectric properties of
doped Mn-silicide and Mg-silicide-stannide and their further processing into
thermoelectric chips 5 mm x 5 mm x 500 pm. High-energy ball-milling under Ar-
atmosphere is used for the preparation of the starting powders. The synthesis and
compaction into silicide wafers (diameter 2 cm — 4.5 c¢m, thickness ~ 5 mm) are
performed in one single step by Spark Plasma Sintering (SPS). The figure of merit zT
of the n-type Mg2Si0.4Sno.s and the p-type MnSiy.s1 reaches a peak value of at least 1.2
and ~ 0.6, respectively. Moreover, for MgzSio4Snos, a zT > 1 is attained in a broad
temperature range (from 250 °C to 570 °C). The wafers are ground and polished
coplanar for a further contacting with metallic foils in a second SPS process. The
thermoelectric chips are diced from the pre-contacted silicides. The processing into
TE-chips is not a trivial task since both thermoelectric materials are very brittle.
Electroerosion and slurry multi-wire dicing were used to overcome this difficulty.
The choice of the metallic foil for the electrical contacting is a challenge. The foils
should just slightly react with the silicide material in order to produce a thin reaction-
products layer (< 20 pum). The foils should possess similar thermal expansion
coefficient to the silicide material in order to produce a thermo-mechanical stable
construction. The foil should also act as a diffusion barrier against the solder during
the brazing process. Moreover, for broad applications, the foil should have a low price.
The demand of TE-material in a TE-Module can be ~ 10-fold reduced by using TE-
Chips instead of massive TE-legs with typical size 3 mm x 3 mm x 5 mm.

139


mailto:vicente.pacheco@ifam-dd.fraunhofer.de

Oral Communications ECT2016
0C1.8

Design and microfabrication of highly doped silicon-germanium
thermoelectric modules for 500°C operation
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Abstract

The main commercial microelectronic semiconductors such as Si, Ge and Sii-xGex
reveal their optimum thermoelectric efficiency at high temperature (~1000 °C).
However, in Si-like alloys (0 < x < 0.5), the doping level dependency of the
thermoelectric figure of merit, zT, allows to translate the peak of the latter towards
lower temperatures [3].

Thereby, 23 um thick (including 3um linearly graded buffer) Sio.7Geo.s layers were
grown by chemical vapour deposition (CVD) on top of silicon on insulator wafers.
With the aim of shifting the thermoelectric performance peak towards 500 °C, both p-
and n-type were doped, respectively with boron and phosphorous, at 1x10%cm,
The optimal number and dimension of the 20 um long thermoelectric legs have then
been investigated assuming a 1 cm? module, with hot side fixed at 500 °C, under the
hypothesis [2] of constant heat flow (Qn=5 W) and considering the effects of air
thermal conduction and convection within the device. Additional restrictions on
temperature gradient across the module (AT < 25 °C), internal resistance (Rin< 5 Q)
and output voltage (Vout> 0.1 V) resulted in the power output diagram presented in
Fig.1la. From the microfabricated thermoelectric module (128 legs of 200 um width),
Fig.1b, under the above mentioned conditions, a power output of 2.8 mW/cm? is
expected together with a Seebeck voltage output per degree Kelvin of 35 mV/K. The

experimental results from the fabricated module will be presented at the conference.
L —

50
175 200 225 250 275
Thermoelectric Leg Size [um]

@ (b)
Figure 1: a) Module power output. b) SEM image of the microfabricated thermoelectric legs.
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Bi;Tes-based micro thermoelectric cooler fabrication by
electrochemical deposition
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Abstract

To enable further miniaturization and closer integration of photonic integrated
circuits, driven by the continuously growing network traffic, local heat management
on the chip component scale is required [1]. A cost-efficient and highly scalable
synthesis method, that is compatible with existing IC processing techniques, is the
electrochemical deposition. In this work we present a new fabrication process for
micro thermoelectric coolers using a laser lithographic process combined with
electrochemical deposition of thermoelectric p- and n-type materials. By optimizing
the pulsed electrochemical deposition of ternary n-type Biz(TexSeix)s and p-type
(BixSbh1-x)2Tes materials, compact and smooth films with thermoelectric properties
close to the bulk counterpart can be achieved after appropriate annealing [2,3]. We
investigated the influence of the deposition parameters on the film composition and
crystal structure as well as the thermoelectric properties for thick films and confined
structures. Especially the influence of the structure size on the film morphology was
investigated to achieve smooth and compact films. The developed process enables the
fabrication of thermoelectric coolers with single thermoelectric legs with a lateral
resolution down to 20x20 pm? and a film thickness from 1 to 100 pm. The distance
between the legs can be as low as 3 um. For further optimization of the micro
thermoelectric cooler we investigated the influence of different contact materials on
the contact resistance to improve the efficiency of the device.

The support by the European Union’s Horizon 2020 programme via TIPS (grant
agreement No 644453) is acknowledged.
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SiGe thermoelectric far-infrared sensors
P.O. Vaccaro'?, J. Gutiérrez!, M.I. Alonso?, M. Garrigal, and A.R. Goiii%?
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Thermoelectric sensors of far-infrared radiation may lead to the low-cost fabrication
of arrays for applications in the home-appliances and automotive industry [1]. We are
investigating sensors where hot and cold junctions are located in a suspended
membrane due to their potential for miniaturization and easier fabrication process [2].
Our improved sensors are fabricated on a single-crystalline SiGe membrane supported
by a silicon substrate. SiGe layers were deposited by molecular-beam epitaxy on
oriented SOI wafers. Ti/Au contacts were deposited and patterned to form an array of
SiGe/Au thermopiles. Silicon was selectively etched below the hot junctions to form
suspended membranes. Hot junctions were covered with polymers or nano-particles
as radiation-absorbing materials (Fig. 1). Illumination with infrared radiation heats up
quickly the hot junctions on the suspended membranes due to its low thermal capacity,
whereas the cold junctions remain at a lower temperature due to the larger thermal
capacity of the silicon substrate. This original design allows for a simple fabrication
process which is potentially compatible with standard CMOS technology. Electrical
measurements under infrared irradiation of a concept-demonstration device produced
encouraging results. We intend to use these devices as a test-bench to improve
thermoelectric materials by incorporating a variety of nanostructures in the layer such
as modulation-doped quantum wells and quantum dots.

Figure 1: SiGe thermoelectric far-infrared sensor composed by 10 junctions in series.
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UTEGs with copper and tellurium as p-type materials
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Abstract

Recently we presented a fabrication process for micro thermoelectric generators
(UTEGS) based on multi-step photoresist lamination and sequential electrodeposition
of p- and n-type thermoelectric legs enabled by selective sealing and unsealing of pre-
structured cavities on a substrate [1]. The process requires a minimal amount of clean
room processing, reducing the production cost in contrast to other state-of-the-art
processes. The key step requires two selectively dissolvable photoresists which can
be precisely applied by an industrial pick and placer system.

During the last month the process underwent significant changes and improvements
ranging from an alternative photoresist to be used for sealing cavities to a change in
p-type material as well as material for the upper contact. The modified new process
will be presented along with a comparison of two different obtainable UTEGs,
Bi2Tes/Cu and BizTes/Te. Thermoelectric and power measurements were carried out
and will be compared, hinting a direction for further development.

The targeted applications for small energy supplier are mostly autonomous wireless
systems (e.g. for automotive industry) and in our special case the energy supply of a
neuroprobe for brain function monitoring and malfunction treatment (e.g. stimulation
in case of epilepsy).

Figure 1: a) Bi,Tes/Cu uTEG with 71 thermocouples (TCs) on Al,O3 substrate;
b) 71 TCs Bi,Tes/Te uTEG with Au upper contact instead of Cu
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Enhanced platforms for Si NWs based thermoelectric generators
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Morata 2 and A. Tarancén 2
1 IMB-CNM, CSIC, Campus UAB, Bellaterra, 08193, Barcelona, SPAIN
2 Catalonia Institute for Energy Research (IREC), 08930, Barcelona, SPAIN
2 carlos.calaza@imb-cnm.csic.es

Abstract
This work reports the advancements attained in the development of micromachined
platforms to create all-silicon thermoelectric generators using Si NW arrays as
active material [1]. Changes introduced in design and fabrication sequence have
allowed to surmount critical issues limiting the process yield. Compact dielectric
membrane supports for the metallic thermocouple parts (Fig. 1a) were introduced to
avoid missalignment and provide a regular opening for backside DRIE. Membrane
holes are aligned with fast etching planes, while the trench walls that will allocate the
Si NWs are <111> aligned, and remain unaffected by the short KOH step (20 min.)
used to release the membrane. Despite the hole/membrane area ratio reduction
introduced to limit generator internal resistance the measured thermal conductances
(Fig. 1b) are simmilar to that obtained for previous membrane designs [2]. Generator
internal resistance is further reduced by improving the Si/metal contact resistance
through boron implantation and thermal treatment.
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Figure 1: a) A single trench suspended platform with a membrane support for the metal inter-
connections (see the inset) obtained after anisotropic wet removal of the silicon underneath. b)
Comparison of the platform-rim thermal conductance for 200um bulk Si beam supports: 1.99
mW/K and 100um and 200um SisN4 membrane: 1.26 mW/K.
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Abstract

The dispenser printing technology can be used for the manufacturing of thermoelectric
generators (TEGS). It enables printing with barely any material losses, the absence of
masks and the material can be directly applied in a desired form on a wide range of
substrates.

For the manufacturing of flexible TEGs we use as substrates like Kapton or non-
wovens. In contrast to the state-of-the-art-materials like bismuth tellurides which are
brittle and stiff after printing, conductive polymers have the advantage to be elastic
on substrates like Kapton and non-wovens. With these TEGs it is possible to convert
waste heat from exhaust pipes or body-heat from T-Shirts into usable electrical
energy.

As a promising organic p-type material, PEDOT:PSS doped with a co-solvent like
dimethylsulfoxide (DMSO), is essential for this kind of application. The
thermoelectric properties and as well as the ability to print make it the best choice for
a flexible TEG. Apart from this p-type material we use a self-synthesized and further
improved polymer , the n-type material poly[Kx(Ni-ett)], which currently exhibits the
highest power-factor amongst n-type materials [1]. It is also known that poly[ Kx(Ni-
ett)] is insoluble and is therefore difficult to process. We achieved a dispenser
printability of this n-type polymer. After drying, the poly[Kx(Ni-ett)] remains flexible
which is a pivotal requirement for the application on a bendable substrate.

References:
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Abstract

The majority of thermoelectric generators (TEGS) are characterized using setups that
maintain a constant temperature gradient across the device. However, when switching
from open- to short-circuit conditions, the Peltier effect influences greatly the thermal
conductivity of the thermoelectric (TE) module and hence the temperature gradient
across the device. A “constant temperature” parameter characterization maintains a
constant gradient across the device but, at the same time, it disregards the variation of
the system input thermal power that occurs to compensate for the Peltier effect. In
actual TEG applications, the heat source available for TEG integration has limited
heat flux and it does not provide a constant temperature if the operating conditions of
the module change. This article provides a “constant heat” parameter characterization
of a TEG corresponding to the conditions found in TEG integrated applications.
Moreover, it is generally known that a TE module operates at its maximum power
point (MPP) when the voltage is set to half of the open-circuit voltage according to
the maximum power transfer theorem. However, this relationship is not sufficient
condition to operate the TEG system at the MPP. Voltage varies approximately
linearly with temperature, whereas power varies as the square of the voltage. Hence,
a slight reduction in the operating current yields a higher voltage and hence the peak
power realizable is at a voltage slightly higher than the value predicted by the
maximum power transfer theorem. This article proves experimentally that the “real”
MPP in a TEG system is reached with additional conditions to the ones set by the
maximum power transfer theorem. The experimental results are acquired from a hot
gas system that is able to reproduce the actual conditions of a TEG integrated
application with constant heat flux.
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Abstract

For thermoelectric modules a low resistivity of the thermoelectric legs is essential for
a good module efficiency. The total electrical resistance of a module, where the legs
are normally connected in series, is the sum of the resistances of all single legs plus
the sum of the single contact resistances. Therefore the contact resistance must be as
low as possible and must be considered in module fabrication.

This work presents a study of the contact resistance and resistivity for single legs of
Mg2SiSn, Zn4Sh3 and ZnSb that are connected with the contacts with different
methods. The results are compared with standard commercial modules.

The measurements were performed with the Potential Seebeck Microprobe, using a
special sample holder where an electrical AC current can be applied to the sample. A
probe moves in microsteps along a leg including the contacts. The potential between
one end and the probe tip can be measured, that is related to the electrical conductivity
at the samples position. A gap in the measured potential is proportional to the contact
resistance, so that it can directly be determined, when knowing the area and current
(see Fig. 1).

The total resistance or impedance of the legs is measured as well with impedance
spectroscopy to have a comparison for the resistivity of the leg material. With this
systematic study the soldering or contacting process can be optimised.
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Figure 1: Electrical potential at a Zn,Sbs leg including contact. The gap at the arrow indicates
the contact resistance, the slope of the line is proportional to the electrical conductivity.
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Abstract

Primary aluminium production industry represents an interesting target for thermal
energy harvesting due to the high quality waste heat over 300°C [1]. This paper
describes a thermoelectric generation system developed to harvest waste heat released
on the surface of Hall-Héroult Electrolytic cells. The optimisation of the thermal and
mechanical sizing has been investigated to get the highest performances. Such
thermoelectric system is able to generate 200 W/m? electric power during nominal
operating conditions without affecting the production process.

A first demonstrator and its clamping system has been developed and fabricated
following the thermal and mechanical specifications. This demonstrator has been
successfully tested in an industrial environment. The potential usage of this free
energy generated by the thermoelectric device will be further discussed.

Point109 °C

Figure 1: Thermoelectric energy harvesting system (a) and IR image during test in industrial
environment (b)

References:
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Systems for Industrial Waste Heat Recovery, U. S. Department of Energy, Industrial
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It is well known that the major constrain to the photovoltaic (PV) efficiency,
especially in single-junction solar cell, comes from the spontaneous generation of
unused heat within the device. Therefore, in principle thermoelectric generators
(TEGs) may be used to recover and convert part of this heat into electricity. Recently,
both theoretical and experimental works were published on Hybrid Thermoelectric-
Photovoltaic (HTEPV) systems [1]. Although some of them reported large efficiency
improvements, they mostly focused on the coupling between commercial TEGs not
optimized to be hybridized in HTEPVs. Furthermore, the experimental procedures
have been often affected by very optimistic estimates of the cold side temperature that
may lead to severe overestimations of the HTEPV efficiency [2, 3].

In this communication we propose a multi-parametric model developed to find the
HTEPV parameters needed for a beneficial coupling between PV and TEG devices.
Starting from modeling the PV part, we computed the PV and the HTEPV efficiencies
as a function of the energy gap of the absorber material and of the device temperature.
The model, which was experimentally validated, showed that hybridization leads to
an increase in efficiency only when the energy gap of the absorber material and the
PV backside temperature are sufficiently large. This sets in turn quantitative
constraints on the TEG and HTEPV designs that are not usually met by standard
(commercial) TEGs. The actual implications of such results in the experimental
assessment of HTEPV generators will be discussed.
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Abstract

This paper will present the results of monitoring a prototype for residential buildings
called Thermoelectric Unit System (TUS) [1]. Although there are works on this
technology (see e.g. [2]), the two main contributions of this work are: 1) it has been
designed in a School of Architecture to try to develop a prototype that can reach the
real market and 2) it is a significant improvement over a previous prototype designed
and built by researchers [3].

Compared with a conventional air-conditioning system, this TUS system is a pre-
commercial design, so that, in investment costs, a conventional air-conditioning
system is economically cheaper than TUS system, but the paper will be focus on
describe the data related with energy consumption and its heat transfer capacity.

Figures 1 and 2: Integration of the Peltier Cells in fagade (left) and interior view (right) of
the thermoelectric prototype.
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Abstract

Although the development of thermoelectric materials and generators has been
ongoing for many years, the transition from today’s prototype- and niche applications
to future large scale markets, such as industrial waste heat recovery in the steel and
glass industry, is the challenge ahead. RGS Development has decided to focus on
development, production and market introduction of a cost efficient, silicide material
based thermoelectric generator system that converts high temperature industrial waste
heat into electricity. The aim is to provide a viable business case with negligible
impact on the industrial production process itself.

.

B ]

Figﬁfé: Left: 40x100 mm? thermoelectric module installed in a furnace wall; middle: power
output curve; right: design of a 200 x 300 mm? thermoelectric generator.

Based upon its capability to produce silicide materials in wafer form on industrial
scale, RGS Development has produced thermoelectric materials, made test modules
(fig. left, middle) and designed large format thermoelectric generators (fig. right) that
can be applied at high temperatures in situations that are typical for heavy industry
waste heat recovery.

These materials and modules were successfully tested in furnace environments up to
1000°C, where TE module top temperatures in excess of 600°C were achieved and
degradation tests up to 1000 hours were done.

Due to the advanced thermoelectric generator design, the TE panels can be applied
efficiently in a variety of practical situations without the need for sophisticated system
components such as external pressure devices or protective gas sealing. Consequently
such TE panel design can be applied more cost efficient and flexible.

In parallel to the TE module and panel development program, Tata Steel and RGS
Development are engaged in an industrial pilot project to test the thermoelectric
system in a relevant application environment.
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Abstract

To improve the electric generation in thermoelectric applications it is key to maintain
a high gradient of temperature between the hot and cold side of the thermoelectric
modules. In order for the temperature to be as low as possible on the cold side, a
thermosyphon heat exchanger with phase change has been developed. Its ability to
efficiently distribute and transfer a heat flux from a small surface to a larger one, as
well as its lack of moving parts, make the thermosyphon a proper option to combine
it with a thermoelectric generator.

A computational model capable of predicting the behaviour of these kinds of heat
exchangers together with a thermoelectric generator has been developed. Important
aspects of the exchanger have been taken into account, such as: boiling and
condensation phenomena or constriction thermal resistances.

The validation of the model has been accomplished with a prototype and a
computational study has been performed, in which, several geometric parameters have
been optimised to maximize the electric energy production. Furthermore, a
comparison between a thermosyphon and a common finned heat sink has been carried
out in order to show whether a thermosyphon outperforms the finned sink while used
in thermoelectric applications.

The computational model here presented turns out to be a powerful tool that will be
very useful to design thermoelectric generators that include thermosyphon heat
exchangers with phase change on the cold side.
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Abstract

Integration of thermoelectric cooler (TEC) into electronic housing is a real issue due
to specific constraints imposed on the TEC parameters under such application. The
TEC dimensions must be small enough to fit internal sizes of standard electronic
housing. Another problem originates from the fact that these objects are usually used
as components of a man-portable device with autonomous power supply. This means
that the TEC must be optimized to achieving necessary cooling with minimal input
power which is proportional to the heat load at the TEC cold side. Hence, to optimize
the TEC design for minimal power consumption, it is necessary to make accurate
estimation of the heat load on the TEC inside of electronic housing.

The case of heat transfer in a closed environment with tight geometry is complicated
for analytical study. All three mechanisms - convection, radiation and conduction are
generally involved. The contribution of each one is dependent on many factors
including the TEC and header dimensions, emissivity of the substrate and that of a
header interior, the nature and pressure of a filling gas, and the material and
dimensions of the wires attached to the cooled substrate.

In this study, the experimental approach to the definition of the heat load on the TEC
inside electronic housing is proposed. The method is based on application of a TEC
with calibrated dependence of temperature difference on applied heat load. Standard
two-stage Thermion’s TEC with identical top and bottom substrate dimensions is used
for this purpose. The heat gains from the header body are defined by direct
measurement of temperature difference generated by this specimen inside the header.
Studied was TO8 header which is widely used for incorporating thermoelectrically
cooled temperature sensitive optoelectronic components. Defined are heat gains in gas
atmosphere and in vacuum as a function of residual pressure. The data are represented
in a form of a specific heat load per 1 K of temperature difference related to the unit
of the TEC top surface. Obtained results provide a reliable basis for optimal
integration of a TEC into housing. The data are used for design of the 2- and 3-stage
TECs optimized for receiving temperature difference over 100 K with minimal power
consumption.
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Abstract

Temperature control in foodservice industry is mandatory both to prevent food borne
illness and to ensure food quality. To this aim, thermal harvesters may enable the use
of wireless sensors even when the appliance is supposed to operate off-grid. We
present the design, the implementation and the characterization of such an autarkic
device that uses ultra-low power RF data transmission units, suitable to be powered
by an all-silicon thermoelectric generator (TEG) to log oil temperature readings in a
industrial fryer.

TEG power source made use of a platform of silicon nanowires obtained with IC-
compatible technologies. For the sake of comparison, also a conventional, commercial
thermoelectric module based on bulk Bi2Te3 legs was used. A heat sink was designed
and to maintain a constant temperature difference of at least 50 K across the TEG in
steady air. TEG collected heat from the hot wall of the fryer chimney at temperatures
between 280 and 320 °C. The 434MHz RF module with pulse-based transmission,
provided with a microcontroller from MSP430 family and coupled with a temperature
monitor (a J-type thermocouple) was in charge of reading and transmitting the
temperature data to a remote logging unit (Figure 1b). No rechargeable battery was
used. We verified that the device was capable of sending out readings at a rate better
than 0.5 Hz, with an initial lagging period shorter than 5 seconds. Results
demonstrated the actual usability of thermoelectric harvesters as a power supply of
industrial appliances to monitor and control food quality, enforcing EC policy in this
area.

This work was partially supported by FP7-NMP-2013-SMALL-7, SINERGY (Silicon

Friendly Materials and Device Solutions for Microenergy Applications) Project,
Contract n. 604169.

157


mailto:laura.zulian@unimib.it
mailto:dario.narducci@unimib.it
mailto:croncaglia@bo.imm.cnr.it
mailto:dbelsito@bo.imm.cnr.it
mailto:eluca.anadone@ste-industries.com
mailto:fpaolo.moiraghi@ste-industries.com

Oral Communications ECT2016
0C2.8

Experimental application of distributed maximum power point
tracking to a thermoelectric system for hot gas
A. Montecucco®?, E.A. Man?, J. Siviter!, M. Compadre?, P. Mullen?, M. Macauley?,
M. Paul, W. Li?, D. Gregory?, G. Han!, T. Sweet?, G. Min?, F. Azough®, R. Freer3,
T. Mallick*, H. Baig*, P. Connor* and A. Knox!
1 School of Engineering, University of Glasgow, G12 8LT, UK
2 School of Engineering, Cardiff University, CF24 3AA, UK
% School of Materials, University of Manchester, M13 9PL, UK
4 Environment and Sustainability Institute, University of Exeter, TR10 9FE, UK
2 andrea.montecucco@glasgow.ac.uk

Abstract

Several thermoelectric systems are nowadays being developed and commercialised
for a wide range of automotive and industrial applications. Most of these systems aim
at recovering heat from exhaust gas and convert it to usable electrical power. Reliable
and efficient operation of these systems results from the robust integration of thermo-
mechanical and electrical design. This work focuses on the electronics required to
maximise the electrical power generated by the thermoelectric generators for any
thermal situation. Dc-dc converters controlled by maximum power point tracking
algorithms are employed for this task.

Thermoelectric generators are not always guaranteed to be working at the same
temperature difference due to their location on the heat exchanger or to uneven gas
flow. In this situation it is advisable to connect thermoelectric devices in arrays, each
connected to a separate converter. This work presents a quadruple boost converter
controlled by a single microcontroller, thus effectively forming a distributed
maximum power point tracking system. This system is used to optimise the efficiency
of a thermoelectric power generator that extracts heat from hot gas. Experimental
results are provided to demonstrate the effectiveness of this solution and to compare
its performance to other currently accepted tracking methods.
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Abstract

The reduction of fuel consumption of future aircrafts represents a major challenge on
the way to environmentally friendly and cost efficient air transport systems. Among
discussed approaches a conversion of engine heat into electrical energy is considered
as a highly promising attempt to move closer to specified goals of ACARE and
Flightpath 2050. Thermoelectric generators (TEG) can offer a robust and direct
recuperation of lost heat from an aircraft engine. Although lower in today’s achievable
efficiencies, they do avoid additional complex thermodynamic cycles with moving
parts (e.g. ORC). However the integration and determination of the effective
performance of TEG in the application environment of jet engines has not been focus
of any detailed research yet. Germanys fifth Aeronautical Research Program (LuFo-
V) gives the framework for the “TERA” project (Thermoelectric Energy Recuperation
for Aviation), which focuses on a holistic reflection of possibilities and challenges for
the adoption of a TEG to aircraft systems.

In a previous publication [1] the general potential of thermoelectric modules applied
on the exhaust nozzle of a jet engine has been outlined. This paper focusses on the
design of the thermoelectric modules for given thermal boundary conditions and the
resulting performance for different flight phases of a reference mission. With respect
to a maximization of the power density, pellet lengths are optimized for given
operation conditions. It is shown, that a significant share of the overall temperature
difference between the hot core stream and the cold bypass flow of the jet engine is
lost at the convective heat resistance towards the nozzle material. In order to reduce
the convective heat resistance a new module design concept has been explored.
Removal of one base plate of the module and direct immersion of coated pellets in the
air stream is proofed to lower weight and to enhance power output simultaneously.
Together with a conservative approach of materials performance (ZTmax ~ 1.2) these
measures yield power densities comparable to the electric machinery and its periphery
used for the electric energy supply on aircraft — making it an option for an additional
or alternative energy source for both today’s and tomorrow’s on-board electrical nets.

References:
[11 C. Bode, J. Friedrichs, R. Somdalen, J. Kéhler, K.-D. Biichter, C. Falter, U. Kling, P.

Ziolkowski, K. Zabrocki, E. Miiller, D., Kozulovic, TERA - Energy Recuperation for
Aviation — Project Overview and Potentials, DGLR 2015, 22.-24. September 2015.
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Abstract

Global warming continues to challenge all countries around the world in terms of environment.
Unfortunately, a conventional air cooler is difficult to apply to environmentally friendly vehicles.
The conventional air cooler uses the refrigerant, while a thermoelectric (TE) module is powered
by DC electricity without the refrigerant. For weight lightening of vehicles, the size and weight
of air cooler should be small and light. The only commercially available miniature-sized air
cooler today is the TE cooler [1].

The purpose of this study is to design and fabricate a compact thermoelectric air cooler (CTAC).
Most vehicles are equipped with heating, ventilating and air conditioning (HVAC) system.
However, passenger in the back seat of the car can’t feel cool as soon as they get into the car.
Therefore, it is necessary to install the secondary air cooler at the top of the back seat. The CTAC
is suited for the secondary air cooler due to the limited space between the roof and cabin of the
car.

A proper TE module is chosen by analyzing maximum input current (Imax), amount of heat
absorption (QC) and temperature difference (AT) between cold side and hot side of the TE
module. The evaluation system developed previously consists of vacuum chamber with water
cooler and metal block. The characteristics of the TE module are measured in a vacuum to
minimize heat loss.

The CTAC with the proper TE modules is composed of heat sinks, fans and flow channel. The
5mm height heat sinks are designed owing to height limit 15mm. The TE modules are used to
increase cooling rate continuously. The CTAC is tested in insulating chamber with an inner
volume of 250mmx250mmx250mm, the same size as an average human head. Thermocouples
were installed for measuring temperature at the center of the chamber and the cold side of the
TE module.

The CTAC can be switched to a heating system with a polarity reversal of the direct current that
supplies the power. The CTAC is used to heat up the air inside chamber before evaluating the
cooling performance of the CTAC. After the temperature inside the chamber sets 45°C as the
typical temperature inside the car in a hot summer day, time to be cooled down to 26°C is
measured. The results showed that it took 200 seconds to reach the target temperature. It is found
that the CTAC could make passenger in the back seat of the car feel cool within 4 minutes.

0
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Figure 1: Performance of the compact thermoelectric air cooler in heating and cooling.
References:
[11 S. Maneewan, W. Tipsaenprom, C. Lertsarirrhanakorn, Thermal Comfort Study of a
Compact Thermoelectric Air Conditioner, Journal of Electronic Materials 39 (2010) 1659-
1664.

160


mailto:swhan@kimm.re.kr

ECT2016 Oral Communications
0C2.11

V205 thin films seebeck coefficient optimization and application
in flexible and transparent temperature sensor
C. Bianchi?, J. Loureiro, P. Duarte, J. Marques, J. Figueira, I. Ropio and I. Ferreira
CENIMAT/I3N, Departamento de Ciéncia dos Materiais, Faculdade de Ciéncias e Tecnologia
da Universidade NOVA de Lisboa, Portugal
ach.marques@campus.fct.unl.pt

Abstract

This work reports the optimization of V20s Seebeck coefficient to obtain high
sensitivity and transparent temperature sensors.

The influence of film thickness, annealing temperature and time were studied, being
the Seebeck coefficient of -690uV/K optimized for films thickness around 75nm,
deposited on glass and annealed during 1h at 773K, in air. Likewise V20s films were
deposited on polyimide substrates that require lower annealing temperature, 573K for
3h, to maintain the flexibility and integrity of the substrate but the optimized films
still exhibit high Seebeck coefficient, -591pV/K (Figure 1)

The films deposited on polymeric substrates were used in a novel thermal sensor that
combines high sensitivity, flexibility and transparency, which is advantageous for
specific applications. Also, the materials used are harmless and abundant in nature.
The fabricated sensor was tested to evaluate the temperature variation on the surface
of a microfluidic channel (500pum) made of PDMS (polydimethylsiloxane), while
having hot water flowing through it. The response time was below 1 second

and the recovery time around 5 seconds (Figure 2).
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Figure 1: Seebeck coefficient and conductivity Figure 2: Continuous voltage response
of VV,0s film deposited on Kapton, as a function when water flows inside the 500um
of the annealing time, at 573K. channel of the PDMS.
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Abstract

The industry is continuously looking for feasible and viable means to harvest the
enormous potential of high temperature waste heat. Nevertheless, these reservoirs
have remained virtually untapped, partially due to the disadvantages and limitation of
conventional technologies — like organic ranking cycle (ORC), and partially due to
the immaturity of new technologies— like thermoelectric generation (TEG). Whereas
over the past years much efforts and attention has gone and still goes to the
development of thermoelectric materials, it is time to use a systems approach to bring
the TEG technologies to realize practical and scalable implementation. In addition to
the many approaches of exhaust waste heat recovery, RGS Development has added a
systems approach for harvesting radiation heat through an integrated supported panel
without any complicating system components. This approach is realized by taking
coherent directions with respect to: materials, module architecture, systems design,
mass manufacturing, ease of installation, and either minimum or positive impact on
the primary product manufacturing process. When compared with the references as
for exhaust waste heat in industry or automotive from the perspective of cost and
scalability, such approach shows a leap forward on the way to broad adoption. It
finally creates a realistic energy harvesting option for multiple heavy industries.
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Abstract

The viability of automotive exhaust thermoelectric generators (TEGS) is highly
dependent on the ability of these systems to operate efficiently over a broad range of
engine loads. This is not straightforward task when the hot exhaust gases vary
substantially in flow rate and temperature during real-world driving cycles. In
conventional systems, a small sized, low thermal resistance TEG will operate well
under medium engine loads but it will have to be protected against overheating under
high loads. A big sized system will operate suitably at full engine load but it will suffer
from thermal dilution under the medium-to-low engine loads typical of urban driving.
The authors have been exploring a concept in which the temperature faced by the
thermoelectric (TE) modules may be regulated nearly independently from the engine
load. This is done with the help of a thermosiphon device which acts as a thermal
buffer/interface between the hot exhaust gases and the hot face of the TE modules.
The variation of engine load will affect mainly the active heat transfer area (the heat
will be directed only to a fraction of the modules) while the hot face temperature of
the active modules will be fairly constant. This seems highly convenient as it allows
a variable load operation without having thermal dilution nor overheating risk, in a
passive way, something that has not been achieved with conventional TEG prototypes.
The present work details the heat transfer modelling across the whole system,
integrating it with the modelling of the engine, driving cycle and TE. This is an
improved version of a previously presented one [1], and is used to assess the
performance of a passenger vehicle TEG during type-approval and real (recorded)
driving cycles. The overall merit of using either thinner (power-oriented) or thicker
(efficiency-oriented) TE modules is assessed. It was found that despite active thinner
modules providing higher power than thicker ones, their use would normally lead to
a lower net power output because a lower fraction of the modules would be active.
Exceptions to this would happen when using small sized systems or high load driving
cycles, where the higher thermal power consumption of thin modules would not be
limitative.

