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Passive Thermoelectric Generator for Waste Heat
Recovery from a Combustion Chamber

Miguel Araiz*'2, David Astrain'?, Patricia Aranguren'?, dlvaro Martinez?, and Leyre
Catalan!?

Lpublic University of Navarre — Arrosadia Campus, 31006 Pamplona, Spain
2Smart Cities Institute — Arrosadia Campus, 31006 Pamplona, Spain

Abstract

One of the technologies of interest to fight back against the current energy situation is
thermoelectric generation which can recover waste heat from many processes and transform
it into electric energy. This would increase the efficiency of these processes and would
reduce the dependency on fossil fuels. Due to the present state of this technology, it is
essential to enhance the performance of thermoelectric generators. This can be done by
improving the properties of the thermoelectric materials used and by selecting the proper
heat exchangers in charge of keeping a high gradient of temperature between the hot and
cold faces of the modules. The work here presented studies a whole passive thermoelectric
generator that includes a thermosyphon with phase change used as a cold heat exchanger
and a finned dissipater employed on the hot side. The thermosyphon heat exchanger betters
the performance of conventional dissipaters due to the lack of auxiliary equipment or moving
parts. It works properly releasing the heat into the ambient, and it keeps the robustness of
the system. The finned dissipater used for the hot side improves the heat transfer between
the heat source, the exhaust gases, and the module faces since it increases the turbulence
of the flow and extends the area of exchange. A prototype has been built and installed at
the exit flue of a natural gas combustion chamber, and several tests have been carried out in
order to, first, prove the proper performance of both heat exchangers, and then, to study the
capacity of this technology to become a real mean of power production. The results obtained
reveal that it is possible to build a passive thermoelectric generator with no moving parts
and that this technology can be used to generate electric energy from waste-heat increasing
the efficiency of a combustion process.

Keywords: waste, heat recovery, thermoelectric generator, heat exchanger, thermosyphon, phase
change, finned dissipater, heat sink

*Speaker
fCorresponding author: miguel.araiz@unavarra.es
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The importance of the assembly in thermoelectric
generators

*T1.2 Miguel Araiz'?, Leyre Catalan'?, Oscar Herrero', Gurutze

Perez!?, and Antonio Rodriguez?*

Patricia Aranguren

IPublic University of Navarre — Campus Arrosadia 31006 Pamplona, Spain
2Smart Citites Institute — Campus Arrosadia 31006 Pamplona, Spain

Abstract

Generally, in the optimization of thermoelectric generators, only the heat exchangers or
the thermoelectric modules themselves are taken into account. However, the assembly of the
generator as a whole is of vital importance since a bad contact or a thermal bridge can waste
the performance of an optimal generator. In this sense, this contribution experimentally
analyzes the use of different interface materials to reduce the thermal contact resistance
between the modules and the heat exchangers, the influence of the pressure distribution
in the assembly as well as the effect of different insulating materials in order to reduce
the thermal bridge between the exchangers. Thus, it has been demonstrated that a good
assembly requires the implementation of thermal interface materials to ensure the microscopic
contact between the heat exchangers and the modules, besides a uniform clamping pressure.
Nevertheless, since this is normally achieved with screws, they represent a source of thermal
bridges in conjunction with the small distance between the heat exchangers. In order to
reduce heat losses due to thermal bridges, which can represent up to one third of the incoming
heat, an increment of the distance between the heat exchangers and the use of an insulating
material is recommended.

Keywords: assembly, pressure distribution, clamping pressure, contact, thermal bridge, thermo-
electric generator, thermal resistance
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Optimum Design of Thermoelectric Cooler Used for
Electronic Application

Alaa Attar*!, Mohammed Balrabeah!, Fahad Alzobedi!, and Abdulrahman Almur!