References:

[11 F.P. Brito A. Alves, J.M. Pires, L.B. Martins, J. Martins, L.M. Gongalves, J. Oliveira, J.
Teixeira, M. Hall, Analysis of a Temperature Controlled Exhaust Thermoelectric
Generator during a Driving Cycle, J. Electron. Mat. 45(2016) 1846-1870.
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Thermoelectric triggering of a phase-change heat battery
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Abstract

The authors present the application of a peltier heat pump to cause nucleation
in a supercooled phase change material (PCM) in the liquid state. The
commercially available BiTe peltier module has a footprint of 15x15mm and
contains 17 couples. In order to increase the cold-spot performance of the
module the face in contact with the PCM is covered in a layer of pyrolytic
graphite sheet with an in-plane thermal conductivity of 1600W/m.K. This is
covered with an insulator with a circular aperature for exposure to the PCM.
The Peltier module is attached to a copper plate that forms part of the heat
exchanger system in the heat battery and which provides the reference against
which the AT is established.

The application of PCMs to long-term heat storage is an emerging
technology. When energy storage is required over a known temperature range
it is possible to store sensible and latent heat, significantly increasing released
energy density over existing systems. Current PCM heat storage systems
release latent heat as they make the transition from liquid to solid. This
constrains the energy stored to its freezing point. When PCMs are
supercooled in the liquid phase they retain their latent heat until the phase
change is initiated. In the application presented, a Peltier module is used to
locally cool a small amount of PCM in contact with the exposed module
surface to cause spontaneous nucleation, thereby initiating the energy release
from the whole heat battery. By cooling a small volume of material the energy
available for heating purposes is greater than would be the case for auto-
nucleation because of the decreased sensible heat reduction needed. Multiple
trigger units can be employed to accelerate the energy release from the heat
battery.

The performance of the peltier module and its coefficient of performance are
presented when cooling different materials. The power requirements to
achieve the required temperature for nucleation to occur are also presented.
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Abstract

In the present study, the complex efficiency of internal combustion engine (IC-engine)
exhaust gas waste heat utilization by means of the thermoelectric generators (TEG)
mounting into an exhaust tract is studied.

The results of mathematical simulation of the TEG, including the gas flow inside the
heat-exchange unit flow channel and the heat exchange through thermoelectric
modules, the calculation of the basic performance characteristics of the TEG (electric
power, efficiency, weight and etc.), as well as an overall estimation of the efficiency
of I1C-engine with TEG considering the influence of the generator aerodynamic
resistance on the 1C-engine power loss are represented.

In the current work modeling combines previously presented TEG analytical
model [1] and computational fluid dynamics model, used to refine the heat exchanger
emission coefficients for the certain operating conditions.

The experimental studies of the TEG parameters and the integrated quality factors for
the developed mathematical model verification and the TEG performance
characteristics determination are conducted.

The comparison of the effectiveness of various design techniques of heat exchange
intensification is performed based on the gas dynamic resistance coefficients ratio &/&o
and the dimensionless criteria ratio Nu/Nw. As a result, conclusions about the
applicability of the heat exchange intensification techniques for thermoelectric
generators of various purposes are formed, and the complex efficiency of TEG
application for the internal combustion engine exhaust gas waste heat utilization is
assessed.
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Transport and thermoelectric properties of p-type double-filled
Ri1,R’;FesxCoxSbi, (R or R’: Pr, Nd, Yb) skutterudites
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dihkim@ut.ac.kr

Abstract

Filled skutterudites are regarded as potential candidates for thermoelectric power
generation applications at intermediate temperatures [1,2]. n-Type filled skutterudites
have high thermoelectric performances, but p-type filled skutterudites have relatively
low thermoelectric performances [3]. Therefore, p-type skutterudites need to enhance
the thermoelectric properties for thermoelectric modules with pn couples. In the
present study, p-type double-filled R1-zR’zFe4xCoxSbhi2 (R or R’: Pr, Nd, Yb, z=0.25,
0.75, and x = 0, 0.5, 1.0) skutterudites were synthesized by encapsulated melting and
annealing, and consolidated with hot pressing. The effects of double filling and charge
compensation on the microstructure, the electronic transport, and the thermoelectric
properties of the skutterudites were examined. A small amount of FeSb2 phase was
formed for all specimens, but the FeSb. phase formation was suppressed by Co
substitution for Fe. The electrical conductivity of all specimens slightly decreased
with increasing temperature, showing degenerate semiconductor characteristics. The
Hall and the Seebeck coefficients of all specimens showed positive signs, indicating
that the major carriers were holes (p-type conductions). The Seebeck coefficients of
Co-substituted specimens increased due to the decrease in the carrier concentration
while the electrical conductivities and the thermal conductivities decreased. The
dimensionless figure of merit, ZT = 0.81 was obtained for Ndo.75Ybo.2sFe3Cobi2 at 723
K, and ZT = 0.83 was attained for Pro.7sNdo.2sFesShi2 at 823 K. The maximum ZT =
0.85 was achieved for Pro.75Ybo.2sFes5C00.5Sh12 at 723 K.

Reference:
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56 (1997) 15081-15089.
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Abstract

Skutterudites have been widely investigated as promising materials for thermoelectric
power generation at temperatures from 500 K to 900 K [1]. Skutterudite structure has
two large voids per unit cell that can be occupied by filler atoms, which play two
important roles. First, the fillers donate electrons to the host compound to tune the
electrical property and second, the vibration of fillers in the voids leads to phonon
scatterings and substantially reduces the lattice thermal conductivity [2]. Each filler
atom has a specific atomic mass and a unique resonant frequency [3]. Thus, double or
multiple filling can cause more phonon scattering, resulting in the improvement of
thermoelectric performance with lower lattice thermal conductivity. In this study, p-
type (La/Ce)1-z(Pr/Nd)zFes-xCoxSb12 (z = 0.25, 0.75 and x = 0, 0.25) skutterudites
prepared by encapsulated melting and hot pressing. The effects of double filling and
charge compensation on the thermoelectric properties were examined. The electrical
conductivity decreased with increasing temperature, implying a degenerate
semiconductor behaviour, and also decreased with La/Pr and Co contents. The
Seebeck coefficient increased with increasing La and Pr contents and Co content due
to decrease in the carrier concentration. Also, The Seebeck coefficient increased with
increasing temperature and reached to a maximum value at 823 K. The thermal
conductivity increased at temperatures above 623 K due to bipolar conduction. The
lattice thermal conductivity decreased with increasing Pr and Nd contents. The
dimensionless figure of merit, ZT = 0.83 was obtained at 823 K for Lao.7sPro.2sFesSbaiz,
ZT = 0.82 was attained at 823 K for Lao.7sNdo.2sFesShi2, and ZT = 0.84 was achieved
at 823 K for Ceo.2sPro.7sFesShiz. Also, for Co-substituted specimens, ZT = 0.81 was
attained at 723 K for Lao.7sPro.2sFe3.75C00.25Sh12, ZT = 0.78 was obtained at 723 K for
Lao2sNdo.7sFes 7sC0025Sh12, and ZT = 0.80 was achieved at 823 K for
Ceo.25Pro.75F€3.75C00.255b12.

References:
[11 L.E.Bell, Sci. 321 (2008) 1457.

[2] D.J.Singh and M. H. Du, Phys. Rev. B 82 (2010) 075115.
[3] L.Zhang, A. Grytsiv, P. Rogl, E. Bauer, and M. Zehebauer, J. Phys. D 42 (2009) 225405.
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Abstract

Doped cobalt triantimonides are used as components of thermoelectric devices at
temperature range about 400-600°C. The main difficulty of the CoSbs application is
the degradation of its thermoelectric properties as a result of antimony sublimation
and material oxidation at elevated temperatures. To prevent these processes protective
coatings are foreseen. The objective of this work was to characterize the glass
coating/CoSbs interface and to determine its influence on the CoSbs stability at
elevated temperatures. To determine oxidation resistance, coated samples were
oxidized at 600°C in air and examined by SEM/EDS, TEM/EDS, STEM-EDS and
SAED electron diffraction. The results of the study showed that effective protection
for CoShs against oxidation at 600°C in air was possible only if:

no crystallization near glass/substrate interface occurred;

porosity at the glass coating/CoShs interface was as small as possible;

adhesion was ensured by both chemical and mechanical bonding.

The glass coating was an effective barrier for oxygen diffusion into the material and
for antimony sublimation, therefore chemical and phase composition of the substrate
was not affected by the oxidation (Fig.1).

Figure 1: STEM-HAADF
image of glass coating/
CoSbjsinterface with EDS
maps of selected chemical
elements and two
diffraction patterns (insets)
form amorphous and
crystalline regions.

Acknowledgments: The study was supported by the National Centre for Research
and Development (NCBR, Poland) under the project no. PBS3/A5/49/2015).
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Abstract

Thermodynamic instability of Fes.xCoxSbiz-based skutterudites substantially limits
their applicability in thermoelectric converters. In this report we present a detailed
study of phase degradation of filled FesxCoxShi2 upon high-temperature processing.
DSC studies revealed a weak endothermic (within 240 — 480°C) and two strong
exothermic (at ~500°C and ~580°C) events occurring upon heating of CeyFes-
xC0oxShiz, which can be ascribed to volatilization of Sb and irreversible formation of
Fe1xCoxShz, as confirmed by in-situ high-temperature PXRD (Fig.1). Except for
temperature, the spark-plasma-sintering parameters had little effect on skutterudite
decomposition. The latter remained virtually intact at sintering temperatures below
500°C. We shall further discuss transport properties measurements, which underline
that abundant impurity phases are detrimental to the thermoelectric performances of
filled Fes-xCoxSbiz.

Intensity (arb. units)

20 (deg)

Figure 1: Heat flow and in-situ high-temperature PXRD for Ce Fe;xC0,Sb1,.

174


mailto:viktoriia.ohorodniichuk@univ-lorraine.fr

ECT2016 Poster Contributions

PA1.5

Towards band gap engineering in skutterudites: the role of X4
rings geometry in CoSbs-RhSbs system
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Thermoelectric Research Laboratory, Department of Inorganic Chemistry
Faculty of Materials Science and Ceramic
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Abstract

During the very first theoretical investigation [1-2] of the electronic structure of
skutterudites it was found that the value of calculated band gap Eg is strongly
dependent on positional parameters of the pnictogen in the unit cell. According to
Jung et al. [3] even small changes in the geometry of X4 ring have strong influence
on the energy of molecular orbitals and in result lead to broadening of the band gap
due to hybridization of p states.

In the present work experimental results confirming the theoretically predicted
relation between bonds properties in Sba rings and band gap Eg are presented for solid
solutions of Co1-xRhxShs (x = 0 to 1) and other systems. Crystal structure parameters
determined from XRD data and band gap values estimated from electrical
conductivity [4] are interpreted in the context of DFT analysis of influence of X-X
bonds lengths on the electronic band structure.

The results show very complex behaviour and sensitivity of states lying close to the
band gap due to Shs ring geometrical parameters. New concepts of band gap
engineering for skutterudites by selective doping or applying high pressure are
discussed.

Acknowledgements
This research was supported by Polish National Science Centre grant no. UMO-2013-
09/B/ST8/02043

References:

[1] J. Sofo and G. Mahan, Mater. Res. Soc. Symp. Proc. 545 (1999) 315-320.

[2] J.Sofoand G. Mahan, Phys. Rev. B: Condens. Matter 58 (1998) 15620-15623.
[3] D.Jung, M. Whangbo and S. Alvarez, Inorg. Chem., 29 (1990) 2252-2255.

[4] K. Wojciechowski, J. Alloys Compd., 439 (2007) 18-24.

175


mailto:wojciech@agh.edu.pl

Poster Contributions ECT2016

176



ECT2016 Poster Contributions

A4. Tellurides

177



Poster Contributions ECT2016

178



ECT2016 Poster Contributions

PA4.1

Nanostructuring effects on the thermoelectric properties of

n-type (Bio.95Sbo.05)2(T€0.955€0.05)3
T. Zhou?, V. Kosalathip'?, C. Chubilleau?, B. Lenoir® and A. Dauscher 12

! Institut Jean Lamour, UMR 7198 CNRS — Université de Lorraine, Parc de Saurupt, CS
50840, F-54011 NANCY Cedex, France

2 Department of Physics, Faculty of Science, King Mongkut's University of Technology
Thonburi, BANGKOK 10140, Thailand

3 INOVERTIS, 1, rue Marc Seguin, F-26958 VALENCE, France
2 anne.dauscher@univ-lorraine.fr

Abstract

Nanostructuring has proven to be an efficient way to enhance the performance of
state-of-the-art or advanced thermoelectric materials. Many techniques to produce
nanoparticles and nanostructured materials have been explored in the literature.

We propose here to check the thermoelectric properties of n-type
(Bio.95Sho.0s)2(Teo.95Se0.05)3 composites made simply by a mixture of nano-sized
particles produced by the original way of laser fragmentation in a liquid medium with
micron-sized particles of the same composition. Nanoparticles of n-type
(Bio.g5Sho.0s)2(Teo.95S€0.05)3 have been prepared by pulsed laser fragmentation in water
from micron-sized particles of same composition. Different amounts of nanoparticles
ranging from to 2 to 20% in weight have then been gently mixed to micron-sized
powders. Sintering of the resulting mixtures was carried by cold pressing to avoid any
grain growth. Reference samples containing none or only nanoparticles were also
prepared.

Microstructural investigations of the resulting ingots have been performed by
scanning electron microscopy and powder x-ray diffraction. The transport properties,
i.e. the electrical resistivity, the thermopower, Hall coefficient, and the thermal
conductivity have been measured between 2-300 K on the various samples. Influence
of the weight content of nanoparticles and microstructure will be discussed as well as
anisotropy effects measured at room temperature. Beneficial effect on the thermal
conductivity has particularly been observed.
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Abstract

Recently SnTe has attracted attention in thermoelectricity as a lead-free analogue of
PbTe with a similar valence band structure [1-3]. However, pristine SnTe is a poor
thermoelectric material because of its very high hole concentration arising from
intrinsic Sn vacancies in the lattice [4,5], which give rise to low Seebeck coefficient
and high electrical and thermal conductivity. In this study, we demonstrate how the
hole concentration can be controlled in SnTe-based material by varying the synthesis
process. In particular, we show that self-compensation can effectively reduce the
concentration of Sn vacancies and decrease the hole carrier density. For example, a 3
mol % self-compensation of Sn results in a 50% improvement in the figure of merit
ZT that reaches 0.6 at 800 K.
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Abstract

Thermoelectric materials (TE) have the capability of direct conversion of waste heat
energy into electricity via Seebeck effect, or active cooling via Peltier effect [1].
Recently, incorporation of ceramic nanoparticles(NPs) in the bulk thermoelectric
matrix is one of the new strategies to boost Seebeck coefficient via energy filtering
effect (EFE) with simultaneous decrease in thermal conductivity via scattering
mechanism at newly formed interfaces [2].

In this research, p-type BiSbTe/Y203 nanocomposites (NC) have been fabricated by
mechanical milling and spark plasma sintering. The existence of the Y203
nanoinclusions are confirmed by x-ray diffraction and TEM-SAED analysis. The
hardness of the NCs are significantly improved than pure BiSbhTe bulks due to the
grain boundary hardening. The temperature dependence of thermoelectric properties
are severely affected by the dispersion of Y203 NPs in BiSbTe matrix. The
thermoelectric figure of merit, ZT is remarkably improved in BiSbTe/Y203 NCs due
to significant increase in Seebeck coefficient via EFE, and dramatic decrease in
thermal conductivity via carrier scattering mechanism.
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Abstract

The alloys (GeTe)x(AgSbTez)1-x (commonly known as TAGS) are among the best
high-temperature thermoelectric materials, largely due to their low thermal
conductivity. Here we focus on TAGS-85, which is reported to have a transition from
a rhombohedral phase to a cubic phase above ~200 °C. We have found a way to
stabilize both of these polymorphs at room temperature by careful adjustment of the
synthesis conditions. We study the structural properties of both rhombohedral and
cubic TAGS-85 as a function of thermal cycling and reveal a much more complex
behavior than previously reported, involving transformations to novel layered
structures. The thermoelectric properties of both polymorphs will be discussed with
respect to their electrical conductivity, Seebeck coefficient and thermal conductivity.
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Abstract

The B-Asz2Tes compound is isostructural to the well-known BizTes-based
thermoelectric materials used in solid-state cooling applications. It was recently
shown that this compound displays interesting thermoelectric properties around 400
K when appropriately alloyed with Sn or Bi [1-3]. Since a large number of isovalent
and aliovalent substitutions can be envisaged in B-As2Tes, it is highly desirable to
investigate in detail the influence of other “dopants” on its thermoelectric properties
to see if further improvement can be obtained in this new family of compound.

Here, we report on the synthesis, physico-chemical characterizations and
thermoelectric properties (5-400 K) of B-AszxIxTes compounds. The electrical and
thermal properties were measured on samples cut parallel and perpendicular to the
pressing direction to probe the anisotropy. Alloying with iodine does not change the
p-type nature of the samples but results in higher electrical resistivity values leading
to less favorable thermoelectric properties.
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Abstract

Germanium antimony tellurides (GST) are well-known phase change materials and
have more recently been investigated as thermoelectric materials with ZT values of
up to 1.5.[1] Concerning crystal structures and typical phase transitions, germanium
bismuth tellurides GexBi2Tex+s (GBT) represent a comparable class of materials.
Some of these pseudo-binary compounds crystallize in a cubic rocksalt-type at high
temperature in which the vacancy concentration on the cation position depends on the
ration of GeTe to Bi2Tes. Upon quenching, this high temperature phase transforms to
a metastable pseudocubic structure. [2] Its disordered domain structure was elucidated
by transmission electron microscopy. The stable modification of GBT at room
temperature, however, exhibits a layered structure in which the vacancies form van-
der-Waals gaps between rocksalt-type slabs whose thickness depends on the
composition.

The electrical conductivity of quenched compounds with 7 <y < 17 increases from
~150 to ~400 S cm™* (at 500 °C) with increasing GeTe concentration. Upon the same
compositional variation, the Seebeck coefficient increases from ~150 to ~270 pVK™
(at 450°C). This results in an increase of the ZTmax value from ~0.18 for samples with
the composition GegBi2Te12 to ~1 for Ge17Bi2Tezo.

Partial substitution of Ge by Sn leads to materials (Ge1-xSnx)yBi2Tey+3. These exhibit
even higher electrical conductivities, e.g. for (Gei1xSnx)7Bi2Tei2 whose electrical
conductivity increases by 100-300 % (for x = 0.25 and 0.75, respectively) compared
to pristine GBT. This is accompanied by higher thermal conductivity. For certain
combinations of substitution x and content y of (Ge,Sn)Te, the thermoelectric
properties at low temperatures can be improved. Substituting e.g. 25 % of the Ge in
Ge12Bi2Teis by Sn lowers the maximal ZT values but significantly enhances those at
low to intermediate temperatures compared to the corresponding pristine GBT. ZT
values remain almost constant over a wide temperature range.
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Enhancing the Thermoelectric Properties of Germanium Antimony Tellurides by
Substitution with Selenium Compounds Ge,Sby(Te1.xSex)n+s, Chem. Mater. 26 (2014)
2567-2578.

[2] L.E. Shelimova, O.G. Karpinskii, P.P. Konstantinov, E.S. Avilov, M.A. Kretova, V.S.
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Abstract

Alloys based on GeTe, such as GeSbAgTe (TAGS) and GeShTe (GST) are intensively
studied to optimize their thermoelectric properties. Here we unravel the extensively
twinned herringbone structure observed in these alloys. Since the observed domain
boundaries may act as a scattering mechanism for phonons, knowledge of the
microstructure is essential for thermoelectric applications [1]. We resolve the current
controversy in the literature concerning this 3D structure [2,3], using electron
microscopy to properly identify both the domain boundaries and the local
rhombohedral distortions. The structure arises due to the phase transformation from
cubic to rhombohedral symmetry, where twins are formed to reduce global shape
change without introducing local stress. From the simple model we developed, we
conclude that the commonly observed structure is the only stress-free domain
configuration. Because our model does not assume material-specific parameters, it is
argued to be valid for a wide range of materials: GeTe alloys, but also perovskites
such as LaAlOs.
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Figure 1: a.) Rhombohedral distortion of the rock-salt GeTe reduces the pseudocubic angle from
90° to 88.20°, ‘stretching’ the unit cell along one <111> axis. All four <111> distortions are
expected to occur equally to obtain a stress-free structure. b.) A bright-field TEM image of
GeTe, with the projection of their distortion vector. ¢.) Modeled domain structure (arrows
indicate pseudocubic axes) of GeTe. This mixed {010}/{011} twin boundary system is the most
commonly observed structure, and from modelling is the only stress-free domain tiling.
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Abstract

In order to overcome the issues like depletion of fossil fuels, energy crisis and global
warming, much effort has been devoted to developing new alternative technologies.
Thermoelectric materials (TE) can convert waste heat to electrical energy or electrical
to heat in an eco-friendly manner [1]. The TE performance is directly influenced by
the preparation technologies. Hence, we are focused on the optimization of the ball
milling parameters such as the ball to powder ratio, rotation per min (RPM) and ball
size [2]. As-milled powders were consolidated using spark plasma sintering. The
crystal structure and microstructure of the powders and their bulk samples were
systematically analyzed. The particle size distribution and oxygen content of the as-
milled powders were analyzed using particle size analyzer and ONH determinator
respectively. The micro Vickers hardness of the bulk samples were measured using
Vickers indentation method. The maximum Vickers hardness was obtained due to a
high density of fine grains. The thermoelectric properties with temperature were
analyzed using TEP-1000 thermoelectric measurement system. The results indicate
that the Seebeck coefficient and electrical transport properties exhibited nearly same.
However, the thermal conductivity varied with ball milling conditions, as a result,
high figure of merit (ZT) was achieved for 20:1 with 1100 rpm.

References:
[11 S.J.Hong, S. H. Lee, B. S. Chun, Mater. Sci. Eng. B 98 (2003) 232-238.
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(2016) 120-125.

186


mailto:yoonsm226@naver.com
mailto:maylikhalwin@gmail.com
mailto:jeongky0125@naver.com
mailto:hongsj@kongju.ac.kr

ECT2016 Poster Contributions

A5. Bismuth and related materials
&
A8. Silicides

187



Poster Contributions ECT2016

188



ECT2016 Poster Contributions

PA5-8.1

Influence of Cul doping on the thermoelectric effect of Bi,Tes
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Department of Chemistry and Nano Science, Ewha Womans University, Seoul 120-750, Korea
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Abstract

Bulk-bismuth telluride (Bi2Te) and its alloys are the best room-temperature
thermoelectric material found to date. Different approaches have been tried in order
to enhance the thermoelectric properties of Bi2Te. Doping is a commonly used way
to improve the thermoelectric properties of Bi2Tes-based materials. Here, bismuth
telluride (Bi2Tes) samples doped with copper iodide (Cul) have been successfully
prepared in the series compounds of (Cul)xBizTes (0 < x < 0.1) by the conventional
solid state reaction. Electron and thermal transport properties, i.e., electrical
conductivity, carrier concentration, Hall mobility, Seebeck coefficient, thermal
conductivity, of Cul-doped Bi2Tes are measured at the temperature range of 250-600
K to clarify the influence of doping upon the thermoelectric performance of BizTes.
The microstructure and morphologies of Cul-doped Bi2Tes were investigated by
powder X-ray diffraction and high resolution transmission electron microscopy. The
electrical conductivity increases with increasing Cul contents. This value is much
higher than that of Bi2Tes doped with Cu prepared with the same experimental
condition. All the Cul doped samples exhibit n-type conduction. High resolution TEM
images of both samples reveal that all systems contain compositional fluctuations at
the nanoscopic level and are nanostructured. Inserting additional Cul is very effective
in improving electrical conductivity and Seebeck coefficient, and suppressing thermal
conductivity, thus enhancing ZT.
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Thermoelectric properties of lodine-doped Bi;Tes.ySey solid
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Abstract

Bi2Tes compound with rhombohedral structure is the most superior thermoelectric
material for use in the room temperature range [1]. Typically, Bi2Tes is used to make
solid solutions to p-type (Bi,Sh)2Tes or n-type Biz(Te,Se)s. Because BizSes has the
same crystal structure and similar electronic structure to BizTes, they can form
complete solid solutions of Bi2Tes.ySey. The Se atom occupies the Te site and thereby,
the strengthened alloy scattering for electrons and phonons can reduce the carrier
mobility and the lattice thermal conductivity [2, 3]. Thus, the donor doping is
necessary to increase the carrier concentration, which leads to the increase in the
electrical conductivity. In this study, Biz2TesySey and I-doped Bi2TesySey solid
solutions (y = 0 to 0.6) were prepared by mechanical alloying and consolidated by hot
pressing. The effects of the Se substitution and the | doping on the crystal lattice, the
change transport and the thermoelectric properties were examined. All specimens
exhibited n-type conductions in the measuring temperature range from 323 K to 523
K, and their electrical conductivity decreased slightly with increasing temperature,
indicating degenerate semiconductor behaviors. The electrical conductivity decreased
with increasing Se substitution while it increased by | doping, which was in contrast
with the Seebeck coefficient. The electronic and the lattice thermal conductivities
decreased with increasing Se substitution and decreasing | doping due to the decreased
carrier concentration and the increased alloy scattering. The maximum figure of merit
ZTmax = 0.76 was obtained at 473 K for undoped Bi2Te2.555€0.45 While ZTmax = 0.84
was attained at 473 K for iodine-doped Biz2Te2.4S€o.6:10.005.
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Mechanical and thermoelectric properties of Bi,xSbyTes
prepared by encapsulated melting and hot pressing
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Abstract

Bi2Tes and Sh2Tes have a layered structure in the order -Te!-Bi(or Sh)-Te?-Bi(or Sh)-
Tel-, and a cleavage plane is easily formed along the basal plane perpendicular to the
c-axis due to the weak van der Waals bonding between Tel-Te! [1]. Although single
crystals prepared by the unidirectional crystal growth methods such as zone melting,
Bridgman, and Czochralski methods have excellent thermoelectric performance along
the a-axis, the crystal growth technique is time and energy consuming and exhibits
poor mechanical properties along a cleavage plane [2]. In this study, Bi2-xShxTes (x =
1.4 to 1.7) solid solutions were synthesized by encapsulated melting and consolidated
by hot pressing. Microstructure, mechanical properties and thermoelectric properties
were evaluated for hot-pressed specimens. X-ray diffraction peaks shifted to lower
angles with increasing Sb content, which confirmed that Sb successfully substituted
for Bi, and thus formed solid solutions. The pole figures of all hot-pressed specimens
indicated randomly oriented texture, and their calculated orientation factors ranged
from 0.003 to 0.115. The electrical conductivity increased with increasing Sh content
while the Seebeck coefficient decreased, which was due to the increase in the carrier
concentration. The maximum ZT = 1.14 was obtained at 323K for the Bio4SbisTes
hot-pressed at 698 K.
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Abstract

Increasing energy prices and strict fuel consumption regulations in the EU are
prompting the automotive industry to improve fuel consumption urgently. Installation
of thermoelectric generator (TEG) systems in vehicles is one possible solution for
reusing discarded heat to supply electricity and conserve fuel. Mg2Si is suitable for
on-board TEG systems, as this material is non-toxic, lightweight, and its constituent
elements are abundantly available. Long-term usage of TEG for applications at
elevated operational temperatures (~ 900 K) requires better fabrication techniques for
manufacturing Mgz2Si TE chips, including forming electrodes with sufficient
durability at those temperatures.

In this study, we address the deterioration of TE chips fabricated using the mono-bloc
sintering technique that sinters MgzSi at high temperatures while simultaneously
forming electrodes. To study the deterioration mechanism, we performed exposure
test for pure and Al-doped samples maintained for 30-500 h in an air atmosphere or
Ar gas at 873 K. We found deposition of MgO and degradation of all samples
regardless of the atmospheric conditions. This suggests poor sintering as the cause of
degradation. Therefore, we introduced a modified screen-printing technique to form
metal electrodes terminating in the already-sintered Mg.Si. For fabrication, we used
Ni paste mixed with Mg2Si powder as an electrode to improve adhesion to the Mg2Si
matrix. We exposure tested in the above atmosphere at 873 K and then observed the
samples under an optical microscope. Fig. 1 shows sufficient adhesion of electrodes
to the matrix for up to 500 h of testing, without any decomposition. Furthermore,
contact resistance at the interfacial junction of the electrode with the Mg2Si was
approximately 10-° Qm2, which meets the 10 -10-1° Qm? standard for practical use.
We evaluated the output power of our samples at various temperature differences from
AT=573 to 773 K (Fig. 2). The results indicate that screen-printing improves the
output power (maximum 157 mW at AT=500 K), compared to that of monoblock
sintering (110 mW). In conclusion, the screen-printing method introduced here can
produce TE chips with good interfacial junctions to the Mg2Si, has a better output
performance, and improved durability.
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Figure 1: Screen printing samplés after Figure2: Output power of monobloc sintered
exposure test in the atmosphere at 873 K. and screen printed samples at AT=573 to 773 K.
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Abstract

Thermoelectric generators (TEGs) allow for the direct conversion of thermal energy
to useful electrical energy by using solid state, emission- and maintenance-free
devices. By harvesting waste heat, TEGs can improve the energy efficiency of
automotive, industrial and domestic processes and thereby help save fuel and cut
emissions. The materials of the solid solution system Mgz(Si,Sn) possess favourable
thermoelectric properties in the important temperature range of 300 °C to 600 °C.
Additionally, the starting materials are available in high purity at low cost, the
constituent elements are abundant in nature and non-hazardous to human health and
the environment. Mgz(Si,Sn) thermoelectrics are therefore among the most promising
materials for a wide-scale industrial production and application.

We report on the powder metallurgical synthesis, microstructure and thermoelectric
properties of composite Mg2Sio.4-xSho.sBix with addition of Yb or SiC nanoparticles
and an optimized Bi doping level. An Mg-Yb pre-alloy and commercially available
SiC nanoparticles are used. Powder mixtures are produced by vibratory disc milling
or high energy ball milling under Ar-atmosphere. The samples are synthesized and
compacted in a single step by Spark Plasma Sintering (SPS). The density of the
compacted pellets is higher than 96 % of the crystallographic density. The figure of
merit zT reaches a peak value of at least 1,2. A zT > 1 is attained in a broad temperature
range (from 250 °C to 570 °C). Powder XRD, SEM and TEM investigations show
that the samples consist of a fine-grained single phase matrix with embedded Yb-rich
or SiC particles and homogeneously distributed Bi dopant. Depending on the local
availability, Yb forms particles by reaction with either Si and Fe impurities from the
milling jar or Sn and Bi. The distribution of Yb between solid solution in the matrix
and the particles depends on the SPS parameters. Despite the marginally higher
absolute value of A4G° of Yb20s (|-575,6| kJ/mol per O) compared to MgO
(-569,3| kd/mol per O), no formation of Yb2Os is observed.
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Abstract

Thermoelectric (TE) materials and devices have been investigated over the past
several decades for the applications in TE energy conversion. Up to date, Bi-Te based
alloys have exhibited the best TE properties around room temperature. Well known
sintering methods for Bi-Te alloys have been based on hot-pressing, spark plasma
sintering (SPS) or hot-extrusion processes [1]. Among them, we fabricate Bi2Tes.xSex
(BTS) alloys using hot-extrusion which is considered as a way to improve the
mechanical strength, thermoelectric performance, and to create highly oriented texture
[2]. Also, we study the effects of BTS powder size and annealing on their TE

properties. As a preliminary result, a BTS alloy fabricated with powders (75~180um)

and annealed at 500°C showed a maximum figure of merit (Z) of 3.17 (10-¥/K) at
300K.
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Figure 1: Z and Seebeck coefficients of BTS made using powder with different sizes
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Abstract
Several methods are used to produce magnesium group IV compounds, typically the
two step route: powder synthesis followed by densification process. Powder
metallurgy is commonly used in industry for its ability to handle large amounts of
powders. The main drawback are low densities and porosity, which are deleterious for
mechanical properties. The thermal and pressure assisted hot pressing method is also
a well-developed technique, requiring processing times from minutes to hours. In the
last ten years the development of field assisted sintering technologies, in particular
Spark Plasma Sintering, has lead to a reduction of processing times and a better
control of microstructure. For TE materials their low electrical resistivity allows part
of the SPS current to flow through the sample giving rise to a hybrid current-pressure
assisted sintering. It has recently been demonstrated that flash sintering can sinter
nanograins of zirconia in 5s at 850 °C, when conventional furnace processing needs
hours at 1450°C. The lower resistivity and sintering temperature of the silicides should
allow the flash sintering of TE material, as it was demonstrated for ZrBz [1]. This
study analysed the feasibility of flash-sintering magnesium silicide stannide (MSS)
using a Spark Plasma Sintering furnace and then compared the materials to samples
sintered using conventional-SPS processing from powder and from a green pellet
using optimal conditions. An Mg21Sio0.487SN05Sbo.013 (MSS) green compact was
sandwiched between two graphite punches without a die. The direct heating was so
efficient that a heating rate of ~1000 °C/min was achieved and the sample was fully
sintered in less than 45 sec. Due to the strong local Joule heating at the contacts of the
particles, the onset of flash-sintering temperature was 170 to 350 °C lower than that
in convectional SPS. It was possible to produce a dense sample within a sintering
windows of 6 sec. The process was controllable and repeatable. SEM images and
XRD evidenced a phase separation in flash sintered samples, mainly related to local
surface melting and subsequent cooling, producing a mixture of phases. The electrical
resistivity of the flash sintered samples decreased. This could be related to a different
oxide distribution, which allowed the formation of an oxide free network available for
charge carriers. A final ZT of 0.7 at 400 °C was measured for flashed sintered sample,
seven times higher than CSPS sample. The above results indicate that flash sintering
could open a new way for quick production of large quantity of high quality
nanostructure and/or textured thermoelectric material with low electrical resistivity.
Reference:
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Abstract

BizTes and its solid solution alloys are the best commercial thermoelectric materials
with the highest figure of merit(ZT). Recently, a significant ZT value improvement
has been achieved by nano-engineering approaches [1,2]. ZT improvement is the
result of decreasing lattice thermal conductivity due to the phonon scattering by
boundaries and structural defects. However, these results are limited to p-type Bi-Te
based materials. In this study, we report the high thermoelectric figure of merit in n-
type Bi-Te alloys at low temperatures. Bi-Te alloys with high ZT values were prepared
by hot-pressing method and its carrier concentration and anisotropic properties were
optimized by chemical composition and crystalline alignment using slip-casting under
a high magnetic field. A maximum ZT value of 1.05 was obtained at 250K.
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grain boundaries for high-performance bulk thermoelectrics. Science 348 (2015) 109-114.