1King Abdulazziz University — P.O.BOX 344 Rabigh 21911, Saudi Arabia

Abstract

It is known that the performance of the microprocessor is proportional to the amount
of heat emitted from it; and the technology of the new processors predicts a higher heat to
be emitted where the traditional heat sinks won’t be sufficient to absorb all heat. In this
study, a design of thermoelectric cooler sandwiched between the processor and the heat sink
is to be modelled analytically in order to absorb the heat emitted from the processor. With
the purpose of reaching the desired rate of heat, thermoelectric ideal equations are being
applied where the thermoelectric system’s parameters can be optimized. The thermoelectric
parameters are being studied simultaneously with the heat sink parameters where the op-
timum pumping power can be analysed along with the heat sink dimensions in addition to
the electrical current and leg length of the thermoelectric module. On the other hand, the
system has been simulated numerically in order to validate the analytical model.

Keywords: microprossor cooling, thermoelectric cooler system optimization, electronic application
cooling

*Speaker
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Cost-effective metal-based thermoelectric power
generator for waste heat recovery from fireplace

Erik Henderson! and Je-Hyeong Bahk*'!

l'EECS Dept, University of Cincinnati — Dept. of Electrical Eng. and Computer Science, University of
Cincinnati, Cincinnati, OH 45221, United States

Abstract

Metal based thermoelectric materials have high power factors and very low cost. How-
ever their high thermal conductivity gives them a low efficiency. Metal thermoelectrics were
heavily investigated in the early 1900’s, but fell out of favor for new higher efficiency semi-
conducting thermoelectric materials. They have since only seen use in thermocouples due to
their wide temperature range. By lowering their fill factor and making the elements longer,
however, the effects of their thermal conductivity could be mitigated to achieve a high power
output and a low power cost. In this work, metal thermoelectrics are investigated as a cost
effective solution to low-grade waste heat recovery applications. Scale model thermoelectric
modules were developed using wire-type metal thermoelectric elements made of constantan
and chromel to demonstrate the power output performance with cost analysis in the appli-
cations of a small fireplace thermoelectric system. The test module is 10 cm x 10 cm and
designed in a scalable way for larger sizes. Module design optimization was performed based
on thermal matching prior to the module fabrication using an online simulation tool and a
finite element simulation software. A peak power output density of "14 W per half square
meter was achieved, which corresponds to a power cost as low as 3.4 $/W. This demon-
strates that metal thermoelectrics can be a viable technology of generating off-grid power
using a small fireplace. Further improvement of performance is discussed with an improved
system-level design for enhanced heat transfer.

Keywords: metal thermoelectric, waste heat recovery, cost effective, fireplace
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Problems and sources of errors in the Harman
method identified by impedance spectroscopy

Braulio Beltran-Pitarch*!, Jesus Prado-Gonjal?, Anthony Powell?, and Jorge
Garcia-Canadas!

1Universitat Jaume I — Department of Industrial Systems Engineering and Design, Universitat Jaume I,
Campus del Riu Sec, 12071 Castellén, Spain
2University of Reading — Department of Chemistry, University of Reading, RG6 6AD, Reading, United
Kingdom

Abstract

The Harman method is extensively used for the characterization of the dimensionless
figure of merit ZT of thermoelectric materials and devices, although in many cases this
method has high errors associated. The original Harman method consists of performing two
measurements, one applying a constant current pulse and the other using an ac current of
high frequency. From the ac measurement the electrical resistivity of the sample can be
extracted, since only the ohmic resistance is considered to be present. From the current
pulse the Peltier effect introduces a Seebeck voltage in addition to the ohmic contribution,
which is used to determine ZT.

Despite the simplicity of the method, there are some critical points that must be taken into
account when this method is employed, such as the requirement of fully adiabatic conditions,
a negligible Joule effect, a homogeneous Peltier effect at the junctions, etc. Impedance
spectroscopy has been shown as a promising tool to characterize thermoelectric materials
and devices. This technique, in contrast to the Harman method, measures a wide range of
frequencies, allowing a better understanding of the processes occurring in the device.