196


mailto:kimdhwan@dgist.ac.kr

ECT2016 Poster Contributions

PA5-8.9

Industrially scalable production of micro thermoelectric
generators (UTEG) through Screen Printing
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Abstract

Escalating demands for energy consumption in last decades and the consequent
scarcity of natural resources exploited so far, led us closer to a global energy crisis
[1]. Itis crucial to achieve a sustainable production, educate the population for energy
saving needs and improve the recovery methods developed so far. Heat loss is an
inevitable process and the ability to re-use it would bring many potential applications
for powering devices and reduce the energy costs in industrial processes or building
maintenance. Thermoelectric phenomena [2], which involve the conversion between
temperature differences and electric current, can play an important role in the energy
harvesting paradigm.

The goal of this work is to conceive a flexible and fully screen printed thermoelectric
generator prototype for energy harvesting, based on Bi2Tes materials, which has been
endorsed as a prime thermoelectric material, with a unique set of characteristics that
currently make it the most suitable to fabricate devices, with the best performance
values for near-room temperature applications.

Screen printing3 is an economically viable production technique which has been
widely used to print flexible electronic devices, however there is a lack of specific
works on the field of thermoelectrics, with the current challenge being the creation of
a printable paste4 without loss of thermoelectric properties.

Up to this moment, the BizTes sintering process was optimized, from Bi and Te
powders, using a compressing method to facilitate the atomic diffusion followed by
an annealing at 720°C for 5 hours on an inert atmosphere. The obtained samples
achieved S ~—160uV K~ and p ~0.02 Qm™. Towards the screen printing
method, they were submitted to a Ball Milling process to reduce the mean particle size
down to 50um. Several polymers have also been tested in order to achieve the desired
paste and will be discussed during this work.

References:

[1] British Petroleum. “BP Statistical Review of World Energy”, Technical Report June,
British Petroleum (2015).

[2] G.J. Snyder and E. S. Toberer, Complex thermoelectric materials, Nature Materials 7(2)
(2008) 105-114.

[3] H.B. Leeetal., Thin-film thermoelectric module for power generator applications using a
screen-printing method, Journal of Electronic Materials 40(5) (2011) 615-619.

[4] Z.Caoetal., Flexible screen printed thermoelectric generator with enhanced processes and
materials, Sensors and Actuators A: Physical 238 (2016) 196-206.
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BiosSbisTesthin films with bulk-like thermoelectric properties
on glass and flexible substrates
E. Symeou® 2, Ch.Nicolaou® and J. Giapintzakis® ?
! Department of Mechanical and Manufacturing Engineering, University of Cyprus, 75
Kallipoleos Av., PO Box 20537, 1678 Nicosia, Cyprus
2 simeou.elli@ucy.ac.cy, ® giapintz@ucy.ac.cy

Abstract

Localized cooling in micro- and nano-electronics as well as energy autonomy in
applications such as wireless sensor networks and wearable electronics could be well
served by thin film thermoelectric devices fabricated on solid and/or flexible
substrates. BiosShisTes is considered to be a state-of-the-art p-type thermoelectric
material, at temperatures near room temperature, due to its high power factor and ZT
value. Nevertheless, the deposition of BiosShisTes thin films with bulk-like
thermoelectric properties remains a great challenge.

We have grown p-type BiosShisTesthin films onto different types of substrates such
as fused silica and Kapton using pulsed laser deposition and home-made targets. The
films were grown at room temperature and then were subjected to a post-deposition
ex-situ annealing process.

In this poster presentation, we will present our recent results on Seebeck coefficient,
electrical resistivity and Hall carrier concentration as a function of temperature (200-
390K). We will discuss how the thermoelectric properties of the obtained films are
affected by the substrate type and stoichiometry. Also, we will address the effect of
post-annealing treatment on the structural and thermoelectric properties. The power
factor values of our post-annealed films are similar to those of the best bulk materials.
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Thermoelectric properties of Cu/ln doped Bi,Tes; based alloys
prepared by zone melting
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Otto Schott Institute of Materials Research, Friedrich Schiller University Jena, Lébdergraben
32, D-07743 Jena, Germay
2School of Materials Science and Engineering, Harbin Institute of Technology, West-Dazhi
Street 92, 150001 Harbin, China
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Abstract

Bi2Tes based alloys are regarded as the best thermoelectric materials near room
temperature [1,2]. Depending on composition and temperature, Bi>Tes features p-type
or n-type transport behavior. Compared with p-type, n-type materials exhibit
significantly lower zT values. In the present work we report our recent work on n-type
Bi>Tes based alloys, aiming for enhanced properties via multi-doping and
nanostructuring. The effects of doping with Cu and In on the thermoelectric properties
of n-type BizTes based alloys prepared by zone melting have been investigated. With
a small amount of Cu/In doping of 0.05 at% to BizTes of p-type transport behaviour
at room temperature and the p-n transition at ~150 °C are found. With a further
increase of the doping level of 0.1at% Cu and adding up to 3at% In, n-type transport
behaviour is determined from room temperature to 300 °C. Doping with Cu and In and
further alloying with Se to Bi2Tes have been investigated, and enhanced zT values of
up to 1.35 at 60 °C are obtained. This is on the one hand due to an increase of the
Seebeck coefficient and on the other hand due to the reduction of thermal
conductivity, which results from the suppression of bipolar conduction and the
formation of nanoscale precipitations.

References:

[1] H. Julian Goldsmid, Bismuth Telluride and Its Alloys as Materials for Thermoelectric
Generation, Materials 7 (2014) 2577-2592.

[2]1 N. Peranio, O. Eibl, S. Baessler, K. Nielsch, B. Klobes, R. P. Hermann, M. Daniel, M.
Albrecht, H. Goerlitz, V. Pacheco, N. Bedoya-Martinez, A. Hashibon, C. Elsaesser, From
thermoelectric bulk to nanomaterials: Current progress for Bi,Tes and CoShs, Phys. Status
Solidi A 213(2016)739-749.
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3Korea Research Institute of Chemical Technology, Daejeon 305-600, Korea
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Abstract

We report the enhanced thermoelectric properties of the Ag-doped BiosShisTes
compounds synthesized by engineering atomic scale dislocations. Nanotwin
engineering by Ag doping in BiosSb1sTes system is introduced as a new approach to
simultaneously optimize the electrical properties and lattice thermal conductivity. The
highest figure of merit, zT, of the nanostructured BiosSbisTes bulk sample reaches
1.36 at 373 K due to the twin effects. Thermoelectric transport measurements were
compared with microstructure studies and theoretical modelling. Herein, newly
suggested twin structures will be demonstrated by tuning the formation energy of
nanotwins which are developed with Ag doping,[1] and are found to be in good
agreement with experiments. In the twin models suggested by the computational
calculations, the twin boundaries were stabilized in Te(1)-Te(1) layers,[2] and while
the twin is formed by Ag interstitial in Bi-Te system, the additional substructure such
as Bi2 metal block can be generated.[3]

quintuple layer of BT (= Bi,Tes) and one triple layer (BiTe,)) with Bi bilayer
References:
[11 JK .Lee, S.D. Park, B.S. Kim, M.W. Oh, S.H. Cho, B.K. Min, H.W. Lee, M.H. Kim,
Control of thermoelectric properties through the addition of Ag in the BiosShysTesAlloy,
Electron. Mater. Lett. (2010) 6, 201-207.
[2] D.L. Medlin, Q.M. Ramasse, C.D. Spataru, and N.Y.C. Yang, Structure of the (0001) basal
twin boundary in Bi,Tes, J. Appl. Phys. (2010) 108, 043517.

[3] JW. G. Bos, HW. Zandbergen, M.-H. Lee, N.P. Ong, R.J. Cava, Structures and
thermoelectric properties of the infinitely adaptive series (Bi,)m(Bi,Tes)n, Phys. Rev. B
(2007) 75, 195203.
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Electrical and thermal transport properties of crystallographic
shear-plane transition metal oxides
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Abstract

Oxides form a prospective class of thermoelectric materials. Most complex metal
oxides are electrical insulators. However, the presence of mixed valence states, due to
a partial reduction of metal ions (e.g. W%, Mo®* Ti®*), and the accompanying
crystallographic shear planes, lead to the appearance of free carriers and therefore
quasi-metallic electrical conductivity. Consequently, the studies of oxide materials for
potential use in thermoelectric are rapidly progressing. The known high-temperature
synthesis methods reveal difficulties in controlling the reaction progress at elevated
temperatures and the homogeneity of the final product. The SPS studies of reaction
mechanisms reveal that the formation of phases follows a diffusion-controlled
reaction between the reaction components induced by dc current [1].

We report the SPS-assisted investigation of a part M — O (M — Ti, Mo, W) binary
systems in regions TiO2 — TiO [1, 2] and MOz — MO2 (M — Mo, W) [3-5] phases,
which were used as a starting components in the preparations. The influence of the
time, temperature, heating rate on the formation oxide products was studied. Besides
the known phases, two new binary phases were synthesized. All materials were
characterized by a powder XRD, DTA / TG, metallography, and TEM. The electrical
and thermal transport properties of the obtained materials have been investigated.

References:

[1] I Veremchuck, I. Antonyshyn, C. Candolfi, X. Feng, U. Burkhardt, M. Baitinger, J.-T.
Zhao and Yu. Grin, Inorg. Chem. 52 (2013) 4458.

[2] B. Feng, H.-P. Martin, F.-D. Borner, W. Lippmann, M. Schreier, K. Vogel, A. Lenk, I.
Veremchuk, M. Dannowski, C. Richter, P. Pfeiffer, G. Zikoridse, H. Lichte, Yu. Grin, A.
Hurtado, A. Michaelis, Adv. Eng. Mat. 16 (2014) 1252.

[3] G. Kieslich, I. Veremchuck, 1. Antonyshyn, W. G. Zeier, C. S. Birkel, Yu. Grin and W.
Tremel, Phys. Chem. Chem. Phys. 15 (2013) 15399.

[4] G. Kieslich, C. S. Birkel, J. E. Douglas, M. Gaultois, I. Veremchuk, R. Seshadri, G. D.
Stucky, Yu. Grin and W. Tremel, J. Mater. Chem. A 1 (2013) 13050.

[5] G. Kieslich, G. Cerretti, I. Veremchuk, R. P. Hermann, M. Panthofer, Yu. Grin, and W.
Tremel, Phys. Stat. Sol. (A) 13 (2016) 808.
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Abstract

Ga203(Zn0O)m (m = integer) homologous compounds are naturally occurring
nanostructured compounds [1,2]. The ability of these nanostructured interfaces to
scatter phonons effectively and therefore promote a low thermal conductivity makes
the Ga203(ZnO)m homologous compounds suitable for high temperature
thermoelectric applications [2]. However, it is difficult to produce high density
Ga203(Zn0)e ceramics [3]. In this study, by using B20s and controlling the
calcination and sintering time and temperature, we have produced high density
Ga203(Zn0)e ceramics via the conventional solid-state reaction technique.

Structural characterisation of the samples was carried out by both X-ray diffraction
and electron diffraction techniques. Study revealed that the samples had cmcm
symmetry with a, = 3.2, by = 19.67 and ¢, = 33.5 A. SEM observations showed
plate shaped grains within the microstructure and confirmed that the formation of
homologous structure at 1100°C and above. Microstructural analysis by HRTEM and
aberration corrected STEM-HAADF revealed the correct lattice site positions for Zn
and Ga and nano size twinned structure promoting a low thermal conductivity of ~1.6
to 1.4 W/Km in the temperature range of 300 to 900 K. In the optimised samples a
power factor of 9.0 x 10> W/mK? was obtained at 900 K. This is an improvement
with regards the highest values reported value for un-doped Ga,03(ZnQO)s [3]. The air
sintered ceramics showed a promising ZT of 0.055 at 900 K.

References:

[1] Chunfei Li, Y.B., Masaki Nakamura, Keiji Kurashimaa and Noboru Kimizukab, Structure
analysis of new homologous compounds Ga,03(ZnO)m (m = integer) by high resolution
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1167-1172.
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Abstract

Titanium suboxide is a group of defined Ti-O compounds the so called Magneli-
phases with the general formula TinOzn-1. The ratio of Ti-O determines the electrical
conductivity, which ranges over more than five orders of magnitude. The Seebeck-
coefficient varies as well and can reach reasonable high values. The thermal
conductivity, what is the third property of relevance to thermoelectric behaviour, is
found in the range between 1-3 W/mK. This property spectra is certainly of interest
for thermoelectric materials. According to theoretical considerations [1] single
Magneli phases are limited to low thermoelectric performance. Despite of this the
effect of phase mix may cause advantageous solid state electronic modification which
could improve the thermoelectric performance drastically. This paper experimentally
approaches in gaining knowledge about relationship of defined and controllable
Magneli-phase mixes with concern to thermoelectric properties of titanium suboxide.
New experimental results demonstrate that the properties can be shifted within the
thermoelectric property spectra. The control of Magneli-phase mixes is achieved by
simple technological procedures what would allow industrial manufacture in the
future.

References:
[11 M. Backhaus-Ricoult, J. R. Rustad, D. Vargheese, |. Dutta, K. Work, Levers for

thermoelectric properties in titania-based ceramics, J. Electron. Mater. 41 (2012) 1636-
1647.
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Abstract

High thermoelectric performances have been reached in CazCo4O9 ceramic material
through a modified solid state route. Samples were prepared using the classical solid
state synthesis method with the addition of different K2COs amounts (0, 5, and 10
wt.%). It provides a very flexible, economic and easy processing route which allows
microstructural control and improves the sintering procedure. K2COs, with ~898°C
melting point produces a liquid phase during sintering procedure (at 900°C), which is
vanished during the process. Electrical resistivity was decreased by enhanced grains
connectivity and sizes, while a significant increase in Seebeck coefficient at high
temperatures has been produced. The best PF values at 800°C have been obtained in
5 wt.% K2COs samples (0.43 mW/K?m), which are much higher than the obtained in
bulk sintered materials, and around the best measured in high density ones.
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Abstract

In addition to reasonable efficiencies, thermoelectric materials are asked to be cheap,
non-toxic and thermally stable in order to fulfil the required environmental criteria.
Metal oxides possess most of these requirements, therefore they are considered highly
interesting candidates for applications. Among others, metal oxides with adaptive
structures, like Magnéli phases, have shown their potential [1] thanks to the possibility
of tuning their electronic properties without affecting their intrinsic low thermal
conductivity. The conduction mechanism of the Magnéli phases within the W-O
system vary with the extent of reduction. A promising stoichiometry belonging to the
WhnOszn-1 family (WO2.90), was previously identified and characterized by our working
group.[2] This composition has been taken as starting point for an optimization
process intended to obtain higher zT values through the manipulation of the charge
carrier density. We used a controlled oxidation of the reference composition
(WO290+x) to decrease the charge carrier concentration and hence obtain better
thermoelectric properties. A complete thermoelectric characterization of the prepared
samples has been carried out up to 1200 K, showing an effective increase of zT upon
increasing the oxygen content.

I Ht {1 } = d
WO3 WO2 92-2.895 W02 845-2.822 WOZ 722 WOZ
Figure 1: Crystal structure of the quasi ternary system WO3; — WO,.
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Abstract

Self-sustaining smart sensors use low-maintenance energy harvesting from solar
radiation, vibration and waste heat for energy supply. Low temperature gradients of
10 K to 20 K can be sufficient to produce useable amounts of electric energy with
ceramics based thermoelectric generators [1]. The power output depends among other
factors on the thermoelectric performance of the ceramic material.

The perovskite CaMnOs.s is an n-type conducting ceramic with interesting
thermoelectric properties. We have studied the effects of ceramic microstructure on
the thermoelectric performance of this material. Nano-sized CaMnOs-s powders were
synthesized using different soft-chemistry routes. Compared to samples prepared by
the conventional mixed-oxide route, the ceramics sintered from nano-sized powders
exhibit better homogeneity and full densification at lower sintering temperatures. The
effects of aliovalent doping with Gd, W, Bi and Yb/Gd were investigated and the
variation of microstructure and thermoelectric performance as function of doping
concentration is presented. Increased dopant concentrations affect the grain size and
reduce the tendency of crack formation. Different sintering techniques were applied
to vary the grain size of the ceramics. Moreover, thermoelectric properties of
composites from CaMnOzs-s and secondary phase particles were studied. The effects
of powder synthesis, microstructure and doping level on the electric and
thermophysical properties of CaMnOs-s will be discussed and the potential use of
CaMnOs-s in transversal thermoelectric generators will be highlighted.

References:
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Abstract

Cost-effective and nontoxic thermoelectric materials are required for the practical
application of thermoelectricity. Pseudobrookite Fe2TiOs contains elements that are
rich on Earth and can be easily synthesized from ilmenite ores in a large scale. It has
an orthorhombic structure (space group Cmcm) with Fe and Ti in the 4c and 8f
octahedral sites. Studies on pseudobrookite has been focused on its crystal structure
[1], anisotropy spin glass behavior [2,3], anisotropy thermal expansion [4], dielectric
properties [5], electrical transport properties [6], etc. In this study, for the first time,
we explored the thermoelectric performance of Fez(Ti1-«Nbx)Os (x = 0, 0.005, 0.01,
0.02, 0.1) synthesized by conventional solid-state reaction. Pure pseudobrookite is
obtained in the samples with 0 < X < 0.01, indicating a low solubility of Nb in the
crystal structure. All compositions show n-type semiconductor behavior. The
electrical resistivity and absolute values of Seebeck coefficient decrease with
increasing x until x = 0.01. Extremely low thermal conductivity has been observed in
all compositions, ranging from 0.95 W/m/K to 1.5 W/m/K. A ZT value of 0.006 has
been obtained in Fez(Ti1-xNbx)Os with x = 0.02 at 1000 K.
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Abstract

One of the new energies challenges is to harvest the loss of thermal energy; this can
be done by thermoelectric materials which have the possibility to transform the heat
into electricity. Nowadays, the best thermoelectric materials belong to the family of
BiTe or SbTe alloys. Nevertheless, their efficiency is limited at low temperature and
they suffer from oxidation under high temperature conditions. Thermoelectric oxides
have been intensively investigated in order to improve their properties since they are
cheap, less toxic and have high temperature durability, like in the layered cobaltite for
the p-type [1-2]. For the n-type, Ruddlesden-Popper (RP) doped materials seem to be
promising for thermoelectric applications. The RP materials are described by an
Ax+1BxOsx+1 (x=1, 2..., ) structures (Fig. 1). In the RP phase, Sr3Ti2O7 appears to be
sticking the best to thermoelectric criteria [3]. Nevertheless, performances need to be
improved in comparison of layered cobaltite. Among the different possible strategies,
the nanostructuration is a key parameter which will block the phonon scattering by
developing grain boundaries. This project deals with the development of
nanostructured thermoelectric materials by using a combination of a soft chemistry
route and a flash sintering technique (spark plasma sintering techniques). The key
issue to overcome is maintening the nanometric dimension during the sintering
process. We present here the results in terms of synthesis, particles morphology, SPS
sintering and thermoelectric properties.

X-rays Diffraction of St,Ti,0,

Rock Salt
layer

Double
perovskite
layer

Intensity

Figure 1: Crystal structures and XRD pattern of Sr3Ti,O7
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Abstract

Conventional thermoelectric layered cobalt oxides present Cdl.-type CoO:2 layers
separated by Na atoms (NaxCoO2) or two rocksalt layers ([Sr202]qC002), three
rocksalt layers (CasC0409) or four rocksalt layers (Bi2Sr.C020y) [1]. More recently, a
new family of layered cobalt oxides has been described [2]: these compounds belong
to a Ban+1ConOzn+3(C0s0s) family composed by alternating Cdl2 based layers (CogOs)
with n (111) perovskite blocks (Ban+1ConOsn+3). The terms n = 1 (Ba2Co9O14) have
been synthesized as single crystal and ceramic [2,3]. The main differences with
thermoelectric layered cobalt oxides are the presence of cobalt in tetrahedral
environment and the lower cobalt valence in the Cdl: layers (Co(ll) and Co(ll1) rather
than Co(lll) and Co(lV) in conventional layered cobalt oxides) [2, 3]. These
compounds have first been studied for their magnetic properties and the spin states of
the cobalt cations [2-4]. Nowadays, Ba2C0¢O14 is also considered as a promising
material for SOFC electrodes due to mixed ionic and electronic conductivity [5-7].
The aim of this study is to investigate the high temperature thermoelectric properties
of Ba2C09O14 compound ceramics.
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Abstract

Spin Seebeck effect (SSE) is a combination of two phenomena - the generation of a
spin current by a temperature gradient applied across a ferro(ferri)magnetic material
(FM), and a conversion of the spin current to electrical current by means of the inverse
spin Hall effect (ISHE) [1]. Most of the SSE experiments employed Y sFesO12 garnet
as FM, because of its low damping constant, i.e. slow decay of spin waves, since this
decay was expected to restrict the active thickness of the FM layer. However, SSE
with comparable magnitude was also observed in materials with higher damping
constant, on the other hand a positive correlation of SSE with magnetization was
evidenced [2]. Considering this correlation, we have investigated Y-hexaferrite
Baz2Zn2Fe12022 as the FM material for SSE, since its mass magnetization at room
temperature M = 42.0 emu/g is significantly higher than M = 27.6 emu/g of Y3FesO12.
Y-hexaferrite thin films were prepared by spin-coating method using M-hexaferrite
of a non-magnetic stoichiometry BaCo4TisFesO19 as a seeding layer. The spin
Seebeck and magnetization dependences on magnetic field for a selected thin film
with 650 nm thickness of Y-hexaferrite and 50 nm of a seeding layer are displayed in
Fig. 1. Whereas the shape of a magnetization curve resembles typical behaviour of
Y-hexaferrite as a soft magnet, the hysteresis of SSE is much broader. We tentatively
explain this difference by a formation of a layer of hard magnet CoFe204 at a boundary
between M- and Y-hexaferrite. The sample magnetization could be explained as a
volume weighted sum of magnetizations of Y-hexaferrite and CoFe204, but the
influence of CoFe204 on SSE is relatively bigger.
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Figure 1: Spin Seebeck effect and in-plane magnetization vs. magnetic field.
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Abstract

Amorphous-InGaZnO (a-1GZO0) is a widely studied for applications in flexible and
transparent transistor devices due to its characteristic such as transparency and low
temperature fabrication process. Our group has investigated the thermoelectric
properties of a-InGaZnO thin films by optimizing the carrier concentration?.
However, the obtained thermoelectric properties were not enough to meet the practical
application request.

In this report, we fabricated nanostructures in a-1GZO thin film using a biological
nanofabrication process to improve the thermoelectric properties. Nanostructures
consisted of various nanoparticles (CoOx, AuzS and PtS) were fabricated on a glass
substrate using a biological nanofabrication process, the BNP2. The separation
distance was controlled about 50 nm. a-IGZO thin films with thickness of 20 nm were
deposited on the substrate using RF magnetron sputtering. Thermoelectric properties
were measured using the thermal transport option for physical property measurement
system (PPMS, Quantum Design, Inc.).

It was shown that the electrical conductivity slightly increased and the Seebeck
coefficient decreased, which should be attributed to the introduced dispersed
nanoparticles arrays. The power factor of nanoparticle-embedded a-1GZO thin film
was about 1.6 times larger than that of a-1GZO thin film at 300 K.
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Figure 1: temperature dependence of the power factor
of nanoparticles embedded thin film and w/o nanoparticles
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Abstract

P-type copper oxides (CO) have been used in several thin film (TF) device
applications, such as solar cells, transistors and gas sensors. The electronic and optical
properties of these oxides strongly depend on the production technique as it influences
the obtained phases: cuprous oxide (Cuz20) or cupric oxide (CuO) (the most common
ones). In this work, Cu-TF deposited by thermal evaporation (at room temperature,
RT), with thicknesses between 40-160nm, were annealed in the temperature range of
225-375°C, between 1 to 4h, in order to study the influence of this annealing step on
the thermoelectric, electrical, optical, morphological and structural properties of the
CO films.

The results show that Cu20 phase is formed above 225°C, and CuO needs higher
annealing temperatures to be formed, however, both the film thickness and the
annealing time have a strong influence on the CO phase, since it depends on the
necessary time to perform a complete film oxidation.

The Seebeck coefficient (S), measured at RT, is always positive, which confirms the
p-type behaviour, and reaches 1.2mV/K, which is above the state of art for these
materials [1], [2]. The optimized Power Factor (PF) is 2.8 pWmK-2, corresponding
to a 55nm deposited Cu film, annealed at 225°C during 4 hours, with S = 0.98mV/K,
6 =2.9 (Q.m)* and visible transmittance above 50%.

A semi-transparent material with these properties can be used as an electrical trigger
activated by human touch (due to its high temperature sensitivity) and therefore a
proof of concept has been made.
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Abstract

Anomalous  photo-thermoelectric ~ effects (a  photoconductive  effect
(photoconductivity, opnoto) and a photo-Seebeck effect (photo-Seebeck coefficient,
Sphoto)) could be observed in response to the visible-light irradiation of platinum-
loaded tungsten trioxide (Pt/WOQg) in the absence of oxygen after a photochromic
reaction, converting WOs to protonated WOs (HxWOs.y). Under visible-light
irradiation, both opnoto and the absolute value of Spnoto increased. After the irradiation,
both values decreased, that is, oand the absolute value of S were smaller than ophoto
and the absolute value of Sphoto, respectively (Figure 1). These effects are likely to be
due to the photoinduced charge carriers and the accumulated electrons in Pt
contributing to the increase in ophoto. In addition, electrons are extracted from the W**
state, decreasing the number of W5 in HYWOs.y and thus contributing to the increase
in Sphoto. After light irradiation, the accumulated electrons in Pt returned to the
energetically favorable W5* state, and Pt/HxWOs.y returned to the initial state. Then
both o-and S decreased. We suggested that the observed phenomena are caused by the
accumulation of electrons in Pt, which is different from the previous explanation of
two-carrier contribution to the transport properties for the anomalous phenomena
demonstrated in past studies [1,2].
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Figure 1: Detection of photoconductivity ( ophoto) and photo-Seebeck effect (Sphato) under N, flow
with HCHO by on-and-off alternation of visible-light irradiation (>500 nm) of Pt/WOj; that had
previously undergone UV light irradiation (300—400 nm, N, with HCHO atmosphere).
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Abstract

Bi2Sr2C020x (BSCO) has a stacked structure composed of a CoO: layer and a
Br2Sr204 block layer alternately along c-axis, and thus shows electrical anisotropy [1].
Therefore, the fabrication of highly oriented ceramics with a large electrical
conductivity (o) along a(b)-axis would be a key factor for the thermoelectric (TE)
application using such a layered cobalt oxide. Compared with Co 3d orbitals, Rh 4d
orbitals is more widely spread spatially. Hence, electron correlation of Rh oxide is
weaker than Co oxide, which contributes to increased mobility of charge carriers [2].
Also, Rh ions favor low spin states because of their large crystal field splitting (4P1
eV). On the basis of these theories, it is possible that layered Rh oxide consist of Rh3*
and Rh** ions (Rh3/Rh*=1/1) shows high Seebeck coefficient (S) by analogy with
BSCO having Co®*/Co**=1/1 [3]. In this presentation, the TE property of Bi>Sr2Rh20x
(BSRO) is discussed. BSRO powder was synthesized using a conventional solid-state
reaction, and confirmed to have the single phase of BSRO by X-ray diffraction. An
X-ray photoelectron spectroscopy indicated that the ratio of Rh3*/Rh**=1/1. Figure 1
shows temperature dependence of S and o. The maximum power factor was estimated
to be 4.3x10° WmK-2at 700 °C. Detailed experimental results including ZT and x
values measured by a Harman method will be discussed at the conference.
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Figure 1: Temperature dependence of S and o of BSRO.
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Abstract

Oxide based thermoelectric materials have been attracted considerable attention over
last few years. Thermoelectric oxides, composed of nontoxic, naturally abundant,
light and cheap elements, are expected to play a vital role in extensive applications
for waste heat recovery in an air atmosphere [1]. Recently, it has been reported that
rare earth element (REE) substitution at the Bi®* site can lead to p-type thermoelectric
BiCuSeO with excellent performance [2]. Bulk samples of a Bi1-xNdxCuSeO (x = 0,
0.05, 0.10, 0.15) system were prepared by simple processing methods, which involved
a two-step solid-state reaction, ball milling and spark plasma sintering (SPS). The
commercial powders of Bi2Os, Cu, Bi, Se and Nd203 were mixed and cold pressed to
pellets and then sealed to evacuated quartz tube, which was heated at 573 K for 8 h
and then 973 K for 12 h. The reaction products were crushed into powders using a
pestle and a mortar, followed by high-energy ball milling with ceramic balls in a
planetary ball miller in vacuum at 400 rpm. Then the resultant powders were densified
by SPS at 973 K for 5 min under a uniaxial pressure of 50 MPa. The synthesized
samples were analyzed by a range of techniques, including X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM). Results of these studies revealed that all
specimens Bi1xNdxCuSeO (x = 0, 0.05, 0.10, 0.15) consists of the single phase.
Seebeck coefficient (S), electrical (o) and thermal (k) conductivities were measured
in a temperature range 293 — 923 K. Details of these measurements shall be given in
the presentation.
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Abstract

Bi2Sr2xNaxC020x polycristalline ceramics with x=0.0, 0.025, 0.050, 0.075, 0.10,
0.125, and 0.15 have been prepared using the classical solid state technique. SEM
micrographs have shown that all the Na has been incorporated into the Bi2Sr2C020x
structure. It has been found that Na decreases porosity and improves grain growth.
The lowest amount of porosity is observed in the highest Na containing samples
(x=0.15). The temperature dependence of electrical resistivity, as a function of Na
content, shows two kind of behaviors. For samples up to x=0.05 a semiconducting-
like behavior (dp/dT<0) from room temperature to about 550 °C and a slightly
metallic-like one (dp/dT>0) at higher temperatures, has been found. For higher Na
content, a slightly metallic-like behavior is observed. Moreover, when increasing Na
content, a significant reduction on the resistivity values at room temperature is
produced, in agreement with an increase of apparent density. On the other hand,
Seebeck coefficient shows smaller variations than expected from the resistivity
variations. Power Factor increases with Na content until 0.125, decreasing for further
Na addition. These results indicate that small Na-substitution can be very useful in
order to strongly reduce electrical resistivity and, as a consequence, raising the
thermoelectric performances of these ceramic materials.
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coefficient also\decreages with K substitution. Power Factor increases with K content
until 0.075, decreasirig or further K addition.