In this study, by using impedance spectroscopy we have evaluated the accuracy of the Harman
method in a sample with known thermoelectric properties, which has led to the identification
of different sources of errors and possible problems that have not been clearly identified before
and can lead to inaccurate results in the Harman method, such as the use of Ag paints and
the selection of the right amplitude for both the ac and pulsed currents. Only accurate results
are obtained if these identified problems and sources of errors are carefully minimized.

Keywords: Impedance spectroscopy, Harman method, figure of merit ZT
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Investigation of pulsed thermoelectric performances
by impedance spectroscopy

Stefano Boldrini*!, Alberto Ferrario?, and Alvise Miozzo?

LCNR - ICMATE — Corso Stati Uniti, 4 35127 Padova, Italy
2Institute of Condensed Matter Chemistry and Technologies for Energy - CNR, — Corso Stati Uniti, 4 -
35127 Padova, Italy

Abstract

A widespread use of thermoelectric technology usually collides with their limited effi-
ciency. Efforts to overcome this limitation face the difficulties in decoupling the thermal
conductivity from the electrical conductivity (because of Wiedeman-Franz law) and to ob-
tain simultaneously high values of electrical conductivity and Seebeck coefficient (because of
Pisarenko realtion). Some efforts to circumvent partially these limitations have been oriented
to non-equilibrium solution. This have been proved for cooling [1] and in the last decade
have been proposed as a mean to increase power conversion from time varying thermal gra-
dients [2, 3]. Another possibility that have been explored is the enhancement of thermal
conversion efficiency obtained by periodically modulating the electronic load applied to a
thermoelectric generator [4-6]. Using impedance spectroscopy and pulsed loads applied to
thermoelectric modules under adiabatic and non-adiabatic test conditions, we explored the
role of several experimental parameters on the output power and conversion efficiency. We
discuss operating limits and realistic perspectives of thermoelectric pulsed load application.
G. Jeffrey Snyder, Jean-Pierre Fleurial, Thierry Caillat, Ronggui Yang, Gang Chen, J. Appl.
Phys., 92 (2002), 1564

Osamu Yamahsita, Hirotaka Odahara, Kouji Satou, J. Appl. Phys., 101 (2007), 023704
Yan Yan, Jonathan A. Malen, Energy Environ. Sci., 6, (2013), 1267

J. G. Stockholm, C. Goupil, P. Maussion, H. Ouerdane, J. Electron. Mater., 44 (2015), 1768

Gao Min, AIP Conf. Proc., 1449 (2012), 447
J. Garcia-Canadas, G. Min, AIP Advances, 6 (2016), 035008

Keywords: Pulsed thermoelectric, Impedance spectroscopy, Conversion efficiency increasing
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Development and Experimental Validation of a new
off-grid Thermoelectric Fancoil for Domestic Heating

11

Gustavo Garcia*™, Pablo Martinez-Filgueira!, and Marta Cordon®

1¢S Centro Stirling S.Coop. — Avenida de Alava 3, 20550 Aretxabaleta, Spain

Abstract

Conventional heating systems are based either on radiators or on fan coils and the heat
transfer process is carried out by convection phenomena in both cases, but with some funda-
mental differences. Traditional radiators can be considered less efficient compared to fancoils
due to the fact that their performance relies on natural convection, a less efficient heat trans-
fer process than forced convection. However, in contrast to fan coils, conventional radiators
can operate without the need for mains supply. In this paper, a new heating device based
on thermoelectricity, that combines the advantages of both radiators and fancoils, is pre-
sented. This new system exploits the heat coming from the heating system to generate 18W
of electricity, which is consumed in-situ to power a fan, eliminating the need of a nearby wall
outlet. For this purpose, analytical and numerical simulations have been carried out and a
laboratory scale prototype has been built. The performance of the system has been validate
by means of experimental laboratory tests.

Keywords: Thermoelectric Generator, Power generation, energy harvesting, thermal simulation,
heat sink, heat exchanger, Domestic Heating, energy efficiency.
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Thermoelectric Generators for Heavy-Duty Vehicles:
A Systemic Approach and Development

Lars Heber*t!

Hnstitute of Vehicle Concepts — Center - Deutsches Zentrum fiir Luft- und Raumfahrt (DLR),
Stuttgart., Germany

Abstract

At the automotive development the major challenges are the achievement of the required

reduction of CO2 emissions and the reduction of the fuel consumption for internal com-
bustion engines (ICE). Therefore, it is necessary to investigate all potential technologies to
improve efficiency. Regardless of whether a passenger car or a heavy-duty truck concept with
a modern conventional ICE is considered, approximately 2/3 of the fuels chemical energy
dissipates as waste heat roughly in equal shares in the exhaust and coolant system. The
heavy-duty market is expected to be dominated by ICE for a long-time period, due to the
need for energy density in propulsion of larger vehicles and low Total Cost of Ownership
(TCO). Specifically, the waste heat of the exhaust gas provides through its high temperature
level and semi-stationary characteristics the highest potential as secondary energy source.
The technology of thermoelectric generators (TEG) is very promising for automotive appli-
cation and under investigation for several years in the research field of alternative energy
converter at the DLR Institute of Vehicle Concepts (DLR-FK). It offers a low complexity
without moving parts and provides advantages in terms of installation space, weight and a
competitive cost to benefit ratio as an exhaust heat recovery system.
In this work the methodical development of a TEG suitable for a modern Euro VI heavy
duty vehicle is presented. The boundary conditions are analyzed by using real driving data of
road tests and of a representative reference cycle. The necessary systemic approach is given
which demonstrates the interactions and effects of a TEG with the vehicle engine, coolant
and on-board electric system.

Keywords: Thermoelectric Generator, Waste Heat Recovery, Heavy, Duty Vehicle, Systemic Ap-
proach
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Novel thermal interface material for
high-temperature thermoelectric power generators

Duckjong Kim*!, Chihyun Kim!, and Tae Young Kim?

'Korea Institute of Machinery and Materials — 156 Gajeongbuk-Ro, Yuseong-Gu, Daejeon, South Korea
2Chonbuk National University — 567 Baekje-daero, Deokjin-gu, Jeonju-si, Jeollabuk-do, South Korea

Abstract

Waste heat at high temperature ranges has high potentiality, but most of it is currently
dumped into the environment without being used in any reasonalbe way. Particularly, huge
amounts of waste heat energy are generated from inefficient internal combustion engines of
vehicles. Thermoelectric generator is expected to be a useful energy harvestor for the waste
heat recovery, but there is still much room for improvement to be used in the field. In order
to make the thermoelectric generator a commercially-viable technology for automotive waste
heat recovery, thermoelectric generators need to be able to operate at exhaust temperatures
above 500 oC, and stable thermal contacts between the thermoelectric generator and the
heat source/sink shoud be guaranteed to maximize the temperature difference across the
thermoelectric materials, leading to maxmized output power. For stable thermal contact be-
tween the thermoelectric generator and the heat source at high temperature ranges, thermal
interface material having both of high thermal conductivity and high-temperature stability
is necessary. To meet the requirements, we present a new thermal interface material consist
of hybrid fillers based on multi-walled carbon nanotubes functionalized with silver nanopar-
ticles and silver flakes, and polyimide which has high temperature stability. We are going to
show thermoelectric power output improvement driven by the use of the thermal interface
material and its high-temperature stability.

Keywords: thermal interface material, high temperature, waste heat recovery
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Self-powered wireless sensor node driven by a flexible
thermoelectric generator for industrial environmental
monitoring

Yong Jun Kim* , Choong Sun Kim!, Hyeongdo Choi', Gyu Soup Lee!, Seongho Kim!,
Kevin Yi?, Sang-Gug Lee!, and Byung Jin Cho'!