These results indicate that small K-substitution can be very useful in order to strongly
reduce electrical resistivity and, in spite of a Seebeck coefficient decrease, raising the
thermoelectric performances of these ceramic materials.
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Abstract

Bi2Sr2Co1.80x bulk polycrystalline ceramics were prepared by conventional sintering
of powders and laser floating zone technique (LFZ). Microstructural analysis showed
randomly oriented grains in the traditional sintered materials, while LFZ grown
samples possessed well oriented crystals. Sintered materials present higher electrical
resistivity due to their higher porosity and the random orientation of grains. As-grown
and annealed laser-textured samples present a power factor of about, respectively, 2
and 5 times higher when compared with the classically sintered samples. The
maximum power factor obtained at 650 °C in the annealed laser-textured samples (~
0.20 mW/K2 m) is much higher than the best value obtained in sinter—forged textured
materials at the same temperature.
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Figure 1: Temperature dependence of power factor for the different processed samples: ®
sintered at 810 °C for 24 h; e laser-textured by the LFZ technique; = annealed laser-textured at
810 °C for 24 h. On micrographs: #1 thermoelectric phase; #2 Sr3C04Ox; #3 Bio.755r0220y;
#4 CoO)
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Abstract

Conventional non-oxide thermoelectric materials are not stable in air at higher
temperatures [1]. Oxide thermoelectric materials like calcium cobaltite are an
interesting alternative for high temperature applications. The solid-state-reaction is
well known for large scale powder synthesis of functional materials. The reaction
kinetic of soli-state-reactions is mainly depended on the synthesis temperature, the
dwell time and the reactivity of the raw materials. In different studies different
synthesis conditions like synthesis temperature, dwell time, and particle size
distribution of the raw materials were used for the preparation of calcium cobaltite
powder [2-4]. To the author’s knowledge, a systematic study of the synthesis
conditions of calcium cobaltite has not yet been published.

Therefore, the synthesis factors for calcium cobaltite (synthesis temperature, dwell
time, and milling time) were studied with a statistical design of experiments (23) and
optimized regarding the phase composition (XRD), bulk density and electrical
properties. Beside thermal analysis (DTA and DTG) was used to determine the best
synthesis temperature for calcium cobaltite.

It could be shown that a synthesis temperature close to a phase transition temperature
of one of the educts enhances the reaction velocity. According to the design of
experiments, 900 °C is the best temperature for the powder synthesis of calcium
cobaltite. An interaction between synthesis temperature and dwell time was
determined. Longer dwell times at lower temperatures (800 °C) lead to a higher
calcium cobaltite output, whereas at higher temperatures (900 °C) the dwell time had
no significant influence.
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Abstract

Bi2Sr2xNaxCo020x polycrystalline ceramics with x=0.0, 0.025, 0.050, 0.075, 0.10,
0.125, and 0.15 have been prepared through the solid state method and directionally
grown using the Laser Floating Zone (LFZ) technique. Microstructural studies have
shown that Na has been incorporated into the Bi2Sr2C020x structure, as no Na-based
secondary phases appear. Moreover, all samples possess very low porosity and a good
grain alignment along the growth direction. On the other hand, due to the incongruent
melting of these materials, the samples are composed by several phases, besides the
thermoelectric one. The electrical resistivity displays a semiconducting-like behavior
(dp/dT<0) in the whole measured temperature range, for all samples. Furthermore, it
decreases, especially at low temperatures, when Na is added, reaching the minimum
values for the 0.15 Na doped samples. On the other hand, these samples also show the
highest Seebeck coefficient and, as a consequence, their maximum Power Factor
(~ 0.15 mW/K2m at 650 °C) is more than three times higher than the obtained in
undoped samples, and only around 30 % lower than the reported in single crystals.
These results indicate that adequate Na substitutions in LFZ textured materials can be
very useful in order to strongly reduce electrical resistivity and raise Seebeck
coefficient, leading to high thermoelectric performances.
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Thermoelectric properties of densified misfit-layered sulfides
[Ln2S2]pNbS; (Ln = Lanthanides)
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Abstract
Misfit-layered sulfides [La2S2]pNbS2 consist of an alternate stacking of a NaCl-type
[LazS2] block and a trigonal prism-type [NbS2] layer, parallel to c-axis [1]. The
[La2S2] block creates disorder and is responsible for phonon scattering, which reduces
lattice thermal conductivity. Charge transfer from the [LazS2] block to the [NbS:]
layer behaves as a charge-carrier pathway can be controlled by a total substitution of
La to other lanthanides. In a previous study, we reported substitution of La to other
lanthanides and their thermoelectric (TE) properties [2]. However, as the samples had
considerably lower densities relative to the theoretical ones, TE properties contained
ambiguities, in particular the
thermal conductivity values. We
have succeeded in synthesizing
[Ln2S2]pNbS2 (Ln = Lanthanides)
samples with reasonably high
densities by using spark plasma
sintering. All  samples  were
confirmed to be single-phase
[Ln2S2]pNbS2 from X-ray
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Figure 1: Powder X-ray diffraction patterns
for [Ln,S2],NbS; (Ln = Lanthanides) samples.
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Thermoelectric properties of the homologous compounds
(PbSe)s(Bi>Ses)sm (m = 2 and 3)
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Abstract

Homologous compounds are interesting platform for designing novel thermoelectric
materials. Such compounds form a series of crystal structure built from similar blocks
whose number increases by regular increments. In particular, they allow an easy
manipulation of the complexity of the crystal structure by simple variations in the
chemical composition. Among them, the series (PbSe)s(Bi2Sez)sm (M = 1, 2, 3) is
particularly intriguing. Besides a topological insulating state discovered for m = 2
[1,2], the m = 1 compound has been recently shown to harbor extremely low thermal
conductivity values and n-type semiconducting properties resulting in encouraging ZT
values of 0.5 at 720 K [3]. Yet, the thermoelectric properties of the m =2 and 3 remain
so far unexplored. Here, we report on the synthesis, structural and chemical
characterizations and thermoelectric properties measurements in a broad range of
temperatures (2 — 700 K) of the m = 2 and 3 compounds. The transport properties were
measured on samples cut parallel and perpendicular to the pressing direction to probe
the anisotropy. All the compounds show n-type behavior with very low thermal
conductivity values of the order of 0.5 W m* K at 700 K. Both compounds are
heavily doped resulting in moderate thermopower values.
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Abstract
Tetrahedrites, with a Cu10M2Sh4S13 (M = Cu, Mn, Fe, Co, Ni, Zn) general formula,
have recently been considered with good potential to be sustainable thermoelectric
materials. Indeed, they are mainly formed by non-toxic elements, the raw material
cost is low (7 $/kg) and can be prepared using cheap, rapid and scalable methods.
However, more studies on aspects like corrosion resistance, oxidation at the working
temperatures or electrical and thermal resistance of contacts are still needed.

Here we present studies of the Cui2ShsoBio1S10Ses tetrahedrite oxidation and
corrosion under selected conditions. To explore the possibility of tetrahedrite use in
air atmosphere at medium temperatures oxidation studies were made between 230°C
and 375°C. The evolution of the phases at the interior and surface of the material was
followed using X-ray diffraction and SEM/EDS and the weight change controlled
during 1500 hours. It was observed that the Cu12Shs.9Bio.1S10Ses tetrahedrite phase is
stable below 300°C, but does not exist above this temperature. All samples have
oxides at the surface. The corrosion behaviour was assessed by electrochemical
impedance spectroscopy and the results permitted to define corrosion behaviours that
were dependent on the oxidation temperature.
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Figure 1: Weight change versus time (in square root of hours) for samples oxidized at the
temperatures indicated in the figure.
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Abstract

The use of thermoelectric devices for waste heat recovery is frequently seen as part of
a route for a more sustainable world. Tetrahedrites (Cu12SbsS13), have low-cost, earth-
abundant and low toxic elements, like Cu and S, which make them good candidates
to be used as thermoelectric materials. Unfortunately, tetrahedrites only have a p-type
semiconductor behavior but they were recently considered as good candidates for
mid-temperature thermoelectric applications. They are usually prepared by melting or
reacting the elements under vacuum, followed by long term heat treatments, milling
and SPS or hot press sintering, the full process being expensive and taking several
days. Here an alternative rapid and low cost tetrahedrite preparation process is
presented that is the synthesis from glass crystallization.

Cu12Shs6Bi0.4S10Ses nominal composition glasses prepared by melt spinning have a
Tg ~ 120°C, with a crystallization peak at ~ 190°C. Samples treated just above this
temperature show X-ray diffractograms typical of tetrahedrites, with only minor
amounts of impurities. However, SEM and TEM observations point to the presence
of Bi-rich sub-micro and nano precipitates. Treatments at higher temperatures lead to
the appearance of the skinnerite phase. Electrical transport properties measurements
indicate a maximum power factor at room temperature for the best tetrahedrite
samples of ~400uW/K?m, similar to what was observed on tetrahedrites obtained by
other methods.
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Abstract

Due to their potential industrial application as thermoelectric materials the cheap and
widespread natural and synthetically manufactured sulphur-containing minerals and
mineral-related compounds are of particular interest. The most prominent
representatives of such sulphides are chalcocite (Cu2-xS) with dimensionless figure of
merit (ZT) of 1.6 at 700 °C [1] and modified tetrahedrite (Cu12xMxShaS13) with ZT =
0.9 at 400° C [2]. With this respect the natural pyrite FeS2 would be of special interest,
taking into account its abundance and cheapness. However, this material shows very
low ZTmax = 0.002 at 300 °C [3], mostly due to the bad electrical conductivity. Our
current studies of natural pyrites from Navajun (Spain) and Cavnic (Romania) showed
that their ZT-values are increased by a factor of 4 in comparison with synthetic
materials. We explain this with the presence of a remarkable quantity of TiO2 impurity
(up to 0.5 wt. %) in the natural crystals.

The so called thiospinels have been an object of numerous studies due to their exciting
magnetic properties. We synthesized for the first time Tiosln2.2S4 (space group Fd3m,
a =10.7779(2) A). This thiospinel is found to be a typical metallic system with low
ZTmax = 0.005 at 500 °C. On the other hand well known isostructural Feo.oln21S4 (a =
10.6006(2) A) is shown to be an isolator below room temperature and a semiconductor
above 400 °C. The ZTmax = 0.002 is observed at 300 °C for this material. Taking into
account: i.) that the MIn2Ss (M = Mn-Cu) thiospinel series exist almost with all d-
metals and ii.) their conductivity type varies from metallic to isolating, the
thermoelectric properties can be accordingly tuned in the broad range.
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Abstract

A big challenge in the thermoelectric field is to identify new thermoelectric materials
that have to be inexpensive, easy to synthesize, and comprised of Earth-abundant
elements. On this basis, tetrahedrite mineral family (Cul2-xTrxSh4S13 where Tr=
Cu, Mn, Fe, Co, Ni, Zn) seems to be an attractive p-type Pb-free thermoelectric
material, showing a relatively high conversion efficiency. A figure of merit near unity
was obtained at working temperature (about 450 °C [1,2]).

In this work, a solvothermal synthesis method was developed for undoped tetrahedrite
Cu12Sh4S13 and the introduction of Zn and Ni as substituents of copper was also
tested. Preliminary sintering test were performed by Open Die Pressing [3].

The influence of dopant presence and consolidation process parameters on the
tetrahedrite phase content, stoichiometry and density of the samples were investigated
by X-ray diffraction and scanning electron microscope (equipped with energy
dispersive X-ray spectroscopy). A complete thermoelectric characterization was
carried out by Laser Flash Analysis, electrical conductivity, and Seebeck coefficient
measurements.
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Abstract

Sulfur-containing minerals, such as tetrahedrites or bornite, have recently emerged as
promising thermoelectric materials due to their extremely low lattice thermal
conductivity. Colusites, composed of relatively earth-abundant and environmentally-
friendly elements, belong to another class of interesting materials that enable
achieving good thermoelectric performances around 700 K [1,2].

In this work, we present the successful synthesis of two colusites of chemical
compositions CuzsNi2V2GesSsz and  Cu2sCo2V2GesSs2  that display promising
thermoelectric performances around 700 K. These two compounds were prepared by
a conventional powder metallurgy route and consolidated by spark plasma sintering.
The thermoelectric properties were measured at high temperatures (300 — 690 K).
Crystallographic structure and chemical homogeneity were verified by powder X-ray
diffraction (PXRD) and scanning electron microscopy (SEM), respectively. PXRD
confirmed the successful substitution of Ni and Co for Cu. SEM analyses showed an
overall good chemical homogeneity of the colusite matrix with some small amounts
of secondary phases. Transport properties measurements revealed a favourable
combination of electronic properties and very low lattice thermal conductivity giving
rise to a maximum dimensionless thermoelectric figure of merit of 0.4 and 0.5 at
690 K in the Co and Ni sample, respectively.
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Abstract

Organic materials attract increasing attention for thermoelectric (TE) applications due
to the advantages of low thermal conductivity and low-cost synthesis. Theoretical
calculations show that tetrathiotetracene (TTT) based materials are promising in TE
application [1,2]. Growing a clean, perfect single crystal is very slow and complicated
process, which would hinder the practical applications of this material. Therefore, the
aim of this work is to study the TE properties of TTT based thin films, obtained by
thermal evaporation in vacuum.

Often several samples and sample configurations are used for different measurements
to determine ZT value, which could lead to errors of ZT value. We have shown that
thin film morphology and thus electrical properties varies by changing thermal
evaporation parameters [3].

In this work differential 30 measurements [4] for thermal conductivity, 4 probe
measurements for electrical conductivity and Seebeck coefficient measurements were
realized on the same sample design, allowing us to determine ZT value of organic thin
films using just one sample, thereby minimizing errors of ZT value.

Financial support provided by Scientific Research Project for Students and Young
Researchers No. SJZ2015/13 realized at the Institute of Solid State Physics,
University of Latvia is greatly acknowledged.
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Abstract

Thermoelectric materials have attracted a great interest for their potential application
in energy conversion. Especially, the low-dimensional nanostructured thermoelectric
materials based on Te or BizTes have been widely investigated due to the advnatage
of phonon scattering at the nanowire surface and compositional interfaces, which can
provide a much higher power factor. Although the thermoelectric devices have been
usually fabricated using the low-dimensional nanostructured materials, they have still
limits to apply to the flexible thermoelectric devices due to their poor synthetic
method and inapproproate frabrication process, such as chemical vapor deposition and
hot press. In this study, telluride-based heterostructures coated with solution-
processable poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (Te—
Bi.Tes/PEDOT:PSS) were synthesized through a solution-phase reaction at low
temperature. These hybrid solutions were deposited onto a flexible substrate by the
spray-printing method to prepare thermoelectric generators. The synthesized Te—
Bi2Tes/PEDOT:PSS hybrids showed an enhanced electrical conductivity, Seebeck
coefficient, and power factor of 69.9 S cm, 93.6 pV K7, and 60.5 uW m™* K2,
respectively.The flexible thermoelectric generator fabricated by spray-printing Te—
Bi2Tes/PEDOT:PSS hybrid solutions exhibited a stable TE voltage of 1.54 mV with
six legs at AT = 10 °C. This approach suggests the facile preparation of printing-
processable hybrid thermoelectric materials is promising method for application in
flexible thermoelectric generators [1].

Figure 1. (a) Schematic drawing of the spray-printing process, (b) image of the planar thermoelectric

generator consisting of 15 legs arranged on the glass substrate, (c) image of the flexible thermoelectric

generator, and (d, €) open circuit thermoelectric voltage (V) vs. temperature difference (AT) according

to the number of TE legs of rigid and flexible TE generators.
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Abstract

Organic conductive materials such as poly(3,4-ethylenedioxythiophene) (PEDOT) are
good candidates for inexpensive and large area thermoelectric generator (TEG) thanks
to their low-cost and low-toxicity. They are highly compatible with printing
techniques like spray-coating or screen-printing. Even though their thermal
conductivity is generally low (<1 W/m.K), their power factors are still moderate
mainly because of low electrical conductivity.

We demonstrate that using trifluoromethanesulfonate (OTf) anions as counterions
allows to reach electrical conductivity up to 1200 S cm? [1]. The electrical
conductivity of PEDOT: OTf can be further increased up to 1640 and 3600 S cm by
adding polymerisation rate controllers like pyridine or N-methyl pyrrolidone
respectively [2]. The charge carrier concentration can be increased with a sulphuric
acid treatment which allows to reach 5400 S cm. Doping level, PEDOT films
structure and transport mechanisms have been studied thanks to XPS, GIWAX
analysis and conductivity measurements down to 3 K respectively. These experiments
allows us to demonstrate that these cosolvents induce bigger crystallites and enhance
the structure. We propose a heterogeneous conduction model that fit perfectly the
experimental data from 3K to 300K which is a mixed of 1-D metallic conduction and
disordered metal with Sheng-like conductions [2].
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Abstract
We present a new method for the synthesis of a conductive n-type polymer,
poly[Kx(Ni-ett)], which allow to obtain it as a printable paste.

S._s 4,5 KOMe S5 K NiCl ’r"s“l"S\N X
S ORI L i 0o
g 575 K n

A XK*

Figure 1: Synthesis of poly[Kx(Ni-ett)].

Among the currently known organic thermoelectric (TE) n-type materials, the highest
power factor has poly[Kx(Ni-ett)] (poly(nickel-ethylenetetrathiolate) [1].

Although the synthesis of this polymer is fairly simple (Fig. 1), the structure of the
intermediate A and the mechanism of polymer formation are the subject of
discussions. Also, insolubility of the polymer significantly affects its processability
and greatly limits its use. That’s why obtaining printable paste on the base of this
material is an actual problem. Different composite materials on the base of these
polymers resulting in greatly improve of its processability, but TE properties of such
material decrease dramatically [2, 3]. In order to avoid degradation in the thermo-
electrical performance we haven’t modified already prepared polymer, but have
changed the procedure of its preparation. The advantage of this method is that the
production of a paste-like material does not cause degradation in TE performance.
Additionally we have printed a flexible full-organic thermoelectric generator and
successfully tested it in the ambient conditions.
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Abstract
In the field of organic thermoelectric material, PEDOT:PSS still holds an outstanding
role as a p-type material. Much effort was put in the investigation of secondary doping
with co-solvents like dimethylsulfoxide (DMSO) or ethyleneglycol (EG) [1] as well
as primary doping with different methods [2] . In order to understand this modification
and its influence on electrical conduction mechanism and Seebeck coefficient, mostly
low temperature measurements were performed.
Unfortunately much less is known about its stability under thermal stress. In 2009
Vitoratos et al. [3] investigated the degradation of PEDOT:PSS thin films heated at
120 °C. Also Elschner et al. [4] [4] investigated the thermal induced decomposition
of PEDOT:PSS films.
From an engineering standpoint, knowledge about the maximum operation
temperature of PEDOT:PSS is crucial for its application in an thermoelectric
generator. Therefore we investigated the electrical conductivity and Seebeck
Coefficient of PEDOT:PSS films from room temperature up until degradation.
Thermogravimetric analysis (TG, DTG) were performed in order to investigate the
decomposition process.

Mass [%)]

“b16 paimin)

100 )

0 40
Temperature ['C]

Figure 1: TG and DTG curve of PEDOT:PSS in air.
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Crystal structure and high temperature thermoelectric
properties of LaisNbO3 perovskite
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Abstract

A combination of experimental and computational techniques has been employed to
study the crystal structure and thermoelectric properties of A-site deficient perovskite
LasNbOs ceramics. The ceramics were prepared by the conventional mixed oxide
route. Crystallographic data from X-ray and electron diffraction showed that the room
temperature structure is orthorhombic with a ~ 2ap, b~2ap ~ and ¢~2ap where ap is the
unit cell length of the ideal cubic perovskite, and Cmmm as space group. Atomically-
resolved imaging and analysis showed that there are two distinct A-sites: one is
occupied randomly with La and vacancies and the second site is fully unoccupied; the
diffuse superstructure reflections observed through diffraction techniques are shown
to originate from Nb vacancy ordering. LaisNbOs ceramics sintered in air showed a
promising high temperature thermoelectric properties with a high Seebeck coefficient
of S1=-650 to -700 uVK* and a low and temperature stable thermal conductivity of
k= 2.0 to 2.2 WmK-! in the temperature range of 300 to1000K. First-principles
electronic structure calculations couple the temperature dependence of the measured
Seebeck coefficient to the evolution of the density of states with temperature and show
a way for its further optimization through the doping. Moreover, the lattice thermal
conductivity calculations give an insight into dependence of the thermal conductivity
with crystallographic directions of the material.
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Abstract

In the last few years, the early transition metal nitrides have attracted increasing
interest for their potential for thermoelectric applications. For example, ScN has an
anomalously high thermoelectric power factor [1,2]. A recent theoretical study
predicted that the AMNz (A = Ca, Ti, Srand M = Ti, Zr, Hf) layered nitride materials
to exhibit a high Seebeck coefficient and good electrical conductivities [3]. First
principles calculations of the phase stability of the Sc based nitride materials
demonstrated a very low mixing enthalpy of the SCMN2 phase (M = Nb, Ta) [4].
Furthermore, nitride alloy thin films is one of the strategy for reduction of the lattice
thermal conductivity. The thermoelectric figure of merit (ZT) of ScN is about 0.2-0.3
at 800 K mainly due to the high total thermal conductivity. Insertion of heavy elements
by alloying may introduce phonon scattering therefore reduce the thermal
conductivity and increase the ZT.

This experimental study is focused on the deposition of the thin films in the Sc-M-N
system by magnetron co-sputtering onto sapphire and MgO substrates. The different
deposition parameters (power, pressure and temperature) played an important role in
determining the phase formation. The system Sc-M-N can be found in different phases
from the corresponding binary nitrides, the disordered cubic solid solution and more
complex phases such as 2D layered hexagonal phase. The morphology and structural
properties of the Sc-M-N thin films were investigated and their effects on the electrical
and thermoelectric properties were evaluated.
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lonic Liquids (IL) are organic salts with melting temperature typically below 100 °C.
The unique properties of ionic liquids such as their excellent chemical and thermal
stabilities, their low vapor pressure, their important ionic conductivity makes them
interesting compounds in material science and especially in thermoelectric generators
(TEGs) for medical, pharma or electronic applications [1].

A big advantage of ILs is the endless number of cation/anion combinations, which
allows synthesizing task-specific ionic liquids for TEG applications (Fig.1). The term
"iLiquid" is also used to describe the vast potential of ionic liquids [2].

@
R——NHj; X@

R* = Me, Et, Pr, Bu
X =NOs,BF4, CF3COO

Figure 1. Ammonium-base IL synthetised in this work.

In our work, we describe the synthesis, physical and electrochemical characterization
of novel IL for application in thermoelectric generators (TEGs). We discuss the
optimization of the chemical structure of IL regarding their thermoelectric properties
via a structure-activity relationship approach [3].
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Abstract

Boron-rich solids constitute an important class of materials with useful physical
properties such as chemical inertness, high temperature stability and high hardness.
Among them, [B12] icosahedral compounds attract considerable interest as promising
candidates for high temperature thermoelectric conversion due to their high melting
temperatures and low values of thermal conductivity [1,2]. Our work on synthesis and
structural studies of boron rich phases in the {Y, Yb}-Pt-B systems revealed a new
platinum doped yttrium boride featuring a complex boron atom framework of YBso:
YBusxPty, x=2.42, y=0.21, space group Pbam, a=16.6246(4) A, b=17.6453(4) A,
¢=9.4167(2) A, single crystal XRD.

Formation of compounds in boron-rich sections of RE-B binary boundary systems has
been studied from ytterbium containing samples: YbB-s1, YbBes type structure, space
group Fm-3c, a=23.3587(6) A; single crystal and powder XRD; and YbB-so, space
group Pbam, a=16.53(1) A, b=17.54(1) A, ¢=9.46(1) A; single crystal and powder
XRD.

Crystal structures of these three compounds exhibit complicated networks of boron
icosahedra. The rare earth atoms are located in voids within icosahedral frameworks.
Insertion of Pt into the boron atom framework of YBso leads to a partial transformation
of the -[B12]-[B12]- icosahedral chain into a -[B11]-Pt-[B11]- chain and induces disorder
in the [Bis] polyhedron and neighboring interstitial B site. Structural details and
physical properties of compounds will be presented.
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Abstract

Boron and borides are considered to be promising thermoelectric materials for use at
high temperatures of more than 1300 K, however, the performance of elemental boron
by itself is insufficient [1,2]. Metal doping into - rhombohedral B can control the
bonding nature in and between the clusters, delivering the variation of physical
properties such as electrical and thermal conductivities and Seebeck coefficient [3].
The doping effect of zirconium on the structure, Seebeck coefficient and electrical
resistivity of f-rhombohedral B was studied for the metal rich concentration range
ZrxB1oox, 1.88<x<2.75 within 370 K- 870 K from HTS and SPS samples. The
refinement of X-ray single crystal and powder diffraction data established the Zr
atoms mainly in the E and D voids for metal rich compositions and elucidated the
minor Zr occupancies of the N, F and A: holes. It was found that the Seebeck
coefficient can be effectively modified by varying the Zr content. Electrical
resistivities generally followed the Mott’s relation for the variable-range hopping.
Excellent compositional agreement has been observed between structural and TE
properties dependencies.
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Abstract

The increased need for energy efficiency, and fundamental phenomena related to
topological states of matter has brought fundamental and applied research on
thermoelectric materials to a new blooming [1]. The ability to implement
thermoelectric elements either as generators or coolers make them interesting for
energy harvesting or thermal management applications. In particular, the increased
density of lasers in optical telecommunications devices requires of integrated thermal
management micro components [2]. In contrast to physical thin film deposition
techniques, electrochemical deposition allows to grow material layers with thickness
in the range of microns to some ten microns in relatively short periods of time over
relatively large areas, and is compatible with current CMOS processing technology.
This makes this method ideal for the realization of integrated micro-coolers. We report
on the electrodeposition and characterization of optimized thermoelectric n and p
doped Bi2Tes-based ternary compounds. Variations in the electrolyte composition and
deposition parameters enabled an enhancement of Seebeck coefficient and electrical
conductivity in the as-deposited samples. Further improvement would make annealing
steps, undesired in an integrated device, unnecessary. Porosity and surface roughness
of the obtained deposits were improved for device fabrication.

The funding from the European Union’s Horizon 2020 research and innovation
programme through the TIPS project, under grant agreement No 644453 is
acknowledged.
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Within the new material families explored to spread the use of thermoelectricity near
room temperature in our societies, we have followed an approach quite different from
the conventional one, which leads to reduce the thermal conductivity from existing
crystalline materials. We begin with glassy materials with high Seebeck coefficient,
S (>1 mV.K%), very low thermal conductivity, k (down to 0.3 W.m.K* at 300 K)
and we increase their electrical conductivity, o, in order to enhance their
dimensioneless figure of merit ZT. To do this, we have previously explored a glass-
ceramisation process in the Cu-As-Te family using Spark Plasma Sintering (SPS) [1].
In this paper, we will discuss the influence of high energy planetary ball-milling on
the glass-ceramisation process. We will describe the microstructure, composition and
thermal stability of the ball-milled samples before and after SPS and correlate them
with the electrical and thermal transport properties. Finally, the fine control of the
microstructure and composition provided by this modified process leads to ZT = 0.25
at 400K, a value improved by 67% over non ball milled samples.
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Figure 1: DSC curves of the CuisAssoTess for different ball timing time.
[1] J.-B. Vaney, G. Delaizir et al. Vitrocerams, J. Mater. Chem. A 1 (2013) 8190.
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Abstract

This paper reports Seebeck coefficient (S) enhancement in the two-dimensional
electron gas (2DEG) of AlGaN/GaN heterostructures, and the semi-quantitative
analysis of the phenomena. AlGaN/GaN heterostructures for the experiments were
fabricated as already described elsewhere [1]. The data plots except for the solid
triangles in Figure 1, namely [S|measured @nd |S|2p, are originally reported in Ref. [1].
|S|measured denote the measured S, and |Slo the S values modified by removing the
contribution of underlying GaN layers to the |S|measured [1]. As clearly seen in Fig.1,
|Sl2p positively correlates to the sheet carrier concentrations (n) of the specimen,
contrary to the conventional case. The authors took the Hicks-Dresselhaus theoretical
model [2] to analyze this anomalous relationship. The theoretical calculated results
(IS|car) are plotted in Fig.1. The model succeeds in reproducing the slope of |S|2o—n
correlation, while there still remains a certain offset. More detailed discussions will
be provided in the presentation.
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Figure 1: |S| values are plotted as a function of n. The open circles denote the measured |S|
(IS|measurea), the solid circles S| originated from 2DEG (|S|.p), and the solid triangles theoretical
|S| (|s|cal)-
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Abstract

Although bulk CaszCo4Os is inherently rigid and brittle, structural architecting at
nanoscale is found to induce flexibility in CasCo04Os9 thin films. Samples have been
grown by thermally induced phase transformation from CaO-CoO thin films to final
phase of CasC0409 0n semiwettable substrate. CaO-CoO thin films is deposited by rf-
magnetron reactive co-sputtering from metallic targets of Ca and Co [1]. The pattern
of nanostructural evolution during solid state phase transformation is determined by
the combined influence of interaction between the oxide phases and the substrate and
their surface energy. If the interaction is weak, i.e., semiwettable substrates, the
different architectural pattern can be induced by tuning the relative arrangement of
Ca0 and CoO phases in as-deposited films. Different deposition schemes, e.g. co-
deposition and sequential deposition of CaO and CoO phases, are employed to tailor
the relative arrangements of CaO and CoO phases in as-deposited films. Figure 1
shows a SEM image of a typical CasCo4Og thin film with nanolaminated grains
perpendicular to the substrate plane, which is obtained by heat treatment of co-
deposited film in oxygen atmosphere. Such arrangement of the grains induce
flexibility in the film without significant deterioration of electronic properties.
Electrical conductivity of the film is obtained around 10 mQ-cm at room temperature,
which is several times lower than bulk polycrystalline samples.

Figure 1: A typical SEM image of flexible CasCo040s film showing nearly vertical orientation
of grains obtained by annealing co-sputtered film. Inset shows the tilted view of the film.
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Abstract

ZnSb is an interesting p-type thermoelectric compound for the intermediate
temperature range (450 K-650 K). Besides its relatively high electric conductivity and
Seebeck coefficient, ZnSh possesses a low thermal conductivity. Furthermore, both
constituent elements are cost-efficient and non-toxic.[1 - 2] Aim of this work was the
synthesis of nanostructured ZnSh by mechanical alloying and doping with different
amounts of cadmium to replace the zinc atoms in the lattice and so improve its
thermoelectric properties. The synthesized samples were analyzed regarding their
structural and thermoelectric properties. After synthesis, X-ray diffractograms and
transmission electron microscopy images were taken from the samples. TEM images
(Fig.1) are showing agglomerates, which consisting of smaller particles of 20 — 50 nm
in diameter. Cadmium-doping resulted in little change of the electrical conductivity
compared to the undoped material but in an increase of the Seebeck coefficient. The
thermal conductivity decreased by cadmium-doping and a figure of merit between 0.6
and 0.75 at 623 — 650 K was obtained.

Figure 1. TEM image of the synthesized ZnSb.
References:
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Materials Using a Mechanical Grinding Process, Mater. Trans. 5 (2010) 860-862.
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Abstract

For high-efficiency wearable power generator, we have investigated the ZnO
nanostructures grown on cotton fabric (CF) as a novel flexible thermoelectric
material. We have fabricated ZnO nanostructures on CF by two-step growth method
consisting of a seed creation process and a nanostructure growth process [1]. It has
been confirmed from ultraviolet transmittance spectra that the ZnO nanostructures are
strongly fixed on the CF even after laundering them ten times. In the present study,
ZnO nanopillar-nanosheet composites were formed on CF by the two-step growth
method, as shown in Fig. 1(a). By means of an ac calorimetric method, the thermal
diffusivity of the ZnO nanostructure/CF sample was 1.4x10"* m?/s, evaluated from
relationship between time delay (8t) and distance shift (5L). This value was larger
than the thermal diffusivity of pure CF, 3.9x10-5 m?/s. These facts suggest that most
of the cotton surface is covered with ZnO nanocomposites or ZnO nanocomposites
make a continuous layer on the cotton since another path of heat flow is considered to
be formed.
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Figure 1: (a) SEM image of a ZnO/CF sample and (b) its t-5L relation.
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Abstract

Thermoelectric materials could serve as source of reliable, maintenance free,
sustainable alternative source of energy. Several strategies have been tried so far to
suit the material requirements for thermoelectric applications. Boron carbide appears
to be a potential candidate material for very high temperature range, due to its unique
crystal structure and also due to better Carnot efficiency. Boron rich carbides have
shown promising properties for thermoelectric applications with improved ZT [1].
Based on several studies, nanostructuring has been proven to significantly improve
the figure of merit of boron carbide [2]. Further extension of this work involving nano-
inclusions of TiB2 in boron rich boron carbides could lead to much improvement in
ZT. Boron rich boron carbide is initially prepared by reaction of boron carbide and
elemental boron. Different sintering methods are tried out for better densification and
nano TiOz powder is included to form nanocomposites of boron rich boron carbide
and TiB2. The material is characterised using XRD, FESEM and the dependence of
thermoelectric properties on the TiO2 content is studied.