'Korea Advanced Institute of Science and Technology — 291 Daehak-Ro, Yuseong, 34141, Daejeon,
Korea, South Korea
2Tegvvaby co. Ltd — 711 National Nano Fab., 291 Daehak-ro, Yuseong-gu, 34141, Daejon, South Korea

Abstract

In industrial environments, a wireless sensor network is considered to be one of the crucial
technologies for efficient and safe operation of the factory. In recent years, self-powered
wireless sensor nodes (WSN) using energy harvesting technology have been actively studied
to save manpower as well as maintenance costs for replacing batteries. In this work, we
demonstrate a self-powered WSN driven by a flexible thermoelectric generator (-TEG) that
can wrap around a heat pipe. As a result of the device optimization study, we harvested
a power of about 270 mW from the fabricated 140x113mm?2 f~TEG attached to the heat
pipe of 70. We also evaluated the performance of the fabricated WSN powered by the f-
TEG. The WSN can monitor the temperatures of the heat pipe and ambient, humidity, and
concentrations of CO2 and volatile organic compounds (VOCs) in real time and transfer the
data using LoRa communication. The outdoor test showed that the WSN powered by the
f-TEG was capable of wireless monitoring up to at 500 m distance.

Keywords: flexible thermoelectric generator, energy harvesting, self powered, wireless sensor nodes,
fill factor, flexible TEG optimization
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Design and Fabrication of Thermoelectric Generator
based on BiTe legs for Wearable Device Application

Seung Eon Moon!, Jaewoo Lee*!, Kim Jun Soo', Im Jong Pil*!, Kim Jeong Hun*!, Im
Solyee*!, and Lee Seung Min*!

'Electronics and Telecommunications Research Institute [DaeJeon] — 161 Gajeong-Dong, YuSeong-Gu,
DaelJeon, 305-700, South Korea

Abstract

For the power supply of the wearable device, thermoelectric generator based on BiTe
thermoelectric materials was designed, fabricated and characterized. The electrical proper-
ties of the n/p type BiTe thermoelectric materials was characterized by using ZEM-3 test
set-up to measure Seebeck coefficient and electric conductivity. The thermal resistance of
the thermoelectric generator was one of the important factors to select thermoelectric leg
dimension, porosity, substrate size, etc. To apply the power generation with body heat, the
thermal resistance was impedance matched with the measured human thermal resistance,
such as, wrist. In this work, the designed module area size was 10¥18 mm2 and the number
of legs was 30 pairs. The expected power output voltage and power were several tens of mV
and a few hundreds of uW under body heat condition.

Keywords: Thermoelectric generator, thermal resistance, wearable device
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Industrial Waste Heat Recovery by Thermoelectric
Generators

Yu-Li Lin*™, Yi-Ray Chen!, Bo-Yi Sung', Chien-Hsuan Yeh!, Bing-Hung Chang!, and
Rei-Cheng Juang!

"ndustrial Technology Research Institute — Rm.301, Bldg.64, No.195, Sec.4, Chung Hsing Rd.,
Chutung, Hsinchu,31040, Taiwan, R.O.C., Taiwan

Abstract

The thermoelectric generator (TEG) is regarded as a potential technology for the indus-
trial waste heat recovery, but the practical applications remain limited due to the perfor-
mance, cost, and system design issues. In this study, we established different TEG models for
several types of industrial waste heat sources, including flue gas, process saturated steam and
thermal radiation etc., to investigate the design strategies of the heat exchangers to capture
different types of heat. For the flue gas from the combustors, the heat pipe is suitable due
to its high heat transfer capability and low pressure drop requirement during the utilization
of the chimney flue gas. For the saturated steam which is a mixture of gas and liquid, the
conventional fin-type heat exchanger is feasible and has relatively lower cost to the heat pipe
to exhibit higher cost-performance. For the high-temperature thermal radiation, the thermo-
electric module can contact the thermal radiation through an absorption interface directly,
or using a working fluid, ex. water or heat oil, to process the heat exchange between the
fluid and the thermal radiation in advance and transfer the fluid to a TEG system afterward.
This depends on the magnitude and stability of the thermal radiation and the characteristics
of the working environment.

Keywords: thermoelectric generator (TEG), heat pipe, fin, thermal radiation
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Experimental evaluation of wide-gap solar cell
thermoelectric hybridization

Bruno Lorenzi*!?, Maurizio Acciarri!, Dario Narducci', and Gang Chen?

1Dept. of Materials Science, University of Milano Bicocca — 20125 Milano, Italy
2Department of Mechanical Engineering — Massachusetts Institute of Technology — Department of
Mechanical Engineering, Cambridge - Massachusetts 02139, United States

Abstract

It is known that up to the 90% of the losses occurring in photovoltaics (PV) generates
heat. Solar cells are thus in principle a natural target for the implementation of heat recovery
strategies. Thermoelectric generators (TEGs) may consequently be used to hybridize solar
cells with the aim of increasing their efficiency.

Recently, several experimental works have been published on Hybrid Thermoelectric-Photovoltaic
(HTEPV) systems, reporting in some cases unphysically large efficiency improvements. Ac-
tually, these works have been affected by incorrect experimental procedures such as the
implementation of very optimistic cold side temperatures, and the combination of PV and
TEG output contributions not normalized upon their active areas.

In this communication we report a rigorous experimental procedure aiming at the deter-
mination of the efficiency of a system composed by a thin film Copper Gallium Selenide
(CGS) solar cell, with a Bismuth Telluride (Bi2Te3) TEG.

The results showed an absolute efficiency gain of 3% corresponding to ~ 35% of the sole
PV efficiency. These results, which are in very well accordance with theoretical estimations,
are expected to further increase with optical concentration.

The key of this improvement was found to be the use of a wide-gap solar cell, therefore
with small temperature sensitivity, and the implementation of thermal strategies able to
prevent heat dissipation towards the environment.

This experimental evaluation demonstrated in an accurate fashion the real potential of ther-
moelectric hybridization of solar cells.

Keywords: thermoelectrics, photovoltaics, hybrid, solar
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The European Am-241 Radioisotope Thermoelectric
Generator programme and the effect of cold-side
thermoelectric temperature on specific power

Hugo Williams!, Alessandra Barco , Richard Ambrosi , Ramy Mesalam* , and Keith
Stephenson

1University of Leicester — University Rd, Leicester LE1 7TRH, United Kingdom

Abstract

The University of Leicester is leading development of European radioisotope thermo-
electric generator (RTG) system prototypes under contract to ESA and with academic and
industry partners throughout Europe [1]. Future deep space and planetary surface explo-
ration is critically dependent on power sources that are solar-independent. Since 2013 the
programme has designed, built and tested a 5 We (nominal) lab breadboard and most recently
a prototype flight design of nominally 10 We. European systems have selected americium-241
as the radioisotope fuel. Relatively low system operating temperatures with this fuel drive
the use of bismuth telluride thermoelectrics. The programme has developed thermoelectrics
with improved mechanical characteristics whilst maintaining, and better characterising, ther-
moelectric performance [2,3] however a key system optimisation challenge is the trade-off of
cold-side temperature. This effects the radiator area required to achieve maximum specific
power (We/kg). The latter is a key performance metric for spacecraft power systems. This
oral presentation will firstly provide an overview of the Am-241 prototype development and
testing conducted at the University of Leicester. The system-level modelling approach and
trade-off results will then be presented, with drivers for thermoelectric materials development
that may have wider implications for terrestrial applications of thermoelectric highlighted.
Ambrosi RM et al. 2018. Paper #24185. Proc. Nuclear and Emerging Technologies for
Space. Las Vegas, NV. USA 26 Feb — 1 Mar.

Williams HR et al. 2015. J. Alloys & Compounds. 626. 368-374. (doi:10.1016/j.jallcom.2014.12.010)

Mesalam R et al. Towards a Comprehensive Model for Characterising and Assessing Ther-
moelectric Modules by Impedance Spectroscopy. Applied Energy: In review.