References:
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Realizing band structure modification and energy filtering in
B-Zn4Shs based nanocomposites
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Abstract

B-Zn4Shs is one of the most promising thermoelectric materials on account of its low
glasslike thermal conductivity and good electrical properties at moderate temperature.
We found that La-substitution in B-(Zni-xLax)aSbs enhances electrical conductivity
and power factor (PF) over a wide temperature range while it substantially reduces
the lattice thermal conductivity. These synergistic effects of La-substitution are
discussed in terms of the substitution-induced variation in carrier concentration and
effective mass as well as stronger phonon scattering by point defects. Further in B-
Zn4Shs based composites incorporated with nanophase CusSbSes, we concurrently
realize ~30% increase in PF through an energy filtering effect (EFE) caused by carrier
scattering at interface barriers, and around twofold reduction in lattice thermal
conductivity. Finally, we achieve ~40% increase of PF by simultaneous resonant
distortion in electronic density of states via Pb-substituting and EFE via introduction
of interface potentials and an approximately twofold reduction of the lattice thermal
conductivity due to interface scattering in  CusSbSes/B-(Zni1xPbx)4Shs
nanocomposites.
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Abstract

In this work we present a new way of fabrication of thermoelectric nanomaterials
using Pulsed Plasma in Liquid (PPL) with a low-energy spark discharge.
Thermoelectric (TE) materials can be used for direct energy conversion from heat into
electricity. TE materials are of particular interest because of their enabling both clean
energy transformation and waste heat energy harvesting. The efficiency of the
conversion process depends on a Carnot cycle and the material properties described
by the thermoelectric figure-of-merit (ZT). This parameter is based on both electrical
conductivity and a square of the Seebeck coefficient divided by the thermal
conductivity. We can increase the ZT value by reducing the thermal conductivity
through the nano-structuring of TE materials, at the same time anticipating its low
impact on the electrical properties. For our study we chose CoSbs, a state-of-the-art
TE material from the skutterudite family which is a narrow-band gap semiconductor
with a parabolic bottom of the conduction band.

Binary skutterudite CoSbs polycrystalline ingots were synthesized by a direct fusion
technique from pure elements. The densified materials with a cylindrical shape were
used as substrates in the fabrication process of CoShs nanoparticles via the modified
Pulse Plasma in Liquid method. The nanopowders were consolidated using rapid
Spark Plasma Sintering (SPS) with the processing time in minutes. The X-ray
diffractometer (XRD), scanning electron microscope (SEM/EDS) and scanning
transmission electron microscope (STEM) were used to characterize the synthesized
powders and sinters. Thermal conductivity was determined by the laser flash
technique (LFA). Electrical properties: resistivity and Seebeck coefficient were
measured by the four probe technique, both as a function of temperature.

Acknowledgements:

Research presented in this paper was supported by the postdoctoral project no. DEC-
2014/12/S/ST8/00582 financed from the resources assigned for science by National
Science Centre (NCN, Poland). This scientific work was partially financed by
National Centre for Research and Development (NCBR, Poland) within a framework
of the project entitled “Innovative thermoelectric modules for energy harvesting”
(project no. PBS3/A5/49/2015).

259


mailto:Rafal.Zybala@inmat.pw.edu.pl
mailto:Somberline@wp.pl
mailto:Kamil.Kaszyca@itme.edu.pl
mailto:M.Kruszewski@inmat.pw.edu.pl
mailto:Katarzyna.Pietrzak@itme.edu.pl
mailto:LCiupins@inmat.pw.edu.pl

Poster Contributions ECT2016

PA12.8

The synthesis & property of artificial meta-stated telluride and
silicide compound
S. Park! H. Kim%® M. Lee! ¢ B. Ryu> % J, Jang™® J. Lee® Fand H. Lee? 9
Thermoelectric Technology Research Center, Korea Electrotechnology Research Institute,
P.O. Box 20, Changwon, KOREA
2Department of Materials Science and Metallurgical Engineering, Kyungpook National
University
3john@Kkeri.re.kr, *’kn9596 @keri.re.kr, ‘chuncuk1004@keri.re.kr, “z006469@keri.re.kr,
pyungkiryu@Kkeri.re.kr , fjieunlee@keri.re.kr , °hs.lee@knu.ac.kr

Abstract

A coexistence of various intrinsic meta-state domains as like 3" phase, meta
crystalline, nano-grain, twinning, dislocation in matrix have been reported in a several
typical thermoelectric compounds, recently. It might be natural state considering solid
reaction process accompanying non-equilibrium state to bulk synthesis. But its
existence made it difficult to understanding of thermoelectric property by existing
theory. We have studied about the role of various intrinsic meta-states in Bi-Te, Pb-
Te and MgzSi compounds [1][2][3][4]. Especially, the previous work about new
complex crystalline rearranged by stacking fault induced Ag interstitial layer in BST
show the various extrinsic meta-states can coexist with matrix thermoelectric
materials, stably [1][5]. In this presentation, we report that the meta-state design
method based on lattice & band gap matching and the effect of meta-state
microstructure on thermoelectric property in artificial meta-stated Bi-Te, Pb-Te and
Mg:Si thermoelectric compounds.
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Diffusive and ballistic phonon transport in GaP nanowires
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One of the strategies to decrease the thermal conductivity of a material is to reduce its
dimensions because it leads to a reduction of the mean free path due to boundary
scattering. It has been demonstrated that the thermal conductivity of nanowires can be
reduced by about one order of magnitude compared to their bulk value [1]. This
strategy is applicable when diffusive boundary scattering takes place. However for
thin wires with a smooth surface, some phonon modes may scatter specularly with a
long mean free path, resulting in a transition from diffusive to ballistic transport [2].
Here we show experimentally that this effect is observable for Gallium Phosphide
nanowires with a length up to 12 pm. Thermal conductivity of nanowires increases
when the diameter is reduced below 50 nm showing a transition from diffusive to
ballistic transport. The experimental data is understood using the Landauer model for
conduction. These results demonstrate the existence of ballistic phonons in long
structures which could be used to increase heat extraction in nanostructures and as
means of controlling phonon transport for thermoelectric applications.
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Abstract

Thermoelectric generators (TEG), with which one can directly convert waste heat to
useful electric power, have attracted considerable attention as one of the most efficient
techniques leading to a low carbon, sustainable society. The figure of merit ZT of
constituent thermoelectric materials is generally used as a measure for the efficiency
of energy conversion in TE generators, and it has not reached a large values exceeding
2 for the last half century, despite that ZT > 5 is required for automobile exhaust heat
utilization system. This large gap between the required values and obtained values
strongly let us believe that TEG is not usable in practical applications. We need to
employ new, innovative techniques leading to a breakthrough for developing high-
performance thermoelectric materials.

In this study, we tried to develop bulk materials consisting solely of the nano-
structured grains for obtaining a large ZT value. The concept is to control the nano
structured particles from amorphous materials through annealing. As the frist step, we
developed amorphous materials.

An amorphous bulk containing nano particles was reported for magnetic materials
such as NANOMET® [1] prepared by a melt-spinning method, however, this method
has not been used for thermoelectric material.
To develop amorphous thermoelectric
materials, we searched the compositions
possesising a low-melting-point in the Al-Mn-
Si alloy system. As a result, we succeeded in
obtaining the amorphous ribbons of ~2mm in
width, showing halo pattern in X-ray diffraction
(XRD). In order to develop bulk size, we plan to
utilize a highly pressure technique. In the 15 20 25 30 35 40 45 50 55 60
presentation, we will show the results of 26 (deg)

sintering and the TE characteristics of prepared

samples.
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Abstract

Thermoelectric devices are those capable of directly converting temperature
differences into electricity by means of the thermal diffusion of charge carriers
generating an electric potential gradient. Their performance is typically discussed in
terms of a dimensionless figure of merit, ZT=S2cT/x, where S is the Seebeck
coefficient, o is the electrical conductivity, T is the absolute temperature, and « is the
thermal conductivity. Several approaches are currently being investigated to improve
ZT through interface engineering and nanostructuring. One example has arisen
through the development of hybrid organic-inorganic nanocrystal composites, which
are designed to take advantage of the intrinsic low thermal conductivity of the organic
material, while maintaining efficient thermopower. Hybrid composite devices based
on poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) and
nanostructured tellurium have emerged as model composite systems that are also easy
to synthesize and process by solution routes. The addition of chemical additives before
or after synthesis, including ethylene glycol and DMSO, have been shown to
dramatically improve the electrical conductivity and thermopower of these systems
relative to their untreated analogs.[1] This has been attributed to a structural
refinement in the organic material at the nanocrystal interface.[1] While performance
differences have been observed depending on whether these chemical additives were
added during or post-synthesis, it has been argued that any changes are due to residual
additives in the composite in the post-synthesis case.[1] We propose, however, that
surface oxidation of the nanocrystals is also an important and neglected element in
these hybrid systems that impacts the overall thermoelectric performance. We perform
extensive structural characterization via TEM, XRD, XPS, and Raman in order to
elucidate how different synthetic schemes affect the ultimate structure of these
composites. We find that we can significantly influence the level of oxidation at the
tellurium nanowire surface depending on whether additives are included during or
post-synthesis. We aim to show how these changes in the interface structure relate to
the thermopower and electrical conductivity in these hybrid composites in an effort to
develop a more complete understanding of these material systems.
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Improving Thermoelectric Properties
by Nanoparticle Inclusion in Bi;Tes Thin Film
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Nanostructural inclusions have been introduced into thermoelectric (TE) films of
BizTes in order to improve their performance by attempting to enhance phonon
scattering [1]. We have utilized Bio-Nano-Process (BNP) to fabricate nanoparticles
with uniform size and controlled their distribution [2]. The thickness of BizTes films
with and without nanoparticles was kept at 200 nm. The microstructure of films was
examined by scan transmission electron microscopy (STEM). Preliminary
temperature dependent (80 - 300 K) transport measurements indicate that, upon the
inclusion of 9 layers of nanoparticles in BizTes films, the room temperature (RT)
Seebeck coefficient (S) increased from 168 to 172 uV/K, while the RT electrical
resistivity (p) increased from 10.8 to 14.5 uQm. Measurements of the thermal
conductivity (x) using the 3w method are currently underway.

50 nrn
—

Figure 1: STEM image of sample with 9 layers NPs.
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Abstract

Impedance spectroscopy has been reported as a promising charaterization method for
thermoelectric materials [1]. Under suspended conditions all the thermal properties of
the materials can be calculated if the Seebeck coefficient is known or a complete
characterization can be achieved when attached to a material with known thermal
conductivity, such as the ceramic plates of the modules.

In this work we present new developments to this method, which include a new setup
for characterization at high temperatures, new strategies to facilitate the complete
characterization, and the evaluation of the method with different thermoelectric
materials.

References:

[11 J. Garcia-Cafiadas, G. Min, Impedance spectroscopy models for the complete
characterization of thermoelectric materials, J. Appl. Phys. 116 (2004) 174510.
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Thermal conductivity measurements by scanning thermal

microscopy of TiO2 nanotubes
L. Vera-Londofio'?, R. Sanz! and M. Martin-Gonzalez!
LInstituto de Microelectrénica de Madrid, Calle Isaac Newton 8, 28760, Tres Cantos, Madrid
2liliana.vera@imm.cnm.csic.es

Abstract

The efficiency of thermoelectric (TE) materials through the figure of merit zT is linked
to the thermal conductivity of the material. Although, evaluate the thermal
conductivity of TE materials can be very challenging due to the micro/nanoscale
interaction between the probe and the sample. Some of the current thermal methods
have spatial resolution issues, which make the evaluation more difficult in the case of
nanostructures materials [1].  However, the 3w-SThM (Scanning Thermal
Microscopy) is a powerful technique for thermal measurements and using a
commercial silicon nitride probe with palladium film is possible to achieve more than
100 nm of spatial resolution. In this work, the thermal conductivity measurements
with this spatial resolution is very important to analyses anodic TiO2 nanotubes layers
(TNTL), since the Magnéli phase titanium oxides exhibits interesting properties for
TE applications [2]. The thermal behaviour of TNTL is determined with the SThM
technique that can measure simultaneously, topographic and thermal images of the
samples; electrical and morphological characterization of TiO2 nanotubes is also
discussed.

References:

[1] S. Gomés, A. Assy and P-O. Chapuis, Scanning thermal microscopy: A review, Phys.
Status Solidi A. 212 (2015) 477-494.

[2] S.Pandey, G.Joshi, S. Wang, S. Curtarolo, and R. Gaume, Thermoelectric characterization
of fine-grained TisOy Magnéli phase ceramics, arXiv preprint arXiv. 1602.07747 (2016).
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Thermoelectric properties determination of multilayered
semiconductor materials at harmonic single-frequency
excitation of temperature field
V.V. Ryzhkov!? O.B. Fedoseev'®, R.A. Poshekhonov!¢ A.S. Osipkovld, LA,
Tishenko'€ and S.V. Yanovitch'f
'Moscow, Russia, ul. Baumanskaya 2-ya, 5.
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Abstract

In this work, the measurement method of multilayered semiconductor thermoelectric
materials including segmented branches of the thermoelements is described.
Developed method allows in a common measurement cycle obtaining of the main
parameters researched structure, which are required for thermoelectric Q-factor
determination both multilayered structure and individual material layers.

In this method, the phenomenon of phase shift between heater’s power of the
measurement bench and its temperature at harmonic thermal excitation is used.
When measurements, the sample is fixed between two heat-exchange units insulated
from flat resistive heaters by insulated layers (Fig. 1). At the same time, the
temperature of the structure edges To is constantly maintained. Heaters’ power 3 and
9 are changed harmonically with the equal frequency in antiphase.

3 9
1 2p4 5 6 7 8pm 1t

|

Hall

Figure 1: Layers 1, 11 — copper heat-exchange units; 2, 4, 8, 10 — insulated layers;
3, 9 — heaters; 5, 6, 7 — segments of the sample.

To obtain the thermal conductivity coefficient at this temperature, the thermal mode
of the heaters is set. At the same time, the temperature of each heater is changed with
the same frequency, as the power, but delayed from it on a certain phase shift angle
depending on physical properties of each layer of the structure. After this phase angle
measurement, thermal conductivity coefficient is calculated at specified average
temperature by means of developed mathematical model.
Electrical resistivity and Seebeck coefficient are determined from the equations of
current transport through the sample [1].
Acknowledgements:
The research work was supported by Ministry of Education and Science of the Russian
Federation (unique identifier RFMEFI57714X0113).
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[1]1 S.Budngam, S. Pimmongkol et al., Designing Apparatus for Highly Precise Measurement
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S. Seibt, C. Linseisand H. R
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Abstract

The analysis of thin film materials is getting.more 0 resting to many fields
of research. Especially the field of thermo ic icatigns reaches more and more

nano scales. The behavior of thin laye
several surface effects. This makes it co
of analysis to get proper results and a
these problems. With the new Linsei
Thin Film Analyzer, that uses a_ch

from bulk samples due to
se common known techniques

to get all interesting information like
, electric resistivity, hall constant or
seebeck coefficient, there are alfew noyel methods to investigate all these effects. This
talk will introduce this n of thin film analyzing devices and their
functionality, how they,
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First-principles calculation of the thermoelectric figure of merit
of polymeric systems
L. Cigarini®®, A. Ruini®?, A. Catellani® and A. Calzolari®
@ FIM department, Universita di Modena e Reggio Emilia, 1-41125, Modena, Italy.

® CNR-NANO S3 Center, Istituto Nanoscienze, 1-41125, Modena, Italy.
luigi.cigarini@unimore.it

Thermoelectric (TE) materials are currently studied for the promising perspectives
foreseen in the enhancement of their efficiency in converting thermal gradients into
electrical currents [1]. Even though, traditionally, only inorganic semiconductors were
considered for TE applications, recent advances in research opened the way to a new
generation of organic TE materials. Organic materials have the advantages of low
cost, lightweight, mechanical flexibility, and low-temperature solution processability
over large areas [2]. The prerequisites for good TE performances are high electronic
and low thermal transport. So, from a theoretical point of view, it is fundamental to
achieve a deep understanding of the transport phenomena at the molecular scale.

In this work [3], we carried out a fully quantum mechanical study on a set of organic
polymers, namely polyfluorene (PFO), poly-3,4-ethylenedioxythiophene (PEDOT)
and polyaniline in its leucoemeraldine base form (PANI). PEDOT and polyaniline are
two of the most widely used molecules in organic thermoelectric applications [2],
polyfluorene has not yet been proposed for thermoelectrics but it is a well-known
system used in optoelectronics [4] and is considered for comparison. The aim of the
study is gaining an atomistic understanding of the physical and chemical mechanisms
that affect the electronic and thermal transport and the thermoelectric power in low-
dimensional systems. We will adopt an original method [5] to compute ballistic
electron and phonon transport using an integrated Landauer approach. We combine
this technique with a fully first principles approach based on DFT for both the
electronic and the thermal properties of the systems.

As a crosscheck test on the structure and composition of polymeric systems, we
simulated a few electronic (DOS) and vibrational spectroscopies (e.g. IR) and we
compared our results with the experimental data reported in literature [6,7,8], finding
very good agreement. On the other hand, the analysis of the ZT figure of merit at
different temperature underlines an overestimation of one order of magnitude of the
thermoelectric response of our samples, with respect to experiments. This is ascribable
to the maximization of the electronic contribution and the quenching of the thermal
one in pure 1D polymeric chains. Inclusion of solid-state effects and disorder are
expected to provide ZT values closer to the experimental findings.

References

[11 H.J. Goldsmid, Introduction to Thermoelectricity, Springer (2010).

[2] ©. Bubnova, X. Crispin, Energy & Environmental Science 5 (11) (2012) 9345-9362.
[3] L. Cigarini, A. Ruini, A. Catellani, and A. Calzolari, preprint (2016).

[4] L.-H. Xie etal., Progress in Polymer Science 37 (9) (2012) 1192-1264.

[51 A. Calzolari et al., J. Phys.: Condens. Matter 24.49 (2012): 492204.

[6] P.Brenneretal., J. Polym. Sci. Part B: Polym. Phys. 53 (15) (2015) 1029-1034.
[71 S. V. Selvaganesh et al., Nanoscale Research Letters 2 (11) (2007) 546-549.
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Thermoelectric efficiency and fluctuations in nanosystems
A. Crépieux*2and F. Michelini?
Aix Marseille Université, Université de Toulon, CNRS, CPT UMR 7332,
13288 Marseille, France
2 Aix-Marseille Université, CNRS, IM2NP UMR 7334, Marseille, France
aadeline.crepieux@cpt.univ-mrs.fr

Abstract

We study the relation between the efficiency and electric and heat current fluctuations
in nanoscale thermoelectric devices using non-equilibrium Green’s function
formalism. In the linear response regime in temperature and voltage, we know that the
efficiency is directly related to the figure of merit. This is no longer the case outside
the linear response. For a quantum dot, we show that at low transmission the efficiency
is related to the correlator between the electrical current and the heat current provided
that these currents are considered in distinct reservoirs [1]. This mixed cross-
correlator can thus provide information on the thermoelectric conversion. Our
calculations show that the expression for the heat current takes a form similar to the
Landauer expression for the electrical current and that the expression for the mixed
correlator takes a form similar to the Bittiker expression for the electrical current
fluctuations. We also discuss the possibility to have fluctuations of efficiency around
its macroscopic value in quantum systems [2].

References

[11 A. Crépieux, F. Michelini, Mixed, charge and heat noises in thermoelectric nanosystems,
J. Phys.: Condens. Matter 27 (2015) 015302.

[2] A. Crépieux, F. Michelini, Heat-charge mixed noise and thermoelectric efficiency
fluctuations, to be published in JSTAT (2016).
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Theoretical studies of electronic structure and transport
properties of locally ordered ternary chalcogenides
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Abstract

Cation sublattice ordering in AgXY2 chalcogenides is an important factor influencing
their electronic structure and thus thermoelectric properties [1]. Several selected
ordering configurations (Fig. 1) were specified for AgXY chalcogenides (X = Sh, Pb,
Sn; Y = Te, Se) and full-potential linearized augmented-plane wave (FP-LAPW)
calculations carried out using WIEN2k package [2]. Relationship between local
ordering and cohesive energy is discussed and most preferable systems are indicated.
Ab initio calculated electronic structure properties of chosen model configurations are
analyzed and densities of states are used to determine respective transport properties
derived from semiclassical Boltzmann theory.

Detailed analysis of electron density topology carried out within Bader’s QTAIM
formalism [3] is presented, including bonding properties and atomic net charges, in
order to determine the influence of local ordering on properties essential from a point
of view of thermoelectricity.
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Figure 1: Various ordering of cation sublattice (large and medium balls) in analyzed AgXY
systems (applied crystal symmetries are denoted).
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Ab-initio study of transport properties of p-doped PbTe
P. Korotaev!?, A. Mukhanov! and A. Yanilkin!
'Dukhov Research Institute for Automatics, ul. Sushchevskaya 22,
Moscow, Russia, 127055
2korotaev@vniia.ru

Abstract

Using density functional theory electronic structure calculations and semi-classical
transport theory in relaxation time approximation we compute transport properties of
p-doped PbTe. To avoid possible errors due to rigid band approximation (RBA) we
use supercell model of doped crystal and tune carrier concentration explicitly by
portion of impurity atoms. In such a way we verify the validity of RBA. Na and TI
dopants were considered. The usage of supercell model instead of RBA brings the
results closer to the experiment. The possible influence of resonant states on transport
properties is discussed.
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In-plane and cross-plane lattice thermal conductivity of single-
layer to bulk MoS; by using molecular dynamics study
M. Park'2 and Y.-S. Kim% 22
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Abstract
As an atomically thin 2-D material, Molybdenum Disilfide (MoSz) has drawn
considerable interest due to its unique electronic structures mcheasy to exfoliation.
Despite experimental [1-2] and theoretical [3-4] groups h % ged the in-plane
and cross-plane lattice thermal conductivity intensivel 'i.l 70 mental value of
lattice thermal conductivity for MoS: is still cantrov
Here, we calculate the lattice thermal conduc Sz b using non-equilibrium
molecular dynamics simulation to find th f mal conductivity of in-
plane and cross-plane MoS. It is strong an vior is observed and length
to present up to about 3 pm.
ancies would bring about great

dependence of the lattice thermal conductivitie
reductions of thermal conductivity in si laygr MoSo.

We also found that only small amount fur
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First principles study of heavily doped full Heusler Fe; YZ for
high thermoelectric power factor
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2Molecular and Biomolecular Physics Department, National Institute for Research and
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Abstract

Using a combination of first-principles calculations based on density functional theory
and Boltzmann semi-classical transport theory, we investigate the properties of
heavily n-type doped full Heusler Fe2Y Z1-xAxcompounds. Using a supercell approach
and including explicitly the dopant impurities, we recover in some cases giant
thermoelectric power factors as previously predicted under doping within the rigid
band approximations [1]. In other cases, however, we highlight that the system
evolves toward a ferromagnetic half-metallic ground state so that the power factor is
strongly modified. We rationalize the appearance of this magnetic instability, showing
that it is consistent with the Stoner model. The uncovered properties of the heavily
doped phases of the studied Fe2YZ1-xAxcompounds appear promising for Seebeck and
spin-Seebeck applications.
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Figure 1: Calculated power factor of Fe,YZ;.xA«x compounds (x = 0.0625) from Boltzmann
transport theory.
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Spin-configurations in thermoelectric MNCoGe materials
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Abstract

In the last decades, research for improved thermoelectric materials focused on the
introduction of nanostructures. However, only modest enhancement of the
thermoelectric efficiency could be achieved. For improved thermoelectric
performance another approach is required. In this respect, temperature driven spin
transport in magnetic materials offers great potential. The ternary Mn-Co-Ge, for
example, shows interesting magnetocaloric and thermoelectric properties in this
respect. Magnetic properties of ferromagnetic CoxMnyGei-x-y thin films, for example,
have been shown experimentally to vary with composition x and y [1], suggesting a
possible tuning of the CoxMnyGe1-x-y properties to meet application’s requirements.
In this study, structural and magnetic transitions in MnGe-based materials with
varying composition have been investigated using ab initio calculations. In particular,
the effect of chemical composition on the stability of the hexagonal NizIn-type and
the orthorhombic TiNiSi-type structure has been examined focusing on their magnetic
configurations. It has been found that compressive strain promotes the formation of
the Nizln-type structure which can be advantageous for the magnetostructural
transition in thermomagnetic devices. The so-called spin-Seebeck coefficient [1,2]
has been estimated for several magnetic configurations of such materials based on the
Boltzmann transport.

This work was supported by the French government through the program
“Investissements d’Avenir A*MIDEX” (Project APODISE, no. ANR-11-IDEX-
0001-02) managed by the National Agency for Research (ANR).
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Ag-Ni multi-layer metallization characteristics on
polycrystalline SnSe
S.H. Park'2, Y. Jin!, J.H. Lee!, Y. Kim! and I. Chung?
*Advanced Materials and Devices Laboratory, Korea Institute of Energy Research, Gajeong-ro
Youseong-Gu, 305-343, Daejeon, Republic of Korea
2 School of Chemical and Biological Engineering, Seoul National University, Gwanak-ro 1,
Gwanak-gu, 151-742, Seoul, Republic of Korea

aparksh@kier.re.kr

Abstract

SnSe is getting particular attention with their world record high figure of merit (ZT)
results reported in 2014 [1]. From this first report, many research groups are chasing
novel high performance SnSe thermoelectric device development however no
research result on SnSe thermoelectric module has been reported yet. In this work the
microstructural and electrical characteristics of the Ni-Ag multi-layer metallization on
thermoelectric SnSe will be investigated for the first time. The electrical contact
resistance characteristics will is reported and their promising applicability to highly
efficient SnSe thermoelectric module will be discussed in detail.

Figure 1: Photograph of Ag-Ni mulit-layer metallization on SnSe thermoelectric leg

References:
[1] Zhao LD, Lo SH, Zhang Y, Sun H, Tan G, Uher C, Wolverton, Dravid VP, Kanatzidis MG

Ultralow thermal conductivity and high thermoelectric figure of merit in SnSe crystals,
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Development of Mn/Mn and Mn/Mg High Temperature TE
Devices
T. Kajitanil?2, K. Takahashi!, K. Oku!, M. Saito! and H. Suzuki®
{IMCO Co.Ltd. ,46-3 Aza-Nishi, Shinden, Tagajyo, Miyagi 985-0854,Japan
2Tohoku Univ., Aoba-ku, Sendai 982-8579, Japan
2kajitani@m.tohoku.ac.jp

Abstract

Skelton-type 20-pair MnSiz.7a/AlsMnsSis and MnSiy.74/Mg2Si devices, usable below
600°C, are fablicated successfully. Ni top-electrodes are brazed to the p- and
n-thermoelectric(TE) blocks. 50x40x2mm? aluminum bases are used. The TE-blocks,
10x3x7 mm? in size, are cut-out from the 30¢ x 7mm pelletes synthesized by the spark
plusma synthesis(SPS) technique. The thermoelectric performance of the Mn/Mn and
Mn/Mg devices are 1.44W and 2.79W between 600 °C(hot side)-100 °(cold side),
respectively. While the internal resistance is 0.43 and 0.55 Q. Two devices are shown
in the photograph.

Figure 1: 20-pair MnSiy 74/Mg,Si(left) and MnSi; 74/Al;Mn;Si, (right) devices.
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Design and characterization of thermoelectric generators for
wearable electronics via optimizing structural parameters
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ro, Seongbuk-gu, Seoul, South Korea 02841
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Abstract

With growing attention to wearable electronics, thermoelectric (TE) generator has
been focused for solving limited battery-time, via harvesting limitless human body
heat. Although the TE materials have been considered a key factor, structural
parameters for TE generator such as fill factor, shape of TE elements, density of TE
couples, substrate, and filler materials are also crucial for the TE generator
performance. Recently, there have been studies for the effect of structural parameters
on TE generators [1-2]. However, to our knowledge, most of the studies have relied
on theoretical approaches, not on experimental data. Here we study the effects of
structural parameters on TE generators under the fixed temperature and the convective
thermal boundary conditions. To verify our prediction, TE modules using Bi-Te based
alloy with different structures have been fabricated and tested. Specifically, we varied
the fill factors from 0.05 to 0.4, temperature difference from OK to 80K, and types of
filler materials to study the effect of heat transfer on the generating performance of

the TE modules.
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Figure 1: Calculated output power and temperature gradient of a TEM with different structural
parameters.

References:

[1] Mar T. Dunham et. al., Power density optimization for micro thermoelectric generators,
Energy 93 (2015) 2006-2017.

[2] Francisco Suarez et. al., Designing thermoelectric generators for self-powered wearable
electronics, Energy & Environmental Science (2016).

287


mailto:yunlee88@kist.re.kr
mailto:bkju@korea.ac.kr
mailto:pchan@snu.ac.kr
mailto:dbhyun@kist.re.kr
mailto:jskim@kist.re.kr
mailto:bkwon@kist.re.kr

Poster Contributions ECT2016

PC1.4

Flexible thermoelectric generator fabricated using bulk
materials
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Abstract

A prototype flexible thermoelectric generator, which couples entropy current and
electrical current to convert thermal power into electrical power [1], has been
fabricated using bulk materials [2]. Mineral-fiber band and copper tape were used as
flexible substrate and electric connectors. The applied active thermoelectric materials
were CaszCo040g ceramic [3] and Cu-Ni alloy for hole (p) and electron (n) conduction,
respectively. Thermal parallel and electric series connections of the mentioned
materials were realized in the prototype flexible thermoelectric generator. When the
hot-side was at 420 K and a temperature difference of 31 K was applied, the 3 cm long
device, made of four basic units of n-p pairs and electrical connector, delivered an
open-circuit voltage of ca. 17 mV and a short-circuit current of ca. 19 pA. The device
can be made longer easily and coiled up to be adapted to the needs of the practical
application.

i+

b} S
ductile regions & b

Figure 1: Microphotography of the prototype flexible TEG: (a) side view on plan side,
(b) perspective view on bend device.
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Portable thermoelectric power generation base on catalytic
combustor for low power electronic equipment
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Abstract

In the past years, much work has been reported on thermoelectric generators (TEGS)
as power supplies and as alternative technology [1, 2]. In this work, a TEG based on
catalytic combustion has been built up and developed having as output target the
powering of portable electronic equipment. TEGs based on catalytic combustors have
been already realized in several works reported in literature [3]. The relatively small
size of the TEG system proposed opens interesting opportunities for thermoelectric
solution due to the increased portability and its applicability to any type of low power
requiring devices. Small size, reliability in continuous operating conditions and fast
source recharging are all strategic features of the system described offering the chance
to be considered a breakout for the power supply technology.

From the preliminary results the system can provide about 1.5 V and 2.2 A by a fuel
consumption of about 1 g/hr, an output close to common portable batteries used for
electronic devices.

In order to calibrate the operating conditions, the analysis of the temperature values
and distribution across the combustor surfaces have been carried out. The overall TEG
efficiency is evaluated by parallel characterization of thermoelectric modules and
exhaust gases composition and the best performing conditions have been investigated
in the target voltage and current range. Finally, a dimensioning estimation of overall
TEG size is performed in case of passive cooling system for future developments.

References:
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Proceedings of the IEEE conference on energy management and power delivery, vol. 1;
1995. p. 186-91.
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Abstract

Silicon based planar micro thermoelectric generators (ULTEGs) were realized by
CMOS compatible technology then were evaluated to harvest low to high level of
heat. The UTEGs are build up with a thermopile periodically suspended onto dielectric
membranes. The thermopile is based on a poly-Silicon (pSi) TE layer; it is a series of
pSi/Au or Al thermocouples (TC) patterned into a zig-zag strip that covers a surface
about a third of cm2. This planar topology with membranes and long TC result in
modules with a high thermal resistance [1] and a performance slightly impacted by
the TE thermal conductivity but rather efficiently improved by any increase of the TE
power factor (PF=02.5, a. is the Seebeck coefficient, ¢ the electrical conductivity).
The presented modules integrate different kinds of pSi layers, with a PF varying from
3 uW/K?/cm, for standard P doped pSi, to 24 uW/K*cm for “optimum” pSi obtained
by very high dose implantation doping with B or As and annealing. The evaluation of
their performance is carried out using a heat concentrator placed above the uTEG and
periodically in thermal contact with the thermopile at half of the junctions. The
characterisation is done by injecting power to a resistance printed on the upper surface
of the concentrator. The power is varied from 0 to 10 W/cm?2. A periodic gradient of
temperature AT is created at each TC. This results in a Seebeck open-circuit voltage
Vs that is seen to vary linearly with the input power. Typically, for an input heat flux
density of 4W/cm?, AT experienced by each TC varies up to 30, 100 and 150K for
respectively 10-, 5- and 2-membranes based modules, which is consistent with the
whole structure modelling. The optimum behaviour is experimentally obtained for 5-
membranes based UTEGs. In these cases, Vs is in the range 6-15V depending on the
pSi properties and corresponds to a maximum output power Pmax in the range 49 — 306
pW/cm? on adapted loads. The best performance is obtained for UTEGs integrating
highly B doped pSi layer (large PF). Surprisingly, the As+P codoped-based HTEGs
are only moderately better than those based on standard pSi (Pmax is 4 times better
though the PF is a decade higher). This can be partly explained by an increase of the
thermal conductivity associated to a microstructure modification via codoping. On the
other hand, microstructure changes in highly B doped pSi has already been reported
to improve the PF [2]. In this work we show that it is also effective to make performant
planar modules.
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Abstract

Maximum Power Point Tracking (MPPT) algorithms are commonly used in order to
extract the maximum amount of energy from a Thermoelectric Generator (TEG).
There are some well-known methods that, while usually applied to Photovoltaics, can
also be used with TEGs. Whilst these techniques can be easily and effectively
implemented for a TEG operating under constant temperature conditions [1], they can
be inefficient when applied to TEGs operated under constant heat conditions. Under
such conditions, TEGs and PV cells behave very differently due to the variation in
thermal conductivity of the TEG as a consequence of the changing load current. Hence
the Incremental Conductance (IC) and Perturb and Observe (P&O) methods can take
significant time to respond to changes in the operating conditions of the TEG, are slow
to converge to the MPPT, are computationally expensive and do not readily
accommodate the induced variation in thermal gradient across the TEG module.
Fractional Open circuit techniques to establish the MPP are fast and computationally
light but in general do not accurately track the maximum power point.

The work presented will show the experimental results obtained from an innovative
MPPT algorithm implemented in firmware on a power converter that combines the
accuracy of the P&O and IC techniques and the rapid response of the fractional open-
circuit method. The converter used is based on a Boost (step-up) topology switched
mode power supply and its real-time control is implemented using a microcontroller.
The converter is connected to an array of TEGs operated on a hot gas test system
representative of a typical constant-heat environment found in e.g. exhaust gas
systems or industrial waste heat streams.

References:
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Abstract

In this work, thermoelectric module (TEM) prototypes based on magnesium silicide
and higher manganese silicide were developed (Fig. 1). Different designs of modules
and different brazing materials were tested, with a focus on device feasibility and
reliability. Contact resistivity measurement of the silicide/metal brazed electrode and
finite element analysis of thermal induced stress were also performed, to guide the
design of TE modules. The electrical power and the efficiency were evaluated with a
specially developed testing system. [1] Furthermore, infrared thermography was used
as a diagnostic tool to investigate internal thermal and electrical interfaces.

The testing apparatus (Fig. 1) is based on the heat flow meter method at the cold side
of the module and it is conceived to test TE modules (single or in cascade) with a
footprint up to 60x60 mm?. The system works from room temperature up to about
900 K, under vacuum or inert atmosphere. Electrical characterizations were
performed both in a steady state condition, and with fast pulsed current-voltage (I-V)
measurements, thus without disturbing the measurement, providing high reliability on
the efficiency determination. Measurements of commercial modules and of silicide-
based module prototypes are presented.

Figure 1: Scheme of the testing apparatus and photo of a silicide-based TE module prototype.

References:
[11 H. Wang, R. McCarty, J.R. Salvador, A. Yamamoto and J. Koenig, Determination of

Thermoelectric Module Efficiency: A Survey, Journal of Electronic Materials 43 (2014)
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Abstract

One of the most important problems while producing thermoelectric module elements
is the development of an appropriate joining technology affecting on the performance
of the whole thermoelectric generator. The produced joints must be characterised not
only by high mechanical strength and good adhesion, but also high electrical
conductivity, high heat conductivity and, due to the working conditions, good
chemical and temperature stability.

This paper presents lead-free junctions between a skutterudite material (CoShs) and a
metallic electrode for middle-range application. Production process and the properties
of obtained junctions are described. The materials were joined by the resistance
brazing technique using the Spark Plasma Sintering (SPS) apparatus. The properties
of the samples, including their thermal diffusivity (Netzsch Laser Flash Analyser LFA
457), electrical conductivity and Seebeck coefficient (PESS SeebTest) were
determined and presented. The scanning electron microscopy (SEM, Zeiss AURIGA
CrossBeam Workstation) was used to investigate the microstructure, whereas electron
dispersive spectroscopy (EDS) was employed to analyse the distribution of the
elements. All this was aimed at examining the progress of diffusion between the bound
surfaces. This work summarizes properties of obtained junctions and their effect on
the performance of thermoelectric module.
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Abstract

Thermoelectric device (TED) is a promising candidate of what supplies electrical
power to a trillion sensor network which realizes internet of things (1oT). In recent
years, silicon nanowire (Si-NW) is expected as a promising thermoelectric (TE)
material thanks to the decreased thermal conductivity specific to nanostructured
materials [1]. In this paper, we will report a device characteristic of Si-NW TED
fabricated by top-down process (Fig.1). The width and length of NW are 140 nm and
10 pm, respectively. 50 Si-NW were patterned by the electron-beam lithography and
a reactive ion etching process. Originally developed AIN ceramic heat probe was
employed to evaluate the TE characteristics. The temperature of the heat probe is
maintained at THot=338K, and it is applied on an Al thermode film deposited on the
TED. The bottom surface of the silicon substrate is kept at TcoLo=273K on a prober
chuck. Fig. 2 shows the measured Pre curves, which is normalized by the total width
of the NWSs. Open circuit voltage Voc and max Pre are 242 puV and 0.83 fW/nm,
respectively. Thus the fabrication and characterization of nanoscale TED has been
realized by the process technology compatible with Si LSIs. The TED performance
will be lots more improved by decreasing series electric and thermal resistances.
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Figure 1: Fabrication procedure of Si-NW TED. Figure 2: TE power curve of the TED
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Abstract

Miniaturized thermoelectric generators (TEGS) is anticipated as a key technology for
realizing a trillion sensor network. In order to apply a sufficient temperature gradient
in thermoelectric legs, the resistance of the thermal contact should be smaller than that
of the leg [1]. Therefore, short leg structures have been considered to be unfavourable
for the TEG. Figure 1 shows an estimated power generation as a function of the length
of leg. In case that the thermal resistance of parasitic elements is larger than that of
leg, a long leg structure is favourable. However, if the parasitic thermal resistance is
sufficiently small, the shorter leg structure is rather advantageous and has a potential
to generate a much larger electric power. In this research, we are designing a short leg
TEG which can be fabricated by the standard Si-CMOS process. Figure 2 shows a
temperature distribution in a planer TEG. Between the comb-shaped thermal
electrodes, horizontally oriented Si-NW legs are located. We found that a steep
thermal gradient is established in Si-NW legs, even without hollowing out the Si
substrate underneath the thermoelectric legs. Thus a substantial improvement of the
TEG can be realized by employing the shot thermoelectric legs together with the
optimized structure of parasitic elements.
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Figure 1: Dependence of maximum power, Figure 2: 3-D TCAD simulation model.
legs’ length and parasitic thermal resistance.
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While the thermoelectric market is growing constantly, the fabrication of a mid-
temperature working range thermoelectric device continue to present an important
challenge. There are many limitations faced by thermoelectric modules for scalable
manufacture and development including materials production, device design and
system integration. A particular emphasis should be placed on the joining of the
thermoelectric material to the metallic interconnects. These joints must have a low
electrical and thermal resistance, be thermally stable and withstand stresses generated
by the mismatch of thermal expansion coefficient (CTE) among thermoelectric
material, interconnect and electrode.

We present results of different joining approaches used for fabrication of chemically
and thermally stable mid-temperature interconnections. The suitability has been
evaluated through characterisation of the joints electrical properties while the
durability has been examined by observation of the interfacial diffusion of the
thermoelectric/joint/electrode interconnection. ldentification of appropriate brazes,
possible contact materials as well as different joining techniques has been conducted,
and is reported here.
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Abstract

The electric power produced by a thermoelectric generator (TEG) is strongly
influenced by the applied heat sink. While a TEG is aimed at harvesting waste heat,
the optimization of the efficiency of the heat sink is a key task for the design of waste
heat recovery systems implementing TEG. A three-dimensional thermoelectric
generator model is proposed and implemented in a computational fluid dynamics
(CFD) simulation environment (OpenFOAM) to perform optimizations of the heat
sink using a commercially available TEG as basis. This model includes the nonlinear
multi-physics thermoelectric coupled effects. Conservation principles of energy and
current are considered simultaneously. This includes thermal conduction, Peltier
effect, Joule heating, electrical conduction and the Seebeck effect. Particular attention
is given to the modelling of the boundary conditions e.g. electrical load. The
thermoelectric model is implemented in such a way that it can readily be combined
with other physical models in OpenFOAM. The model is validated by analytical
results, measurements and simulation data from other models of a TEG.
Single-phase liquid microchannel and confined-submerged impinging jet heat sinks
achieve both very high heat removal rates with minimal energy costs. The
optimization of the geometric properties of a microchannel heat sink was investigated
by Rezania and Rosendahl [1].

The developed model, implemented in OpenFOAM, can be used to optimize the
geometric quantities of an impinging jet cooling a TEG. The objective function is the
overall efficiency of the heat removal system. The geometric input quantities are the
number of jets, jet-to-jet-spacing, jet diameter, jet-to-plate distance and volumetric
flow rate.
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Ceramic materials such as TiOx (x < 2) or BnC (4 < n < 9) are promising materials for
thermoelectric modules. The thermoelectric efficiency of ceramic materials is minor
compared to established thermoelectric materials. However TiOx and BnC are very
attractive for economic reasons: ceramics are non toxic and can be produced cheaply.
Furthermore there are still expectations for efficiency rise by modification of the
material structure. A manufacturing process for unileg modules was established
including sintering of ceramics by hot pressing, economic machining of ceramic legs,
coating with oxidation protection layer, assembly and joining of modules with reliable
electrical connections and supporting substrates. Modules with Cu-metallized AIN,
Al203 and SisN4 substrates were built to evaluate the influence of ceramic substrate
material on module performance. A testing device was build up for experimental
analysis of the module behaviour during operation at 600 °C at the hot side and 100 °C
at the cold side. The test revealed similar power output and internal resistance of all
fabricated modules. Furthermore thermal cycles with increasing and decreasing
temperatures at the hot side were investigated to characterize the reliability and
stability of the modules. The characterization of the module resistance and
microstructural investigations of cross sections after 1000 cycles showed differences
in the behaviour of the modules which are correlated to the substrate ceramics used.

298


mailto:axel.rost@ikts.fraunhofer.de

ECT2016 Poster Contributions
PC1.15

Lab-scale pilot line for thermoelectric modules based on half-

Heusler compounds
J.D. Konig, M. Kluge, K. Bartholomé, E. Geczi, U. Vetter, M. Vergez, U. Nussel
and K.R. Tarantik
Fraunhofer Institute for Physical Measurement Techniques IPM, Thermoelectrics,
Heidenhofstr. 8, 79110 Freiburg, Germany
jan.koenig@ipm.fraunhofer.de

Abstract

During the last few years, the production of new high-temperature materials in kg-
scale with identical properties as described in the literature was demonstrated. This
was an important step towards the industrialization of the thermoelectric waste heat
recovery. The next steps are the proof of cost reduction by scaling up leg production
and automatization of module assembling as well as verifying the module long-term
stability in field tests.

At Fraunhofer IPM a half-automated pilot line (fig. 1) for thermoelectric module
fabrication was installed in the beginning of 2016. Fraunhofer IPM fabricated
successfully more than 200 identically constructed thermoelectric modules using half-
Heusler compounds produced in kg-batches. In this presentation experimental data on
the modules’ performances are shown and compared with handmade thermoelectric
modules. Further data regarding reproducibility in modules’ properties like internal
resistance, power outputs as well as size accuracy are discussed. In addition, results
of long term stability tests are presented.

Figure 1: Half-automated thermoelectric module fabrication.
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Abstract

The integration of the Internet of Things into smart grids has been recognized of
primary importance for today society to pursue a sustainable supply of energy in the
next future, addressing the needs of a sustainable exploitation of delocalized and
renewable energy sources to power the sensors and the actuators the networks are
made of. Among the variety of energy conversion technologies, thermoelectric is
expected to play a decisive role due to its capability of harvesting energy at the
microscale, in the dark. In this framework, flexible devices based on conducting
polymers are studied with the aim to extend the potential applications of
thermoelectrics to all those ones not viable by the present technology based on rigid
architectures. In this contribution, a dedicated study, conducted by means of an
appositely derived model, is carried on in order to identify strengths and limitations
of the technology based on flexible materials. Depending on the operative conditions,
such as external temperature difference and thermal coupling with the environment,
the study identifies a minimum in the thermocouples thermoelectric properties needed
to address a series of applications, thus paving the way towards practical
implementation of flexible devices in everyday life. Some insights about an effective
large area fabrication method will be also given.
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Figure 1: Thermoelectric efficiency factor @ as a function of the thermocouple figure of merit
Z and of the equivalent heat transfer coefficient heq. The graph distinguishes among three
different types of thermal coupling with the environment at the cold side.
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Abstract

Reduction of energy consumption on manned space stations is an important and vital
task. A major electric energy consumer on such objects is wafex regeneration system
for cosmonauts based on distillation, owing to which it consyies 0.5 — 1 kW of

electric energy. This consumption can be reduced by thermo at pumps in
heating mode. In this context, it is clear that they must possess p ater heating
coefficient. In Ref. [1] it reaches the value of 2.2, and in )

The purpose of this paper is further increase i metar. Such increase is

ctric modules with
eir operation in the

achieved by using in the heat pump design
optimal characteristics based on the ther
design. A search for parameters of each modu licated multi-parameter
problem that was solved by computer met f -oriented simulation. It was
established that with the number of var mdyuiés greater than 6-10, heating
coefficient is saturated and reaches ultimat .2 for the presently attained level
of thermoelectric materials. Howevel|, due use of a large number of various
modules, the heat pump design on t holg is complicated. It was established that
with the use of two different moelectric modules heating coefficient
increases from 2.4 to 2.85, he f four groups - to 3. Further increase in the
number of groups results ja~qin ng coefficient increase.

The results obtained wef€ e i ally proved on a heat pump comprising 2 groups
of 40 modules. The e of heating coefficient was 2.85 at thermal power
1 kW and electric r ption 350 W, which yields 19 % of additional electric
energy saving on foard thg space stations as compared to counterpart [2].
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Thermoelectric applications for home use: thermostat and
green barbecue 2.0
M. Nesarajah? and G. Frey®
Saarland University, Chair of Automation and Energy Systems,
66123 Saarbriicken, Germany
3 Marco.Nesarajah@aut.uni-saarland.de, ® Georg.Frey@aut.uni-saarland.de

Abstract

This contribution presents two thermoelectric applications for home use. One is an
energy harvesting system (EHS) at a heating to supply an electronic thermostat valve,
see Fig. 1 left. The other is the revised green barbecue from [1], see Fig. 1 right. In
the case of the former one, the temperature difference between radiator surface and
ambient temperature is used to produce electrical energy and supply the electronic
thermostat valve. The green barbecue 2.0 is a thermoelectric EHS, which converts the
thermal energy from a fire to electrical energy. Hereby, it is possible to load a mobile
phone, hear music or use a 12 V vehicle plug, beside the operation of the cooling fans.
Due to the different temperature levels in either cases, Peltier elements or
thermoelectric generators are used for power production.

The development of both systems will be described in this contribution. Measurement
data are recorded, during the winter period of 2015/2016 for the thermostat and during
different barbecues for the green barbecue, and will be presented. Moreover,
simulation models for both applications are done in Modelica®/Dymola® and will be
compared with the real data. Thus, potential for improvement can be identified and
possible improvement opportunities will be addressed.

¢ =
= §

T

Figure 1: Thermoelectric applications; left: electronic thermostat valve, right: green barbecue

References:

[11 M. Nesarajah, G. Frey, Energy Harvesting from Open Fireplaces, 2" International
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Thermoelectric cooling of electronic systems
S.M. Sohel Murshed? and C.A. Nieto de Castro
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1749-016 Lisboa, Portugal
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Abstract

Modern electronic industries are facing serious technical challenges to deal with the
thermal management of their high performance devices. Traditional cooling
approaches are not capable of sufficiently cooling those devices, whereas like most of
the emerging techniques [1-2], thermoelectric coolers [3] show promises in cooling
them. An electrical cooler which creates heat flux between the junctions of two
different types of semiconductors through the Peltier effect, is called thermoelectric
cooler (TEC). Fig.1 shows the cooling concept of TEC, which transfers heat from one
side of the device to the other with consumption of electrical energy. Due to simple
working principle, TECs are popular in many applications.

TECs are also compact, highly reliable, environmental friendly with no moving parts
and offer great potential to enhance the Heat rejected
cooling rate of electronic module
packages and other devices [4]. TECs
can also be integrated into electronic
packages for their hotspots cooling [5].
Some components in electrical systems
and computer such as microprocessors
and power amplifiers are cooled by this
cooling technique. In this paper, an
overview of this cooling technique in
cooling electronic devices and systems
will be presented. Heat absorbed from device

Power source
4 -
|

Eulder

-- Electrons

Semiconductors

Electrical
_~"conductor

Figure 1: Thermoelectric cooling concept.
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Theoretical investigation of a novel thermoelectric laundry dryer
concept
R. Somdalen®? and J. Koehler?

1TU Braunschweig, Hans-Sommer-StraRe 5, 38106 Braunschweig (Germany)
ar.somdalen@tu-bs.de, *juergen.koehler@tu-bs.de

Abstract

The environmental impact of conventional heat pump dryers lies, apart from its energy
consumption, in the use of a noxious refrigerant. By utilizing a thermoelectric heat
pump laundry dryer, a refrigerant-free heat pump process is conducted making
especially the disposal of a laundry dryer more convenient. Moreover, the drying
process is more efficient compared to a conventional condensation dryer as both the
hot and cold side of the thermoelectric heat exchanger are used in the process.

A novel cycle is introduced that combines thermoelectric heat pumping and air
cooling by means of ambient air (Fig. 1). This cycle is at first theoretically compared
with the two conventional cycles of a heat pump dryer and a condensation dryer.
Furthermore, a comprehensive system model is developed to evaluate the
performance of such a dryer. Within the fully transient model temperature dependent
material properties, contact resistances as well as thermal and electrical resistances
are taken into account. The performance of the thermoelectric heat exchanger is
analysed and significant influencing variables are identified. Simulation results are
compared with validated simulation results of a condensation and heat pump dryer. It
is shown that the energy consumption of a thermoelectric heat-pump based tumble
dryer lies between the two conventional dryers and thus can be seen as a promising
technology.
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Figure 1: The thermoelectric laundry dryer combines the characteristics of a heat pump dryer
and a condensation dryer.
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Effective use of thermal energy at both hot and cold side of
thermoelectric module for developing efficient water distillation
system
H. Al-Madhhachi %2 and G. Min !

School of Engineering, Cardiff University, Cardiff, CF24 3AA, United Kingdom
2College of Engineering, University of Kufa, Kufa, P.O. Box (21), Iraq
2Al-MadhhachiHS@Cardiff.ac.uk

Abstract

An efficient water distillation system has been designed and constructed to produce
drinkable water employing a thermoelectric module. The unique design of this system
is to use the heat from hot side of the thermoelectric module for water evaporation
and the cold side for vapour condensation. This novel design significantly reduces
energy consumption and improves the system performance. The results of
experiments show that the average water production is 28.49 mL/h with the energy
consumption of 0.0324 kWh. The results also show that a maximum temperature
difference between the hot and cold side of the thermoelectric module is 42.25 °C and
the increase in water and water-vapour temperatures were 26.35 °C and 8.43 °C
respectively.
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Fabrication and characterization of single pair thermoelectric
generator of Bi,Tes using silver sintering technology
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Abstract

Silver powder sintering-based joining technology was proposed to assemble
thermoelectric generators (TEGs) designed to work under elevated temperatures [1].
Commercial BizTes pellets were employed, on which nickel was deposited electroless
for 30, 60, and 90 minutes, respectively, to serve as an anti-diffusion barrier between
Ag and BizTes. The impact of different fabrication conditions (i.e. sintering
temperatures from 210 to 265°C and pressures from 5 to 7 MPa, respectively) on the
properties of single-pair TEGs was investigated. We found lowest internal resistances
between 0.1 and 0.2 Q (Fig.1(a)) at a temperature of 265°C and pressures of 5 to 6
MPa. A specific contact resistance of (0.71-6.17) x 10* Qcm? was calculated to,
which is better by about one order of magnitude with respect to our previous work
[1]. The TEGs were operated at temperatures of cold and hot sides risen from room
temperature to 60°C and 250°C, respectively. Thermal power was measured ranging
from 0.25to 0.32 mV/K. With TEGs sintered at 6 MPa and 265°C long-term
operation tests were performed at temperature gradients across the TEG around 190°C
for 216 hours. The Seebeck power remained constant between 0.25 and 0.28 mV/K
(Fig.1(b)) with the TEGs comprising the thickest nickel layer (90 min) showing
distinctly the lower values. Simultaneously, the internal resistance rised by about
0.4 Q for the TEGs with the thinnest nickel layer (30 min), while the other two TEGs
did not yet show any increase.
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Figure 1: (a) Internal resistance of TEGs fabricated at different processing pressures and
265°C and (b) Seebeck power of TEGs (6 MPa, 265°C) with different nickel diffusion-barrier
layers at a temperature gradient about 190°C operated over more than 200 h.
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Thermoelectric material library via laser melting
Y. Kinemuchi®#, M. Mikami?, I. Terasaki*? and W. Shin!
 National Institute of Advanced Industrial Science and Technology (AIST),
Inorganic Functional Materials Research Institute, Nagoya 463-8560, Japan
2Nagoya University, Department of Physics, Nagoya 464-8602, Japan
2y .kinemuchi@aist.go.jp

Abstract

Discovering new materials with desired properties has been a fundamental subject,
and yet it has been a challenging issue. One might approach through material
informatics—surveying a suitable combination of elements for a certain crystal
structure based on the density functional theory—and most of the others have been
searching the material through the time-consuming experiment, which is partly
because of the difficulty in predicting the scattering parameter by the theory. Here we
demonstrate a rapid synthesis of thermoelectric compounds via laser melting to meet
with a demand from experimentalists [1]. It has been proved that the laser melting is
a versatile synthetic route enabling to form various compounds including Bi-Sb and
Mn-Si binary systems, Mn-Al-Si ternary system, rare-earth doped SrTiOz and so on.
Those compounds were synthesized using a continuous laser diode with a 940 nm
light source. Owing to the high power density of the laser (60 W/mm? at the
maximum), the precursor powders immediately melted and reacted when irradiated
by the laser. Subsequent quenching led to the stabilization of high temperature phases
in the resultant compounds. Any compositional differences between the laser treated
compounds and the starting materials were negligible. The thermoelectric properties
varied according to the composition, as expected, demonstrating the feasibility of laser
melting as a rapid synthesis tool for thermoelectric compounds. Several advantages
and limitations of the synthesis conditions are also discussed.
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Figure 1: The system of laser melting and an example of thermoelectric material library.

References:
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Development of a Thermoelectric heat booster for thermal
energy storage in a concentrated PV CHP system
J. Sivitert?
1School of Engineering, University of Glasgow, Glasgow, UK
2 jonathan.siviter@glasgow.ac.uk

Abstract

This work presents the experimental results obtained from the development of a novel
thermoelectric heat amplifier to boost the thermal energy supplied to a Phase Change
Material (PCM) energy storage system. Thermal energy is captured from a CCPC
(crossed compound parabolic concentrator) reflector system for photovoltaic solar
cells with an integrated heat exchanger. This thermal energy can be used to recharge
a PCM based heat battery using a SAT (salt-hydrate) solution.

The PCM heat battery stores thermal energy in the liquid phase and when triggered
this energy is released as the material changes to a solid state. The heat battery can be
recharged by circulating water above the PCM‘s melting temperature. This enables
thermal energy captured during daylight hours to be stored in such a heat battery for
release at any desired time.

In order to maintain high performance of the PV system the fluid flowing through the
cell heat exchanger is kept close to ambient temperature. To ensure the fluid
temperature is at the required temperature to recharge the heat battery, a heat amplifier
is required. The heat amplifier considered for this experimental system consists of
several solid-state Thermoelectric heat pumps operated at very high CoP, heat
exchangers and controlling electronics. The aim of such a heat amplifier is to boost
the temperature and thermal energy of the water to a PCM based heat battery to ensure
the fluid is above the PCM melt temperature whilst concurrently returning the coolant
to the PV system at a low temperature.
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Design of flexible thermoelectric generator as human body
sensor
A. Rezania and L.A. Rosendahl

Department of Energy Technology, Aalborg University, Pontoppidanstraede 111, DK 9220
Denmark

Abstract

Flexible thermoelctric generator (TEG) became an attractive technology for its widely
used especially for curved surfaces applications. This study aims an optimal design of
a flexible TEG for human body application. The flexible TEG is part of a sensor and
supplies required electrical power for data transmission by the sensor.

The TEG module includes ink based thermoelements made of nano-carbon bismuth
telluride materials. One flexible fin conducts the body heat to the TEG module and
there are two fins that exchange the heat from the cold side of the TEG to the ambient.
The proposed design is supposed to produce 10 pV to feed the used sensor in the
thermoelectric system. In this design, the effect of ambient conditions, such as
temperature and heat transfer coefficient due to natural convection, and also
dimension of the TEG thermoelements on the power generation are studied.
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Flexible thermoelectric nanogenerators: from numerical
simulations to device fabrication
P. Resendel, S. Ferreira-Teixeiral, A.M. Pereiral?
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Dep., Univ. of Porto, Rua do Campo Alegre 687, 4169-007 Porto, Portugal.
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Abstract
U.S. Energy Information Agency recently released that the world energy consumption
will grow by 56% between 2010 and 2040, from 524 to 820 quadrillion British thermal
units [1]. This growth will come from non-Organization for Economic Cooperation
and Developing Countries, where demand is driven by strong economic growth [1].
Thus EU Heads of State and Government set a series of demanding climate and energy
targets to be reached by 2020 to increase the use of renewable energy sources, thus
reducing the consumption of primary energy sources, leading to a reduction on CO2
emissions [2]. Up to now, the way the world’s overall energy resources have been
consumed and transformed in other more practical energy forms is mostly via thermal
mechanism. However, the majority of the thermal energy produced is rejected to the
atmosphere and oceans as waste heat (~60%). Thermoelectric generators (TEGS)
appear as an attractive alternative to transform part of this wasted energy into
electricity, namely in the temperature range RT—600°C [3].
In this work, a prototype of a flexible TEG based on n-type Biz>Tes is presented, where
the fabrication procedures and output power of the device under different conditions
are analysed and discussed [4]. Moreover, through the use of the COMSOL
Multiphysics software, the thermoelectric device is numerically simulated and the
obtained results are compared with the achieved experimental outputs. Finally, new
routes for the devices optimization will be discussed, namely concerning geometrical
parameters [5].

References:

[11 United States Energy information Agency, EIA projects world energy consumption will
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[4] P. Resende, A.M. Pereira, Flexible N-type Bi,Te; based Thermoelectric Generator for
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Design of a hybrid household thermoelectric refrigerator and its
efficiency optimization
D. Astrain'22, A. Rodriguez*?, A. Martinezez*2P. Aranguren2and M. Araiz!
! Mechanical, Engineering Department, Public University of Navarre, 31006 Pamplona, Spain
2 Smart Cities Institute, Pamplona, Spain
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Abstract

This research presents the development of a high efficiency Hybrid Household
Thermoelectric Refrigerator (HHTR), which combines the high efficiency of vapour
compression systems and the optimum temperature control of Thermoelectric coolers
(TECs). The HHTR has three compartments: the classical cooler and freezer and the
novel compartment provided with the thermoelectric technology. The latter is
designed to reduce to a minimum the oscillation of the inner temperature due to the
compressor cycles, obtaining a constant temperature (with a maximum oscillation of
+0.2°C) and thus, a better conservation of the food.

A computational model has been developed to design and optimize this application,
allowing to simulate the complete hybrid refrigerator (vapor compression -
thermoelectricity). Three configurations have been studied: the first is the classical
one with the thermoelectric modules expelling the heat to the ambient, and the two
others are cascades configurations expelling the heat to the cooler compartment
(config. 11) and to the freezer compartment (config. I11) as Figure 1 shows.

Several prototypes were built showing the third configuration as the optimal HHTR.
The electric power consumption of the TEC is only 1.1 W while the total consumption
of the refrigerator is 45.2 W (1.11 kWh/day), which is low enough to be included into
energy efficiency class A, according to European rules and regulations. Thus, the
combination of vapour compression and thermoelectrics is an attractive alternative to
current domestic refrigerators. This application has been protected under patent by
Bosch-Siemens.

Themoslectric device

Erm—

Configuration | Configuration II Configuration I

Figure 1: Configurations of the thermoelectric device in the hybrid refrigerator.
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Tests of a combined heat and power thermoelectric generator
for autonomous performing cooking stoves
D.Champier'a, Y. Zeraoulil®
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Abstract

According to the International Energy Agency, deployment of advanced biomass cook
stoves and additional off-grid biomass electricity supply in developing countries are
key measures to improve the current situation and achieve universal access to clean
energy facilities by 2030. In order to reduce wood consumption, emissions of carbon
dioxide and black fumes, companies develop efficient biomass cooking stoves
combining space heating, production of domestic hot water and cooking. Due to the
high efficiency of these stoves and as almost all the produced heat is used, the
temperature of the smoke is quite low, often less than 100°C. In this case, chimneys
are not able to provide a good ventilation to the outside atmosphere and an electrical
extractor must be added. An electrical generator is necessary to operate this extractor.
This paper presents a combined heat and power thermoelectric generator (TEG) which
was built to power a performing cooking stove. The design of the TEG is firstly
presented. The TEG include a maximum power point tracking DC-DC convertor
which allows to store electricity in a small battery and to directly power the extractor.
Secondly the results of a TE module ageing test representing approximately 15 years
of stove using are presented. Afterwards, several different trials (quality of wood,
duration of cooking) of the TEG incorporated into the cooking stove are presented.
All these results show that this thermoelectric solution allows to use these efficient
stoves in locations without electricity and even some extra power can be used for
mobile phone charging or for lighting.
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Advantages of water-cooled Peltier current leads for HTS
devices
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Abstract

Efficiency of high-temperature superconducting (HTS) devices can be increased by
reducing the heat leak into the cold zone through the current leads. There are many
models of cryogenic current leads; however, the Wiedemann-Franz law severely
restricts the possibility of their optimization. According to our experience, the
qualitative improvement of the characteristics of the current lead can be achieved
using Peltier elements as a heat pump, which prevents the penetration of heat inside
the HTS device [1]. Test samples of Peltier current leads (PCLs) were mounted on the
experimental HTS DC power transmission lines [2, 3]. Currently we are studying the
possibility of increasing the PCL efficiency using additional water cooling of the hot
side of the elements (Fig. 1). The results of the experiments will be reported.

Atmosphere

HTS cable Cu lead

Liquid
nitrogen

Figure 1: Photo of the inner part of 4-element type PCL (left). Sketch of PCL (right).
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Reliability prediction of thermoelectric modules for power
generation applications
S. Han'? H.S. Park!, H.K. Cho?!
!Korea Institute of Machinery and Materials, Department of Nanomechanics
171 Jang-dong Yuseong-gu Daejeon Republic of Korea
2swhan@kimm.re.kr

Abstract

Thermoelectric module (TEM) emits heat and absorb at each side simultaneously. It
occurs temperature gradient which causes expansion and contraction of the substrate.
And finally it stresses the internal parts of the thermoelectric device and soldering. It
means that structure of TEM is vulnerable in an aspect of reliability but research on
reliability of TEM was not performed a lot. Recently, the more the utilization of
thermoelectric power generators grows, the more the needs for reliability prediction
of TEM are increasing [1].

In this study, reliability testing system was developed to evaluate fatigue life of TEM
under thermal cycling loads. It consists of power supplier, cooling block, chiller, load
cell, screw and thermocouples. The thermal cycling loads were applied to the upper
side of TEM controlling the lower side temperature of TEM by 30 °C.

During the reliability testing, the changes of the electrical resistance and ZT (figure
of merit) of TEM were measured. As a result, temperature difference — fatigue life
relationship for TEM was obtained. Thermal stress — fatigue life relationship can be
acquired through thermoelectric analysis and stress analysis by using finite element
method. These procedures of reliability prediction on TEM is expected to be useful in
the commercialization of thermoelectric power generators.

AT = 15498547

Temperature difference

10 100 1000 10000
No. of eycles

Figure 1: Temperature difference — fatigue life relationship.
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Highly integrated Thermoelectric Generators for
application in hybrid cars considering the WLTC
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Abstract

The limits imposed on CO2 emissions decrease every year while the challenge to
reduce emissions in the automotive sector continues to increase with the introduction
of more dynamic test cycles as the Worldwide harmonized Light duty driving Test
Cycle (WLTC) [1]. Therefore an increase of the motor vehicles efficiency is needed.
A promising technology is the use of thermoelectric generators (TEG) to convert the
waste heat into electrical power. To maximize the reduction of CO2 emissions the
influence of the TEG on the overall system has to be considered. The DLR Institute
of Vehicle Concepts (DLR-FK) created a holistic method for thermodynamic
dimensioning of the TEG. According to the results obtained using this method weight
had the biggest negative influence on the system. Thus the aim is to significantly raise
the power density. Studies have shown higher potential in hybrid cars than in
conventional ones due to the narrow range of temperatures and mass flows [2]. The
optimisation is done under WLTC conditions for use in hybrid cars in order to be
attractive for manufacturers. The resulting highly integrated TEG-design will be
presented. With >50W/kg and >130W/dm? it has the actual world highest TEG power
density for automotive application. To validate the results of the CFD-simulation
measurements were done with a functional prototype (Fig. 1).

>

Figure 1: Functional prototype of the highly integrated TEG for use in hybrid cars.
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Low energy passenger comfort systems based on the Joule and
Peltier effects (JOSPEL project)
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dsandra.melo@simoldes.com

Abstract

The aim of JOSPEL project is the development of a novel energy efficient air
conditioning system for the optimization of interior temperature control management
in electrical vehicles.

This is made through an integrated approach that combines the application of the
thermoelectric Joule and Peltier effects, the development of an efficient insulation of
the vehicle interior, the energy recovery from heat zones, battery life increase duration
enhancement as a side effect of thermal management, battery consumption reduction
by Peltier cooling integration, innovative automated and eco-driving strategies and
the electronic control of power flows.

The main objective is the reduction of at least 50% of energy used for passenger
comfort (<1,250W) and at least 30% for component cooling in extreme conditions
with reference to electric vehicles currently on the market.
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Thermoelectric devices for the diagnostics of diseases,
oncologic included
L.1. Anatychuk and R.R. Kobylianskyi

Institute of Thermoelectricity of the NAS and MES of Ukraine,
1, Nauky Str., Chernivtsi, 58029, Ukraine;

anatych@gmail.com
Abstract

As a result of research pursued by Institute of Thermgelectricity (Ukraine) and a
number of medical institutions it has been established thatinormation on temperature
and heat flux distribution on the surface of human body c $~T

creation of novel diagnostic approaches to various
pancreonecrosis, nephritis, rheumatoid arthritis, e
possibility of using such measurements for
The paper presents the results of research o
flux sensors with such measurements. |
heat metering sensors can lead to essentia
processes on the skin surface, change ip.am perature and sensor attitude in
space. To minimize these effects, sp meters have been developed [1]
allowing to separate the drift of heat frQ¥d skin/urface due to convective heat exchange
and phase transition. The paper d e ults of research on computer design and
optimization of such sensors whase opéiiating principle is based on transfer of heat of
phase transition processes i face to the surface of heat metering sensor
contacting to ambient aj established that in this case the error of heat flux
measurement can be re y ayféctor of 2-10.

Based on this res edl sensors have been developed that simultaneously
determine the tem kin surface through use of the temperature dependence
i sensors. These sensors were used to create automated
measuring ingtrume ith computer control, read-out and processing of information.
created both with one temperature and heat flux sensor [2], for
instance, for detection of postsurgical inflammatory processes, and multi-element [3]
— to detect the anomalies of temperature and heat flux distribution for the diagnostics
of various internal organs.

e\an efficient means for
% namely ascite,
parti¢lfar interest is the
Hstigsefoncologic diseases.
esls to temperature and heat

References:

[11 L.I. Anatychuk, R.R. Kobylianskyi, Patent of Ukraine 72032, InCl HO1L 35/00,
Thermoelectric Sensor for Temperature and Heat Flux Measurement, 2012.

[2] V.S.Gischuk, Electronic Recorder with Processing Signals from Heat Flux Thermoelectric
Sensor, J. Thermoelectricity 1 (2013) 82-86.

[3]1 L.I. Anatychuk, O.l. Ivaschuk, R.R. Kobylianskyi, I.D. Postevka, V.Yu. Bodiaka, and
I.Ya. Gushul, Thermoelectric Device for Temperature and Heat Flux Density Measurement
“ALTEC-10008", J. Thermoelectricity, 1 (2016).
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Computer simulation and real possibilities of using
thermoelectric generators for cars
L.1. Anatychuk and R.V. Kuz
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Abstract

The paper presents a thermodynamic description of ther rlc generator (TEG)
using the exhaust heat of internal combustion engine. o e investigations a
physical model of TEG as part of a car was considered an . simulation on
its basis was made. The purpose of the model is to d dlstrlbutlon ina
car with TEG and the effect of different facto

The effect of the following factors on TEG e Iyzed. the necessity of

ecessity of TEG voltage
stabilization, the expenditures on additiona due to TEG, the effect of
motion modes (steady-state and dynami odes). It was established that
of the above factors the effect of int removal from TEG should be
optimized. With the aid of com ion the heat removal system was
optimized.
The following results were obtaln

1. TEG-inlet maX|mum re of modules is approximately half the

temperature of hot “. &N 'ng the generator. It means that for TEG one

should use ther NOE e trie_mpéfterial with operating temperatures: ~300-400°C
for petrol eng 0p4300°C for diesel engines. TEG power for the best
known ther, ¢ aterials is ~1 — 1.5% of engine power. The use of multi-
stage T erent operating temperature of stages can improve this
paramet b.

2. The expen on heat removal from TEG are 15-25% of TEG power and

depend on the engine type and ambient temperature. In the operation of TEG
for a car preference should be given to climatic conditions with reduced ambient
temperature.
3. The expenditures due to TEG weight are minor.
4. For the NEDC the average power of TEG will make ~25% of maximum TEG
power. For the extra urban cycle it will make ~60%.
The obtained results are governing in the calculation of economic and technical
parameters of TEG for a car.

321


mailto:anatych@gmail.com

Poster Contributions ECT2016

322



ECT2016 Author Index

Author Index

323



Author Index ECT2016

324



ECT2016

Abad, B., 108

Abedi, H., 8, 289

Acciarri, M., 152

Acosta, E., 106

Adachi, M., 262

Aguirre, M., 68

Aguirre, M.H., 212

Ahrendts, F., 159

Aixala, L., 151, 162

Alleno, E., 29, 104, 183, 228,
249

Al-Madhhachi, H., 308

Alonso, J.A., 77,121

Alonso, M.1., 142

Alvarez-Ruiz, D.T., 204

Amouyal, Y., 48, 67

Amrit, J., 21

Anadén, A., 212

Anadone, L., 157

Anatychuk, L.1., 111, 301, 320,
321

Andrei, V., 95

Anthony, J.E., 88

Araiz, M., 155, 314

Aranguren, P., 155, 314

Arutyunyan, G.A., 165

Asada, S., 294, 295

Aslan, S., 91

Assali, S., 261

Astrain, D., 155, 314

Aydemir, U., 10

Azough, F., 63, 70, 71, 73, 158,
204, 243

Bae, E.J., 87, 236

Baek, J.Y., 196

Bah, M., 64

Bahezre, A., 210

Baig, H., 158

Bakkers, E.P.A.M., 261

Balke, B., 3, 72, 207

325

Author Index

Bandaru, S., 35

Bandrés, C., 319

Baran, J.D., 71, 73, 243
Baranovskiy, A., 67
Barbier, T., 81, 84

Bari, M., 19

Baricco, M., 48
Bartholomé, K., 299
Basov, A.O., 165
Bassani, E., 289
Battiston, S., 8, 80, 230
Bauer, E., 25, 26, 30, 246
Beig Mohamadi, M., 193
Belsito, L., 157
Beltran-Pitarch, B., 113, 268
Benim, A.C., 297
Bennett, N.S., 106
Benyahia, M., 29, 104
Beretta, D., 300
Berland, K., 13
Bermudez, J., 77, 121
Bertaina, S., 281
Berthebaud, D., 97
Bethke, K., 95

Bianchi, C., 65, 161, 214
Bilc, D.1., 280

Bison, P., 292

Bittner, M., 288

Blake, G.R., 182, 185
Blaschkewitz, P., 114
Bobnar, M., 229
Boldrini, S., 8, 292
Bollen, D., 19

Bonetti, M., 96

Boucher, B., 126
Bougrioua, Z., 290
Boulanger, C., 103
Bourgon, J., 228
Bouyrie, Y., 127
Bouyrie, Y., 231



Author Index

Bregiroux, D., 210

Bresch, S., 221

Brito, F.P., 163

Brittner, A., 288

Bruin, J., 43

Brummerstedt Iversen, B., 147

Burkov, A.T., 7,31

Bursik,, 212

Busenbergs, J., 235

Bux, S.K., 10, 49

Caballero-Calero, O., 82

Caillat, T., 27

Caironi, M., 300

Calaza, C., 144

Calvo, J., 107

Calzolari, A., 275

Campoy-Quiles, M., 88

Candolfi, C., 12, 29, 47, 83, 104,
127,174, 180, 183, 226, 231,
249

Cantarero, A., 90

Carella, A., 237

Caroff, T., 151, 162

Carreaud, J., 249

Castellero, A., 48

Catellani, A., 275

Ceresara, S., 8

Cerretti, G., 72, 207

Cetin Karakaya, G., 218, 219,
222

Champier, D., 315

Charai, A., 281

Chavez, R., 261

Cheikh, D., 49

Chen, C., 64, 209, 211

Chi, H., 267

Chikumoto, No., 316

Chmielewski, M., 173, 293

Cho, H.K., 317

Cho, S.YA, 87, 236

Chubilleau,, 179

326

ECT2016

Chung, 1., 285

Cigarini, L., 275

Ciupinski, L., 259

Coduri, M., 8

Colombo, L., 117

Compadre, M., 158, 291

Connor, P., 158

Costa, F.M., 206, 220

Costabello, K., 19

Craddock, J.D., 88

Crane, D.T., 9

Creépieux, A., 276

Cruz, I.F., 105, 197

Culebras, M., 90

Cunningham, G., 141

Czyrska-Filemonowicz, A., 173

Danine, A., 103

Dauscher, A., 12, 29, 83, 104,
127,174,179, 180, 183, 226,
231, 249

de Dios, M., 319

De luliis, S., 289

del Campo, A., 108

Delaizir, G., 183, 228, 249

Delorme, F., 64, 209, 211

Demouchy, G., 96

den Heijer, M., 154, 162

Dettori, R., 117

Dharmaiah, P., 50, 57

Diez, J.C., 206, 220

Dimaggio, E., 138

Dollfus, P., 119

Dondg, R., 289

Donmez, 1., 144

Dorling, B., 88

DreBler, C., 199

Du, B., 195

Duarte, P., 161, 214

Dubois, E., 96

Duclere, J.R., 209

Dunin-Borkowski, R., 193



ECT2016

Dunn, B.S., 49

Ebling, D., 297

Egginton, P., 147

Eklund, P., 244, 254

Ekren, D., 70, 243

El Basaty, A., 88

Eliassen, S.N.H., 13

Eom, Y., 112

Eum, A-Y., 190

Evenstein, E., 48

Fabrizio, M., 80, 230, 292

Fahy, S., 118

Falkenbach, O., 255

Famengo, A., 8, 80, 230

Fanciulli, C., 8, 80, 230, 289

Fasolin, S., 80, 230

Fedoseev, 0.B., 270

Feldhoff, A., 288

Femi, O.E., 57

Feng, B., 205, 257, 298

Fernandez, J.F., 108

Fernandez-Pola, F.B., 82

Ferrario, A., 292

Ferre Llin, L., 140

Ferreira, 1., 17, 19, 65, 161, 214

Ferreira, L.M., 227

Ferreira, M., 65

Ferreira, N.M., 206, 220

Ferreira-Teixeira, S., 313

Ferro, M.C., 206

Fiameni, S., 80, 230

Fiedler, G., 38

Figueira, J., 17, 65, 161, 214

Firdosy, S., 49

Fleurial, J.-P., 49

Fonseca, J., 197

Fonseca, L., 144

Fontaine, B., 126

Frade, J., 68

Freer, R., 63,70, 71, 73, 158,
204, 243

327

Author Index

Frey, G., 305
Fujii, S., 262
Fujimoto, Y., 66, 213, 267
Fukatani, N., 36
Funahashi, R., 71
Gadea, G., 144
Gagliano, L., 261
Gall, A., 91
Galliani, D., 89
Garcia, J., 141, 248
Garcia-Barbera, A., 90
Garcia-Cafiadas, J., 113, 268
Garriga, M., 88, 142
Gascoin, F., 97
Gautier, R., 98, 126
Geczi, E., 299
Gelbstein, Y., 55
Geppert, B., 288
Gharsallah, M., 77, 121
Ghosez, P., 280
Giapintzakis, J., 198
Giovannelli, F., 64, 209, 211
Godart, C., 228
Godlewska, E., 173
Gomez, A., 88
Gomez, C.M., 90
Gongalves, A.P., 183, 227, 228,
249
Gongalves, L.M., 163
Gofii, A.R., 88, 142
Gorshenkov, M., 120
Gorshenkov, M., 37
Gou, X., 129
Grasso, S., 195
Gregory, D., 158
Groen, P., 257
Grytsiv, A., 25, 26, 30
Gucci, F., 195
Gueye, M.N., 237
Guilmeau, E., 70, 81, 84
Gumeniuk, R., 229



Author Index

Glnes, E., 255
Gutiérrez, J., 142
Hahn, K.R., 281
Halet, J.-F., 126
Halet, J.-F., 98

Hall, M., 163
Hamada, N., 130
Han, G., 158

Han, J.K., 57

Han, M.-K., 189
Han, S., 160, 317
Hasezaki, K., 56
Hashimoto, S., 294, 295
Haslam, M., 19
Havrylyuk, M.V., 111
Hayakawa, J., 36, 59
Hayashi, K., 225

He, C., 267

Heber, L., 318
Hébert, S., 6, 97
Hejtmének, J., 83
Hellman, O., 13
Helmich, L., 288
Hendricks, T.J., 137
Himmelbauer, T., 44
Hirayama, N., 130, 192
Hirschner, J., 212
Hochenhofer, M., 30

Hong, S.J., 50, 57, 181, 186

Huang, B.T., 96
Huang, C.-K., 27
Hiibner, R., 43
Hung, L.T., 32, 135
Hwang, H., 189
Hwang, 1., 196
Hwang, J., 112
Hyun, D.-B., 194, 287
Ibafiez-Puy, M., 153
Ibrahim, D., 12, 180
Ichiro, Y., 213
Igual, A.M., 90

328

ECT2016

Ikeda, H., 256
Ikeda, K., 192
Inoue, N., 316

Irie, H., 215, 216
Ishida, A., 51

Ishii, K., 225
Ishikawa, Y., 213
Ishikiriyama, M., 51
Ivanov, Y., 316
Jaakkola, K., 19
Jaber, N., 64
Jacquot, A., 108, 174
Jaele, M., 58

Jaklin, J., 143
Jancar, B., 78

Jang, J., 260

Jean, F., 64
Jeandupeux, L., 99
Jeong, K.Y, 186
Jin, Y., 189, 285
Joos, F., 297
Journot, T., 99

Jun, B.-K., 287
Jund, P., 35

Jung, W.-J., 191
Juntunen, T., 17, 18
Kaiser, F., 203
Kajitani, T., 286
Kakemoto, H., 215, 216
Kamamoto, M., 41
Kang, Y.H., 87, 236
Kanno, M., 41
Kaprzyk, S., 47, 127
Karpenkov, D., 37
Kaszyca, K., 259, 293
Kauzlarich, S.M., 49

Kepaptsoglou, D.M., 70, 71, 73,

204, 243
Keppner, H., 99
Kerdsongpanya, S., 244
Khabibullin, AR., 42



ECT2016

Khalig, J., 71

Khan, A.U., 98
Khovaylo, V., 37, 120, 217
Kieback, B., 139, 193
Kieslich, G., 203, 207
Kim, B.S., 200

Kim, C., 196

Kim, D.H., 196

Kim, E.B., 181

Kim, H., 112, 196, 200, 260
Kim, I.-H., 171, 172, 190, 191
Kim, J., 112

Kim, J.-S., 194, 287
Kim, S.-J., 189

Kim, W., 112

Kim, Y., 285

Kim, Y.-S., 279
Kinemuchi, Y., 310
Kitajevs, J., 63
Kitamura, M., 56
Kiyama, M., 262
Kluge, M., 299

Knizek, K., 212

Know, B., 194

Knox, A., 146, 158, 164
Knox, A.R., 291

Kober, M., 318
Kobylianskyi, R.R., 320
Koehler, J., 307

Kogo, Y., 130, 192
Kogut, lu., 174

Kohler, J., 159

Kohout, M., 126
Kolezynski, A., 277
Kong, K.J., 200

Kdnig, J.D., 299

Koo, J.M., 50, 181
Koo, K.W., 57, 181
Kooi, B.J., 182, 185
Korotaev, P., 278
Kosalathip, V., 179

329

Author Index

Kosina, H., 125, 128

Kouyaté, M., 96

Kovalevsky, A., 68, 206

Kraaijveld, B., 154, 162

Kratzer, P., 38

Krdéner, M., 143

Kruszewski, M.J., 259

Kryshtal, O., 173

Kulwongwit, N., 71

Kumar, A., 182, 185

Kurosaki, Y., 36, 59

Kuz, R.V., 321

Kwon, B., 287

Kyratsi, T., 58

Laberty-Robert, C., 210

Lanzani, G., 300

Laux, E., 99

Le Febvrier,, 244

Lebedev, O., 81

Lebedev, O.1., 84

Leclercq, D., 290

Ledo, R., 319

Lee, C., 236

Lee, C.H., 57

Lee, H., 260

Lee, HW., 200

Lee, J., 260

Lee, J.E., 200

Lee, J.H., 285

Lee, J.K., 200

Lee, M., 260

Lee, Y.G., 287

Lefevre, R., 97

Leisegang, T., 229

Leisten, J., 145, 238, 239

Leithe-Jasper, A., 229

Lejeune, P., 290

Lemal, S., 280

Lenoir, B., 12, 29, 47, 83, 104,
127,174,179, 180, 183, 226,
228, 231, 249



Author Index

Leroy, E., 29, 104

Levinsky, P., 83, 127

Leyens, C., 145, 238, 239

Li, B.C., 49

Li, W., 158

Li, X., 199

Lieberwirth, 1., 72

Linseis, C., 271

Liu, D., 199

Lonhert, R., 208

Lopes, A.M., 105

Lopes, E.B., 183, 227, 228, 249

Lorenzi, B., 117, 152

Loureiro, J., 17, 19, 65, 161, 214

Lovvik, O.M., 13

Lu, Baiyi, 134

Lu, J., 254

Lwin, M.L., 186

Lysko, V.V., 111, 301

Macauley, M., 158

Macias, J., 68

Macucci, M., 138

Madavali, B., 57, 181

Madre, M.A., 206, 218, 219, 220,
222

Madsen, G.K.H., 11

Maier, S., 97

Maignan, A., 81

Maignan, A., 97

Makeev, M.O., 165

Makino, A., 262

Maldonado, D.H., 70, 204

Mallick, T., 158

Man, E.A., 146, 158, 164

Mangelis, P., 79

Marques, C., 17

Marques, J., 65, 161, 214

Marquez Garcia, L., 113

Marti, R., 245

Martin, H.-P., 298

Martin, H.-P., 205

330

ECT2016

Martinez, A, 155

Martinez, J.L., 77, 121

Martinezez, A, 314

Martin-Gémez, C., 153

Martin-Gonzalez, M., 82, 108

Martin-Gonzélez, M., 269

Martins, J., 163

Martins, L.B., 163

Maruyama, S., 98

Masschelein, P., 12, 174, 180,
231

Matsukawa, T., 294

Mazzio, K.A., 263

Melis, C., 117

Melo, S., 319

Meng, X., 134

Merotto, L., 289

Meroz, O, 55

Michaelis, A., 205, 298

Michelini, F., 276

Michiue, Y., 247

Michor, H., 246

Mieller, B., 221

Mikami, M., 310

Min, B.K., 200

Min, G., 14, 113, 136, 158, 268,
308

Miozzo, A., 292

Mirando, F., 140

Miyazaki, Y., 225

Mohn, M., 141, 248

Moiraghi, P., 157

Molinari, M., 71, 73, 243

Monnier, J., 183, 227, 228, 249

Monot-Laffez, I., 64

Montagner, F., 292

Montaigne, F., 103

Montecucco, A., 146, 158, 164,
291

Montemor, M.F., 227

Morata, A., 144



ECT2016

Mori, T., 98, 247

Morin, C., 249
Moskovskikh, D., 37, 120, 217
Moure, A., 108
Mukhanov, A., 278
Mullen, P., 146, 158, 164
Mdaller, C., 88

Mdaller, E., 114, 255
Munoz, D., 151

Mufoz, M., 108
Murakami, K., 256
Murphy, R., 118

Murray, E, 118

Nagai, H., 41

Nagase, K., 253
Nakahara, K., 253
Nakamae, S., 96
Nakashima, S., 51

Nane, O., 218, 219, 222
Narducci, D., 89, 117, 152, 157
Navaneethan, M., 256
Navone, C., 162

Nemes, N.M., 77, 121
Neophytou, N., 125, 128
Nesarajah, M., 305

Ni, J., 49

Nicolaou, Ch., 198
Niederhausen, J., 263
Nielsch, K., 141, 200, 248
Nieto de Castro, C.A., 306
Nietschke, F., 184
Nishide, A., 36, 59
Nishino, S., 262

Nishio, K., 130, 192
Nocun, M., 173

Nolas, G.S., 42

Nong, N.V., 32, 135
Novikov, S.V., 31
Novitskii, A., 37, 217
Nuss, J., 43

Nussel, U., 299

331

Author Index

Oba, S., 294

Oeckler, O., 184

Ohorodniichuk, V., 12, 180, 226,
231

Ohoroniidchuck, V., 174

Ohta, M., 5

Oikonomidis, S., 58

Okamoto, N., 213

Oku, K., 286

Oliveira, J., 163

Omprakash, M., 262

Osipkov, A.S., 165, 270

Ota, Y., 256

Ozgelik, B., 218, 219, 222

Pacheco, V., 139, 193

Padrel, A., 249

Page, A., 267

Palstra, T.T.M., 182

Pandiyarasan, V., 256

Pankratov, S.A., 165

Park, C., 194, 287

Park, H., 112

Park, H.S., 317

Park, M., 279

Park, S., 260

Park, S.D., 200

Park, S.H., 285

Parker, S.C., 71, 73, 243

Paschen, S., 44

Paschinger, W., 25

Passaretti, F., 8, 289

Patricio, S., 68

Paul, B., 254

Paul, D.J., 140

Paul, M., 158

Pauline, S., 99

Pavan Kumar, V., 81, 84

Pavan, C., 19

Peilstocker, J., 255

Peiner, E., 309

Pelloquin, D., 97



Author Index

Pelz, U., 143

Pennelli, G., 138

Perego, A., 300

Pereira, A.M., 105, 197, 313
Pereira, M.F.C., 228
Pereiro, E., 88

Pérez Lopez, P., 99
Pérez, N., 141, 248
Perez, O., 97

Pérez, P., 245
Pérez-Taborda, J.A., 82
Perzynski, R., 96
Pfeiffelmann, B., 297
Phillips, M., 14

Phillips, M., 136
Piarristeguy, A., 183, 228, 249
Pichon, P.-Y., 154
Pietrzak, K., 259, 293
Pignon, B., 211

Pires, A.L., 105, 197
Pires, J.M., 163

Placha, K., 296

Platzek, D., 147

Pohle, G., 139, 193
Ponnusamy, P., 257
Populoh, S., 68
Portavoce, A., 281
Porwal, H., 195
Poshekhonov, R.A., 165, 270
Powell, A.V., 28, 79, 136
Pradel, A., 183, 228
Prado-Gonjal, J., 28, 136
Prokofiev, A., 44
Protsenko, D., 156
Prybyla, A.V., 301
Psara, P., 58

Pudas, M., 17, 18, 19
Pudzs, K., 235

Qin, X., 258

Qing, S., 129

Rabe, T., 221

332

ECT2016

Rademann, K., 95

Ramasse, Q.M., 70, 71, 73, 204,
243

Raoux, S., 263

Rasekh, Sh., 206, 218, 219, 220,
222

Raveau, B., 84

Ravi, V., 49

Recknagel, C., 139

Recordon, Q., 245

Reece, M.J., 71, 195

Reimann, T., 208

Reith, H., 141, 248

Remondiere, V, 151

Renner, H., 271

Resende, P., 105, 313

Rettenmayr, M., 199

Rezania, A., 129, 312

Ricci, F., 280

Rifert, V.G., 301

Rinderknecht, F., 318

Riverin, G., 151

Roch, A., 145, 238, 239

Rodriguez,, 314

Roger, M., 96

Rogl, G., 25, 26, 30

Rogl, P., 25, 26, 30, 246

Roh, 1.-J., 194

Roncaglia, A., 157

Ropio, I., 161, 214

Rosendahl, L.A., 129, 146, 312

Rossello, A., 318

Rost, A., 298

Rouessac, F., 35

Rouleau, O., 29, 104

Ruffo, R., 89

Ruini, A., 275

Rull, M., 108

Ruoho, M., 17, 18, 19, 214

Rutkis, M., 235

Ryan, J.D., 88



ECT2016

Ryu, B., 260

Ryu, B.K., 200
Ryzhkov, V.V., 270
Sacristan, J.A., 153
Safonov, R.A., 165
Saint-Martin, J., 119
Saito, M., 286
Salamakha, L., 246, 247
Salez, T.J., 96

Salleh, F., 256

Salleras, M., 144

Salvo, M., 296
Sanglard, P., 245
Santos, J.D., 144

Sanz, R., 269

Sassi, S., 12, 226

Savi¢, 1., 118

Schaltz, E., 146
Schellschmidt, M., 184
Schierning, G., 141, 200, 248
Schilm, J., 298

Schlérb, H., 141, 248
Schmidt, M., 259, 293
Schnelle, W., 229
Schoenstein, F., 64, 211
Schonecker, A., 154, 162
Schrade, M., 72

Seibt, S., 271
Semenyuk, V., 156
Seo, S.R., 160
Serrano-Sanchez, F., 77, 121
Sever, T., 78

Shanthi, S., 256
Shimomura, M., 256
Shin, 172

Shin, D.-K., 171

Shin, D.W., 50

Shin, W., 310
Shulumba, N., 13
Shvanskaya, L., 217
Sidorenko, A., 44

333

Author Index

Sieger, T., 248
Silva, J., 197
Simonato, J.-P., 237
Simpson, K., 296
Siviter, J., 146, 158, 164, 311
Snyder, G.J., 10
Sohel Murshed, S.M., 306
Sologub, O., 246, 247
Somdalen, R., 159, 307
Song, K.-M., 172
Sorrentino, A., 88
Sotelo, A., 206, 218, 219, 220,
222
Sousa, D., 214
Span, G., 139
Srivastava, D., 243
Star, K., 49
Stein, N., 103
Stepien, L., 145, 238, 239
Stockholm, J., 4
Stoger, B., 246, 247
Strain, A., 291
Suekuni, K., 5
Suvorov, D., 78
Suzuki, H., 286
Suzuki, K., 215
Suzuki, R.O., 134
Suzuki, Y., 256
Sweet, T., 158
Swinkels, M.Y., 261
Symeou, E., 58, 198
Szczypka, W., 277
Takabatake, T., 5
Takagi, H., 43
Takahashi, K., 286
Takeuchi, T., 262
Tang, X., 31
Tappura, K., 19, 20
Tarancon, A., 144
Tarantik, K.R., 58, 299
Tavabi, A.H., 193



Author Index

Tawa, Y., 66, 213
Teichert, S., 199, 208
Teixeira, J., 163

ten Brink, G.H., 185
Terasaki, ., 310

Thao, H.T.X., 51
Thesberg, M., 125, 128
Tishenko, L.A., 270
Tittonen, 1., 17, 18, 19, 214
Tkachov, R., 145, 238, 239
Tobola, J., 47, 127
Todd-Jones, C., 268
Tomasi, C., 8

Tomes, P., 44

Topfer, J., 208

Torres, M.A., 206, 218, 219, 220,

222
Tran, V.-T., 119
Tremel, W., 72, 203, 207
Tsujii, N., 98
Tsutomu, 1., 130, 192
Tucker, M., 28
Tuley, R., 296

Tureson, N., 244

Uenuma, M., 66, 213, 267
Uher, C., 267

uhl, D., 49

uUhl, S., 99

Uhrecky, R., 212

Uraoka, Y., 66, 213, 267
Usenko, A., 120

Vaccaro, P.O., 142, 143
Vakulov, D., 261

van Beurden, P., 154

van der Heijden, R.W., 261
van der Weijde, H., 154
van Schaik, W., 154
Vaney, J.-B., 47, 183, 228, 249
Vanoli, E., 99, 245
Vaqueiro, P., 28, 79, 136
Vasiliev, A., 217

334

ECT2016

Vembris, A., 235
Vera-Londofio, L., 269
Veremchuk, 1., 203, 229
Vergez, M., 299
Vermeulen, P.A., 182, 185
Vetter, U., 299
Veziridis, A., 69

Vo, T., 49

Vogelaar, T.J., 261
Voltz, S., 19

Volz, S., 21, 119

von Allmen, P., 49
Voronin, A., 37, 217
Vyatkin, V., 316

Waag, A., 309

Wagner, F.R., 126
Wagner-Reetz, M., 107
Wanami,, 256
Watanabe, H., 316
Watanabe, T., 215, 216, 294, 295
Witzig, K., 298

Wedig, U., 43
Weidenkaff, A., 43, 68, 69, 258
Weigel, T., 229
Weisenberger, C., 88
Weissgérber, T., 139
Weillgérber, T., 193
Wickleder, M.S., 255
Widenmeyer, M., 69
Wiendlocha, B., 47
Wight, N.M., 106
Woerner, D.F., 133
Woias, P., 143
Wojciechowski, K.T., 175
Woods, L.M., 42

Wu, W., 309

Xiao, X., 69, 258

Xie, W., 43, 69, 258
Xu, T., 294, 295
Yabuuchi, S., 59
Yabuuchi, S., 36



ECT2016

Yamada, T., 41
Yamaguchi, S., 316
Yamamoto, A., 262
Yamamoto, H., 51
Yamamoto, Y., 262
Yamane, H., 41
Yamashita, 1., 267
Yamauchi, K., 316
Yan, Y., 31
Yanilkin, A., 278
Yanovitch, S.V., 270
Yaremchenko, A., 68
Yin, H., 147

Yoon, D.K., 196
Yoon, S., 69

Yoon, S.M., 186

335

Author Index

Yordanov, P., 43

Yu, L., 21

Yu., Grin, 203

Yvenou, E., 237
Zawadzka,, 173
Zeraouli, Y., 315
Zevalkink, A., 10

Zhou, T., 179

Zhu, M., 134
Ziolkowski, P., 114, 159
Ziouche, K., 290

Zou, T., 69, 258

Zueva, V., 37

Zulian, L., 157

Zybata, R., 173, 259, 293



Author Index ECT2016

336



List of Participants

337



338



ECT2016

List of Participants

Hossein Abedi

Hossein Abedi

CNR-ICMATE CNR-ICMATE

Italy Italy
abedihos@gmail.com abedihos@gmail.com
Masahiro Adachi Kyunghan Ahn
Sumitomo Electric Industries, Ltd. Seoul National University
Japan Korea
adachi-masahiro@sei.co.jp kyunghan.ahn@snu.ac.kr
Fabian Ahrendts Luc Aixala

Institut fir Thermodynamik CEA/LITEN

Germany France

fabian.ahrendts@tu-braunschweig.de

luc.aixala@cea.fr

Eric Alleno

CNRS - Université Paris-Est
France
eric.alleno@icmpe.cnrs.fr

Hayder Al-Madhhachi

Cardiff University

UK
Al-MadhhachiHS@cardiff.ac.uk

José Anténio Alonso

Instituto de Ciencia de Materiales de Madrid
Spain

ja.alonso@icmm.csic.es

Diana Talia Alvarez Ruiz

University of Manchester

UK
dianatalia.alvarezruiz@manchester.ac.uk

Tiago Kalil Cortinhas Alves
Germany
tc78nete@studserv.uni-leipzig.de

Yaron Amouyal

Department of Materials Science and
Engineering

Israel

amouyal@technion.ac.il

Virgil Andrei Hans Heinrich Angermann
Humboldt-Universitat zu Berlin Mahle International GmbH

Germany Germany

andrei.virgill@outlook.com hans-heinrich.angermann@mahle.com
Miguel Araiz Silas Aslan

Public University of Navarre Karlsruhe Institute of Technology KIT - LTI
Spain Germany

miguel.araiz@unavarra.es

silas.aslan@kit.edu

David Astrain Ulibarrena
Universidad Publica de Navarra
Spain
david.astrain@unavarra.es

Umut Aydemir

Department of Materials Science and
Engineering

USA
umut.aydemir@northwestern.edu

Feridoon Azough

University of Manchester

UK
feridoon.azough@manchester.ac.uk

Alexandre Bahezre

Sorbone Universités - LCMCP
France
alexandre.bahezre@gmail.com

339



List of Participants

ECT2016

Benjamin Balke

Max-Planck-Institut fir Chemische Physik fester
Stoffe

Germany

balke@uni-mainz.de

Benjamin Balke
Max-Planck-Institut flir Chemische
Physik fester Stoffe

Germany

balke@uni-mainz.de

Subrahmanyam Bandaru

Jakub D. Baran

MESO, ICGM-Université Montpellier University of Bath

France UK

sbandaru@um?2.fr j.d.baran@bath.ac.uk

Andriy Baranovskiy Mazhar Bari

Technion Science Technology Research Partners
Israel Ltd

andriy.baranovskiy@gmail.com

Republic of Ireland
mazharalibari@gmail.com

Simone Battiston
CNR-ICMATE

Italy
simone.battiston@cnr.it

Braulio Beltran Pitarch
Universitat Jaume |
Spain

beltranb@uji.es

Mohamed Benyahia
CNRS - Université Paris-Est
France
benyahia@icmpe.cnrs.fr

Davide Beretta

Istituto Italiano di Tecnologia
Italy

Davide.Beretta@iit.it

David Berthebaud

Laboratoire CRISMAT- CNRS
France
david.berthebaud@ensicaen.fr

Catarina Bianchi

I3N/Cenimat

Portugal
cb.marques@campus.fct.unl.pt

Stefano Boldrini
CNR-ICMATE

Italy
stefano.boldrini@cnr.it

Benoit Boucher

ENSCR

France
olivier.benoit.boucher@gmail.com

Zahia Bougrioua

CNRS

France
Zahia.Bougrioua@iemn.univ-lille1.fr

Clotilde Boulanger

Université de Lorraine

France
clotilde.boulanger@univ-lorraine.fr

Carlos Brandéz Dieguez

CTAG - Automotive Technology Centre of Galicia
Spain

carlos.bandres@ctag.com

Damien Bregiroux

Sorbone Universités - LCMCP
France
damien.bregiroux@upmc.fr

Sophie Bresch

Federal Institute for Materials Research and
Testing (BAM)

Germany

sophie.bresch@bam.de

Francisco Brito
Universidade do Minho
Portugal
francisco@dem.uminho.pt

340



ECT2016

List of Participants

Alexander Burkov
loffe Institute

Russia
a.burkov@mail.ioffe.ru

Alexander Burkov
loffe Institute

Russia
a.burkov@mail.ioffe.ru

Olga Caballero Calero
IMM-CSIC

Spain
olga.caballero@csic.es

Thierry Caillat

Jet Propulsion Laboratory
USA
thierry.caillat@jpl.nasa.gov

Carlos Alberto Calaza Cabanas

Jesus Calvo

IMB-CNM CSIC Fraunhofer IPMS-CNT

Spain Germany
carlos.calaza@imb-cnm.csic.es jesus.calvo@ipms.fraunhofer.de
Christophe Candolfi Alberto Castellero

Institut Jean Lamour University of Turin

France Italy

christophe.candolfi@univ-lorraine.fr

alberto.castellero@unito.it

Daniel Cederkrantz

Hot Disk AB

Sweden
daniel.cederkrantz@hotdisk.se

Giacomo Cerretti
Johannes-Gutenberg-Universitat Mainz
Germany

cerretti@uni-mainz.de

Gizem Cetin Karakaya
Cukurova University

Daniel Champier
UPPA Université de Pau et Pays Adour

Turkey France
gcetin@cu.edu.tr daniel.champier@univ-pau.fr
Cong Chen Song Yun Cho
University of Tours Korea Research Institute of Chemical
France Technology
cong.chen@univ-tours.fr Korea

scho@krict.re.kr

Luigi Cigarini

Universita de Modena e Reggio Emilia
Italy

luigi.cigarini@unimore.it

Marcos Compadre
University of Glasgow

UK
0803955c@student.gla.ac.uk

Filipe Correia Florinda Costa
Universidade do Minho Universidade de Aveiro
Portugal Portugal
f.correia.profissional@gmail.com flor@ua.pt

Douglas Crane

Thermoelectric Engineering, Alphabet Energy Inc.

USA
doug@alphabetenergy.com

Adeline Crepieux

CNRS, Centre de Physique Théorique
France
adeline.crepieux@cpt.univ-mrs.fr

341



List of Participants

ECT2016

Inés Figueiredo Cruz
IFIMUP and IN

Portugal
inesfigueiredocruz@gmail.com

Inés Figueiredo Cruz
IFIMUP and IN

Portugal
inesfigueiredocruz@gmail.com

Anne Dauscher

Institute Jean Lamour

France
anne.dauscher@univ-lorraine.fr

Fabian Delorme
University of Tours
France
fabiandelorme@yahoo.fr

Maarten den Heijer

RGS Development B.V.

The Netherlands
denheijer@rgsdevelopment.nl

Peyala Dharmaiah

Kongju National University
Korea
dharmaphysics@gmail.com

Elisabetta Dimaggio
Dipartimento di Ingegneria dell'Informazione,
Universita di Pisa

Miguel de Dios Alvarez
CTAG - Automotive Technology Centre
of Galicia

Italy Spain
elisabetta.dimaggio.ing.unipi.it miguel.dedios@ctag.com
Yoon Duck-Ki Dirk Ebling

Jeong Kwan Display Co., Ltd Hochschule Disseldorf

Korea Germany
yduki@jeongkwan.co.kr dirk.ebling@hs-duesseldorf.de
Per Eklund Dursun Ekren

Linkoping University University of Manchester
Sweden UK

perek@ifm.lin.se dursun.ekren@postgrad.manchester.ac.uk
Marianne Engvoll A-Young Eum

TEGma Korea National University of
Norway Transportation
marianne.engvoll@tegma.no Korea

ihkim@ut.ac.kr
Monica Fabrizio Carlo Fanciulli
CNR ICMATE CNR - Institute for Energetics and
Italy Interphases
monica.fabrizio@cnr.it Italy

c.fanciulli@ieni.cnr.it
Armin Feldhoff Bing Feng

Leibniz University Hannover
Germany
armin.feldhoff@pci.uni-hannover.de

Fraunhofer Institute for Ceramics
Technologies and Systemse - IKTS
Germany
bing.feng@ikts.fraunhofer.de

Alberto Ferrario
ICMATE-CNR

Italy
alberto.ferrario@cnr.it

Isabel Ferreira
Universidade Nova de Lishoa
Portugal

imf@fct.unl.pt

342



ECT2016

List of Participants

Nuno Ferreira

i3N, Physics Department - Aveiro University
Portugal

nmferreira@ua.pt

Nuno Ferreira

i3N, Physics Department - Aveiro
University

Portugal

nmferreira@ua.pt

Stefania Fiameni

CNR ICMATE

Italy
stefania.fiameni@ieni.cnr.it

Joana Figueira
I3N/CENIMAT

Portugal
joanarsfigueira@msn.com

Jean-Pierre Fleurial
Jet Propulsion Laboratory

Koji Fujimura
Furukawa Electric Co. Ltd.

USA Japan

jean-pierre.fleurial @jpl.nasa.gov

André Gall Daniela Galliani

Karlsruhe Institute of Technology University of Milano-Bicocca
Germany Italy

andre.gall@otego.de

d.gallianil@campus.unimib.it

Gustavo Garcia

Centro Stirling

Spain
ggarcia@centrostirling.com

Jorge Garcia-Cafadas
Universitat Jaume |
Spain

garciaj@uji.es

Franck Gascoin

Laboratoire CRISMAT- CNRS
France
franck.gascoin@ensicaen.fr

Fabien Giovannelli

University of Tours

France
fabien.giovannelli@univ-tours.fr

Clara Gémez
University of Valencia
Spain
Clara.Gomez@uv.es

Luis M. Gongalves
Universidade do Minho
Portugal
Igoncalves@dei.uminho.pt

Anténio P. Gongalves

C2TN - Instituto Superior Técnico
Portugal
apg@ctn.tecnico.ulisboa.pt

Alejandro R. Gofii

Institut de Ciencia de Materials de
barcelone (ICMAB-CSIC

Spain

goni@icmab.es

Andriy Grytsiv

Christian Doppler Laboratory for
Thermoelectricity

Austria
andriy.grytsiv@univie.ac.at

Francesco Gucci

Queen Mary University of London
UK

f.f.gucci@gmul.ac.uk

Roman Gumeniuk

TU Bergakademie Freiberg

Germany
roman.gumeniuk@physik.tu-freiberg.de

Konstanze Hahn
University of Cagliari

Italy
konstanze.hahn@dsf.unica.it

343



List of Participants

ECT2016

Seungwoo Han

Seungwoo Han

Korea Korea
swhan@kimm.re.kr swhan@kimm.re.kr
Mi-Kyung Han Kazuhiro Hasezaki
Ewha Womans University Tokushima University
Korea Japan

mikihan@ewha.ac.kr

hasezaki@tokushima-u.ac.jp

Shuichiro Hashimoto
Waseda University

Yuta Hayashibara
Tohoku University

Japan Japan

shuichiro.h@aoni.waseda.jp yuuta.hayashibara.p8@dc.tohoku.ac.jp
Chao He Sylvie Hébert

NAIST (Nara Institute of Science and Laboratoire CRISMAT

Technology) France

Japan sylvie.hebert@ensicaen.fr

h-chao@ms.naist.jp

Terry J. Hendricks

NASA — Jet Propulsion Laboratory
USA
terry.j.hendricks@jpl.nasa.gov

Naomi Hirayama

Tokyo University of Science
Japan
hirayama@rs.tus.ac.jp

Michael Hohage
Johannes Kepler University Linz

Soon-Jik Hong
Kongju National University

Austria Korea
michael.hohage.at hongsj@kongju.ac.kr
Jens Huber Dow-Bin Hyun
Dr. Fritsch Sondermaschinen GmbH Center for Electronic Materials, Korea
Germany Institute of Science and Technology
Jens.Huber@dr-fritsch.de (KIST)
Korea
dbhyun@Kkist.re.kr
Dorra Ibrahim Kai lkeda
Institut Jean Lamour Tokyo University of Science
France Japan
dorra.ibrahim@univ-lorraine.fr 8216606@ed.tus.ac.jp
Hiroya lkeda Hiroshi Irie
Shizuoka University Clean Energy Research Center
Japan Japan
ikeda.hiroya@shizuoka.ac.jp hirie@yamanashi.ac.jp
Akihiro Ishida Kentaro Ishii
Shizuoka University Tohoku University
Japan Japan

ishida.akihiro@shizuoka.ac.jp

k_ishii@crystal.apph.tohoku.ac.jp




ECT2016 List of Participants
Yury Ivanov Yury Ivanov
Chubu University Chubu University
Japan Japan

ivanov@isc.chubu.ac.jp

ivanov@isc.chubu.ac.jp

Kaarle Jaakkola

Daniel Jansch

VTT Technical Research Centre of Finland 1AV GMbh

Finland Germany
Kaarle.Jaakkola@vitt.fi daniel.jaensch@iav.de
Younghwan Jin Woo-Jin Jung

Chungnam Natinal University
Korea
jinyh9337@cnu.ac.kr

Korea National University of
Transportation

Korea

ihkim@ut.ac.kr

Taneli Juntunen

Aalto University
Finland
taneli.juntunen@aalto.fi

Tsuyoshi Kajitani
Tohoku University
Japan
kajitani@m.tohoku.ac.jp

Young Hun Kang

Korea Research Institute of Chemical Technology

Kamil Kaszyca
Institute of Electronic Materials

Korea Technology
yhkang@krict.re.kr Poland
kamil.kaszyca@itme.edu.pl
Nils Katenbrink Herbert Keppner
Quick Ohm Haute Ecole Arc Ingénierie
Germany Switzerland
koch@quick-ohm.eu herbert.keppner@he-arc.ch
Daisuke Kikuchi Sung-Jin Kim
Furukawa Electric Co. Ltd. Ewha Womans University
Japan Korea
sjkim@ewha.ac.kr
Woochul Kim Eun-Been Kim

PI1, National Leading Research Laboratory

Kongju National University

Korea Korea
woochul@yonsei.ac.kr been2been@naver.com
Yeongseon Kim Hoyuong Kim

KAIST DGIST

Korea Korea
qgzerolinep@Kkaist.ac.kr hoykim@dgist.ac.kr

Dong Hwan Kim
DGIST

Korea
kimdhwan@dgist.ac.kr

Yoshiaki Kinemuchi

National Institute of Advanced
Industrial Science and Technology
(AIST)

Japan

y.kinemuchi@aist.go.jp

345



List of Participants

ECT2016

Jevgenijs Kitajevs
University of Manchester

Jevgenijs Kitajevs
University of Manchester

UK UK
jevgenijs.kitajevs@postgrad.manchester.ac.uk | jevgenijs.kitajevs@postgrad.manchester.ac.uk
Masato Kitamura Martin Kluge

Tokushima University Fraunhofer IPM

Japan Germany

¢501632042@tokushima-u.ac.jp martin.kluge@ipm.fraunhofer.de

Karel Knizek Stefan Koch

Institute of Physics CAS

Quick-Ohm Kiipper & Co. GmbH

Czech Republic Germany

knizek@fzu.cz koch@quick-ohm.eu

Yasuo Kogo Jan Konig

Tokyo University of Science Fraunhofer-Institut fir Physikalische
Japan Messtechnik IPM

kogo@rs.tus.ac.jp

Germany
Jan.Koenig@ipm.fraunhofer.de

Pavel Korotaev

Dukhov Research Institute for Automatics
(VNIIA)

Russia

korotaev@vniia.ru

Andrei Kovalevsky

CICECO, Universidade de Aveiro
Portugal

akavaleuski@ua.pt

Peter Kratzer

University of Duisburg-Essen
Germany
peter.kratzer@uni-duisburg-essen.de

Nuth Kulwongwit

University of Manchester

UK
nuth.kulwongwit@postgrad.manchester.ac.uk

Anil Kumar

University of Groningen
The Netherlands
a.kumar@rug.nl

Theodora Kyratsi
University of Cyprus
Cyprus
kyratsi@ucy.ac.cy

Edith Laux Arnaud Le Febvrier
Haute Ecole Arc Ingénierie IFM

Switzerland Sweden
edith.laux@he-arc.ch arnaud.le.febvrier@liu.se
Chul-Hee Lee Gyusoup Lee

Kongju National University KAIST

Korea Korea
blessforyou86@gmail.com mrlees2003 @kaist.ac.kr
Jaeki Lee Judith Leisten

IFW Dresden Fraunhofer Institute for Material and Build-up
Germany Technologies

j.k.lee@ifw-dresden.de

Germany
judith.leisten@iws.fraunhofer.de

346



ECT2016

List of Participants

Bertrand Lenoir
Institut Jean Lamour

Bertrand Lenoir
Institut Jean Lamour

France France
bertrand.lenoir@univ-lorraine.fr bertrand.lenoir@univ-lorraine.fr
Petr Levinsky Dongmei Liu

Institut Jean Lamour
France
petr.levinsky@univ-lorraine.fr

Otto Schott Institute of materials
Research

Germany
dongmei.liu@uni-jena.de

Elsa Branco Lopes
C2TN - Instituto Superior Técnico

Bruno Lorenzi
University of Milano Bicocca

Portugal Italy
eblopes@ctn.tecnico.ulisboa.pt bruno.lorenzi@unimib.it
Joana Loureiro Ole M. Lgvvik

I3N/CENIMAT
Portugal
joa.loureiro@gmail.com

SINTEF and Department of Physics,
University of Oslo

Norway
ole.martin.lovwik@sintef.no

Georg Kent Madsen

Interdisciplinary Centre for Advanced Materials
Simulation (ICAMS)

Germany

georg.madsen@rub.de

Antoine Maignan

Laboratoire CRISMAT CNRS ENSICAEN
France

antoine.maignan@ensicaen.fr

Elena Anamaria Man
University of Glasgow
UK

eam@et.aau.dk

Panagiotis Mangelis
University of Reading

UK
p.mangelis@pgr.reading.ac.uk

César Martin Gomez
University of navarra
Spain
cmargom@unav.es

Philippe Masschelein

Institute Jean Lamour

France
philippe.masschelein@univ-lorraine.fr

Katherine A. Mazzio
Helmholtz-Zentrum Berlin

Sandra Melo
Simoldes Plasticos

Germany Portugal
katherine.mazzio@helmholtz-berlin.de sandra.melo@simoldes.com
Xiangning Meng Omer Meroz

Northeastern University Bem Gurlon University

China Israel

mengxn@smm.neu.edu.cn omer.meroz@gmail.com

Michael Miersch Gao Min

Tenneco GmbH Cardiff School of Engineering, Cardiff
Germany University

mmiersch@tenneco.com UK

min@cardiff.ac.uk

347



List of Participants

ECT2016

Andrew Miner

Romny Scientific, Inc.
USA
Info@romny-scientific.com

Andrew Miner

Romny Scientific, Inc.
USA
Info@romny-scientific.com

Francesco Mirando
University of Glasgow

UK
f.mirando.1@research.gla.ac.uk

Yuzuru Miyazaki

Tohoku University

Japan
miya@crystal.apph.tohoku.ac.jp

Judith Monnier

CNRS - Université Paris-Est
France
monnier@icmpe.cnrs.fr

Andrea Montecucco

University of Glasgow

UK
andrea.montecucco@glasgow.ac.uk

Joana Moreira
Netzsch-Geratebau GmbH
Portugal
Kathrin.Frenzl@netzsch.com

Takao Mori

National Institute for Materials Science
(NIMS)

Japan

MORI.Takao@nims.go.jp

Michael Mueller

Vacuumschmelze GmbH & CO. KG
Germany
michael.mueller@vacuumschmelze.com

Eckhard Mueller

German Aerospace Center (DLR)
Germany
Eckhard.Mueller@dlr.de

Paul Mullen

University of Glasgow

UK
paul.mullen@glasgow.ac.uk

Ronan Murphy

Tyndall National Institute
Ireland
ronan.murphy@tyndall.ie

S.M. Sohel Murshed

Centro de Quimica Estrutural
Portugal
smmurshed@ciencias.ulisboa.pt

Kazuya Nagase
ROHM Co, Ltd.
Japan
knatch@gmail.com

Sawako Nakamae

Service de Physique de I'Etat Condensé
France

sawako.nakamae@cea.fr

Takashi Nakamura

Toyota Tsusho Corporation

Japan
takashi_nakamura@toyota-tsusho.com

Dario Narducci

University of Milano Bicocca
Italy
dario.narducci@unimib.it

Alexandr Nazarenko
RMT Ldt, Moscow
Russia
alex.nazarenko@rmtltd.ru

Norbert M. Nemes

Instituto de Ciencia de Materiales de Madrid,
CsIC

Spain

nmnemes@fis.ucm.es

Neophytos Neophytou
University of Warwick

UK
N.Neophytou@warwick.ac.uk

348



ECT2016

List of Participants

Marco Nesarajah

Saarland University

Germany
marco.nesarajah@aut.uni-saarland.de

Marco Nesarajah

Saarland University

Germany
marco.nesarajah@aut.uni-saarland.de

Frederik Nietschke

University of Leipzig

Germany
frederik.nietschke@uni-leipzig.de

Akinori Nishide

Hitachi, Ltd.

Japan
akinori.nishide.ja@hitachi.com

Sergei Novikov

loffe Institute

Russia
s.novikov@mail.ioffe.ru

Andrei Novitskii

National University of Science and
Technology "MIS&S"

Russia

novitskiy@misis.ru

Jurgen Nuss

Max Plank Institute for Solid State Research
Germany

j.nuss@fkf.mpg.de

Christopher Nuttall

Johnson Matthey Technology Centre
UK

sarah.robinson@matthey.com

Viktoriia Ohorodniichuk
Institut Jean Lamour

Joao Paulo Dourado Oliveira
Universidade do Minho

France Portugal
viktoriia.ohorodniichuk@univ-lorraine.fr joaopd_oliveira@hotmail.com
Alexey Osipkov Bekir Ozgelik

Bauman Moscow State Technical University Cukurova University

Russia Turkey

osipkov@bmstu.ru

ozcelik@cu.edu.tr

Vicente Pacheco

Fraunhofer IFAM-DD

Germany
vicente.pacheco@ifam-dd.fraunhofer.de

Sudong Park

Korea Electrotechnology Research
Institute

Korea

john@keri.re.kr

Chan Park

Seoul National University
Korea

pchan@snu.ac.kr

Sang Hyun Park

Korea Institute of Energy Research
(KAIST)

Korea

parksh@kier.re.kr

Biplab Paul
Linkoling University
Sweden

Jan Peilstdcker
Institut fir Anorganische und
Analytische Chemie

bippa@ifm.liu.se Germany
Jan.Peilstoecker@anorg.Chemie.uni-
giessen.de

Uwe Pelz André Pereira

University of Freiburg IFIMUP and IN

Germany Portugal

uwe.pelz@imtek.de

ampereira@fc.up.pt

349



List of Participants

ECT2016

Pilar Perez Lopez

Haute Ecole d'Ingénierie et d'Architecture Fribourg
(HEIA-FR)

Switzerland

pilar.perezlopez@hefr.ch

Pilar Perez Lopez

Haute Ecole d'Ingénierie et
d'Architecture Fribourg (HEIA-FR)
Switzerland
pilar.perezlopez@hefr.ch

Nicolas Pérez Rodriguez

IFW

Germany
n.perez.rodriguez@ifw-dresden.de

Matthew Phillips

Cardiff University

UK
PhillipsM19@cardiff.ac.uk

Ana Lucia Mota Pires
IFIMUP and IN

Portugal
pires.analuci@gmail.com

Katarzyna Placha
Politecnico di Torino
Italy
Katarzyna@etdyn.com

Dieter Platzek
PANCO GmbH
Germany

info@panco.de

George Pohle

Fraunhofer IFAM

Germany
georg.poehle@ifam-dd.fraunhofer.de

Prasanna Ponnusamy

TU Delft

The Netherlands
P.Ponnusamy@student.tudelft.nl

Anthony Powell
University of Reading
UK
a.v.powell@reading.ac.uk

JesUs Prado-Gonjal

Marko Pudas

University of Reading Picosun Oy

UK Finland
j.pradogonjal@reading.ac.uk marko.pudas@picosun.com
Kasparz Pudzs Fabio Puglia

Institute of Solid State Physics of University of Larioesco Srl

Latvia Italy

Latvia puglia@Ilaruioesco.it
kaspars.pudzs@cfi.lu.lv

Shaowei Qing Simone Raoux

Aalborg university Helmholtz-Zentrum Berlin fiir
Denmark Materialien und Energie GmbH

sgi@et.aau.dk

Germany
simone.raoux@helmholtz-berlin.de

Heiko Reith Alireza Rezaniakolaei

IFW Dresden Aalborg University

Germany Denmark
h.reith@ifw-dresden.de alr@et.aau.dk

Fabio Ricci Frank Rinderknecht
University of Liege German Aerospace Center-DLR
France Germany

fabio.ricci@aquila.infn.it

Frank.Rinderknecht @dlIr.de

350



ECT2016

List of Participants

Gerda Rogl

Christian Doppler Laboratory for
Thermoelectricity

Austria

gerda.rogl@univie.ac.at

Gerda Rogl

Christian Doppler Laboratory for
Thermoelectricity

Austria

gerda.rogl@univie.ac.at

Peter Franz Rogl

Christian Doppler Laboratory for Thermoelectrics
Austria

peter.franz.rogl@univie.ac.at

Aina Rossello

Deutsches Zentrum fir Luft- und
Raumfahrt e.V

Germany
Aina.RosselloRobert@dIr.de

Axel Rost

Marta Rull Bravo

Fraunhofer Institute for Ceramic Technologies and | IMM-CSIC

Systems IKTS Spain

Germany marta.rull@imm.cnm.csic.es
axel.rost@ikts.fraunhofer.de

Mikko Ruoho Vitaliy Vitalievich Ryzhkov
Aalto University Bauman Moscow State Technical
Finland University

mikko.ruoho@aalto.fi Russia

vv.rizhkov@gmail.com

Tatsuya Sakamoto

Yasunaga Corporation

Japan
sakamoto-tab@fine-yasunaga.co.jp

Leonid Salamakha

Institute of Solid State Physics
Austria
salamakhaleonid@gmail.com

Thomas Salez

CEA

France
Thomas.SALEZ@cea.fr

Selma Sassi

Institut Jean Lamour

France
selma.sassi@univ-lorraine.fr

Hubert Scherrer

University of Lorraine

France
Hubert.Scherrer@univ-lorraine.fr

Axel Schénecker

RGS Development B.V.

The Netherlands
schonecker@rgsdevelopment.nl

Vladimir Semenyuk

Thermion Company

Ukraine
semeniouk@thermion.tenet.odessa.ua

Saerom Seo

University of Science and Technology
Korea

srseo@kimm.re.kr

Frederico Serrano Sanchez Tilen Sever

Instituto de Ciencia de Materiales de Madrid Jozef Stefan Institute
Spain Slovenia
fserrano@icmm.csic.es tilen.sever@ijs.si
Dong-Kil Shin Jonathan Siviter

Korea National University of Transportation
Korea
ihkim@ut.ac.kr

Thermoelectric Conversion Systems
Ltd.

UK

jonathan@teconversion.com

351



List of Participants

ECT2016

Sergey Skipidarov
Ferrotec Nord Corp.

Sergey Skipidarov
Ferrotec Nord Corp.

Russia Russia
skipidarov@ferrotec-nord.com skipidarov@ferrotec-nord.com
Oksana Sologub Ragnar Somdalen

Institute of Solid State Physics Technische Universitat Braunschweig
Austria Germany

oksana.sologub@univie.ac.at

r.somdalen@tu-braunschweig.de

Kwon-Min Song

Korea National University of Transportation
Korea

ihkim@ut.ac.kr

Andrés Sotelo
ICMA

Spain
asotelo@unizar.es

Lukas Stepien

Fraunhofer Institute for Material and Build-up
Technologies

Germany

melanie.artl@iws.fraunhofer.de

John Stockholm

Marvel Thermoelectrics
France
johngstockholm@gmail.com

Koichiro Suekuni Elli Symeou
Graduate School of Advanced Sciences of Matter University of Cyprus
Japan Cyprus
ksuekuni@hiroshima-u.ac.jp me06sel@ucy.ac.cy
Wojciech Szczypka Kim Tae Hung

AGH University of Science and Technology
Poland
szczypka@agh.edu.pl

Jeong Kwan Display Co., Ltd
Korea
hypertron@jeongkwan.co.kr

Kirsi Tappura

VTT Technical Research Centre of Finland Ltd.
Finland

Kirsi. Tappura@vtt.fi

Yuki Tawa

NAIST

Japan
tawa.yuki.tq9@ms.naist.jp

Le Thanh Hung

Technical University of Denmark
Denmark

Ithh@dtu.dk

Mischa Thesberg

Institute for Microelectronics
Austria
thesberg@iue.tuwien.ac.at

Alan J. Thompson

11-V1 Marlow Innovation in Termoelectric
Solutions

USA

Alan.Thompson@I1-V1.com

llkka Tittonnen
Aalto University
Finland
ilkka.tittonen@aalto.fi

Roman Tkachov

Fraunhofer Institute for Material and Build-up
Technologies

Germany

roman.tkachov@iws.fraunhofer.de

Janusz Tobola

AGH University of Science and
Technology

Poland

tobola@ftj.agh.edu.pl

352



ECT2016 List of Participants
Torleif A. Tollefsen Torleif A. Tollefsen
TEGma TEGma
Norway Norway
torleif.tollefsen@tegma.no torleif.tollefsen@tegma.no
Petr Tomes Jorg Topfer
Institut of Solid State Physics Ernst-Abbe-Hochschule Jena
Austria Germany

petr.tomes@ifp.tuwien.ac.at

joerg.toepfer@fh-jena.de

Van Truong Tran

Mutsunori Uenuma

EM2C, Centrale Supélec NAIST

France Japan

van-truong.tran@ecp.fr uenuma@ms.naist.jp

Stefanie Uhl Andrey Usenko

Haute Ecole Arc Ingénierie National University of Science and
Switzerland Technology (MISis)

stefanie.uhl@he-arc.ch

Russia
usenko@misis.ru

Pablo O. Vaccaro

Institut de Ciencia de Materials de Barcelona
Spain

pvaccaro@icmab.es

Andrey Vakhlyaev
Nissan

Russia
AVakhlyaev@nissan.ru

Daniel Vakulov

Eindhoven University of Technology
The Netherlands

D.Vakulov@tue.nl

Ngo Van Nong

Technical University of Denmark
DenmarK

ngno@dtu.dk

Liliana Patricia Vera Londofio

Igor Veremchuk

IMM-CSIC Max-Planck-Institute for Chemical

Spain Physics of Solids

liliana.vera@imm.cnm.csic.es Germany
Igor.Veremchuk@cpfs.mpg.de

Paul Vermeulen Vasily Volodin

University of Groningen Russia

The Netherlands
p.a.vermeulen@rug.nl

alex.nazarenko@rmtltd.ru

Andrey Voronin
National University of Science and Technology

Takanobu Watanabe
Waseda University

(MISiS) Japan

Russia watanabe-t@waseda.jp
voronin@misis.ru

Takuya Watanabe Anke Weidenkaff
University of Yamanashi University of Stuttgart
Japan Germany

g15mg011@yamanashi.ac.jp

weidenkaff@imw.uni-stuttgart.de

353



List of Participants

ECT2016

Bartlomiej Wiendlocha

AGH University of Science and Technology
Poland

wiendlocha@fis.agh.edu.pl

Bartlomiej Wiendlocha

AGH University of Science and
Technology

Poland
wiendlocha@fis.agh.edu.pl

Neil Wight David F. Woerner
Institute of Mechanical, Process and Energy NASA

Engineering USA

UK david.f.woerner@jpl.nasa.gov
nmw30@hw.ac.uk

Krzysztof Wojciechowski Lilia M Woods

AGH University of Science and Technology University of South Florida
Poland USA

wojciech@agh.edu.pl Imwoods@usf.edu
Wenze Wu Taiyu Xu

Technische Universitdt Braunschweig Watanabe Laboratory
Germany Japan

wenze.wu@tu-braunschweig.de

jo@watanabe.nano.waseda.ac.jp

Shin Yabuuchi

Takahiro Yamada

Hitachi Ltd Institute of Multidisciplinary Research
Japan for Advanced Materials
shin.yabuuchi.xj@hitachi.com Japan

yamataka@tagen.tohoku.ac.jp
Sang-Min Yoon Lantao Yu
Kongju National University Laboratory EM2C
Korea France

yoonsm226@naver.com

lantao.yu@ecp.fr

Etienne Yvenou

CEA de Grenoble
France
etienne.yvenou@cea.fr

Kinga Zawadzka

AGH-UST Krakow

Poland
zawadzka.kinga@gmail.com

Theodoros Zikos

Pavel Ziolkowski

ULVAC German Aerospace Center (DLR)
Germany Germany

Angelika_Thomas@ulvac.de pawel.ziolkowski@dIr.de

Tianhua Zou Daniel Zuckermann

University of Stuttgart Isabellenhitte Heusler GmbH & Co. KG
Germany Germany

zou@imw.uni-stuttgart.de daniel.zuckermann@isabellenhuette.de
Laura Zulian Rafal Zybala

University of Milano Bicocca Faculty of Materials Science and

Italy Engineering

laura.zulian@unimib.it Poland

Rafal.Zybala@inmat.pw.edu.pl

354



	Conference Committees
	Invited Lectures
	TransFlexTeg (TFT)
	A1. Skutterudites
	A2. Heusler-based phases
	A3. Clathrates & A6. Zintl Phases
	A4. Tellurides
	A5. Bismuth and related materials  & A8. Silicides
	A7. Oxides
	A9. Selenides and Sulfides
	A10. Organics
	A11. New materials
	A12. Nanomaterials
	B1. Measuring techniques
	B2. Optimizing the figure of merit
	B3. Theory and Modelling
	C1. Modules and thermoelectric generators
	C2. Applications (general, automotive, industrial)
	Poster Contributions
	A1. Skutterudites
	A4. Tellurides
	A5. Bismuth and related materials  & A8. Silicides
	A7. Oxides
	A9. Selenides and Sulfides
	A10. Organics
	A11. New materials
	A12. Nanomaterials
	B1. Measuring techniques
	B3. Theory and Modelling
	C1. Modules and thermoelectric generators
	C2. Applications (general, automotive, industrial)
	Author Index
	List of Participants