Keywords: radioisotope thermoelectric generator (RTG), bismuth telluride, protoype testing, sys-
tem performance modelling
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Analysis of automobile thermoelectric generator hot
heat exchanger design influence on overall vehicle
fuel efficiency for urban driving cycles

Konstantin Shishov*!, Pavel Shiriaev!, Alexey Osipkov!, and Leonid Tishchenko!

'Bauman Moscow State Technical University — ul. Baumanskaya 2-ya, 5/1, MoscowPostcode: 105005,
Russia

Abstract

Automobile thermoelectric generator (ATEG) application is proved to be a solution for
increasing vehicle fuel economy by exhaust gas waste heat recovery. The overall efficiency of
ATEG system highly depends on its hot heat exchanger design. The main heat exchanger
functions are maximization of absorbed heat power energy and transferring it to thermoelec-
tric modules in order to increase generated electrical power. In this purpose, the inner sides
of ATEG heat exchangers commonly modified by ribs with different geometry. However,
this solution can increase a reverse aerodynamic pressure, which negatively affects engine
performance and leads to overall automobile specific power reduction. Several ATEG hot
heat exchangers with different inner sides geometry are designed for analyzing a conflict be-
tween the generated electrical output power and the reverse pressure. In previous works the
behavior of engine-ATEG system was modeled under various stationary conditions. Exam-
ined hot exchangers had demonstrated different fuel economy peak value positions according
to engine operation speeds. Investigation of the total fuel economy with different hot heat
exchangers for the modern urban driving cycles is a subject for actual research.

Keywords: Automobile thermoelectric generator, heat exchanger geometry, fuel economy, reverse
pressure, driving cycles
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Applicability limits of a maximum power point
tracking controller for thermoelectric generator
systems in non-stationary conditions

Pavel Shiriaev*!, Konstantin Shishov', Alexey Osipkov'!, and Leonid Tishchenko!

'Bauman Moscow State Technical University — ul. Baumanskaya 2-ya, 5/1, MoscowPostcode: 105005,
Russia

Abstract

Non-stationary operating conditions of thermoelectric generator (TEG) lead to its output
energy losses, due to a mismatch between TEG resistance and electric load resistance. One
potential solution to this issue is a maximum power point tracking (MPPT) method. MPPT
controllers allow harvesting maximum power from the TEG under all operating conditions
with high processing speed and accuracy. In this way, MPPT application is required for
thermoelectric systems with a variable heat flow. However, any MPPT controller has its
own conversion losses which affect overall TEG system efficiency. Consequently, there are
conditions, when a direct TEG connection to an electric load is more efficient than in the
MPPT usage case. This paper discusses MPPT applicability limits for the TEG. Further-
more, the ways of increasing energy transfer from the TEG to electrical consumers by the
MPPT controller with a modified schema and working principle are presented. The article
describes a test bench designed for TEG characteristics measuring and an experiment of
comparing the new MPPT controller efficiency to the MPPT controller efficiency without
modification.

Keywords: thermoelectric generator, maximum power point tracking, MPPT, nonstationary con-
ditions

*Corresponding author: shiriaevp@gmail.com
fSpeaker

sciencesconf.org:ict2018:196441
37th International and 16th European Conference on Thermoelectrics


mailto:shiriaevp@gmail.com

P.17 Applications Poster

A Thermoelectric Generator Concept For Waste
Heat Recovery

Justin Riggio*!

MeGill University — 845, rue Sherbrooke O. Montréal (Québec) Canada H3A 0G4, Canada

Abstract

The thermoelectric generator presented is based on the 3C’s concept. It uses heat pipes
to capture (1st C) and concentrate (2nd C) the waste heat and coupled with thermoelectric
modules to convert (3rd C) some of the concentrated heat to electricity. A bench-top pro-
totype was designed and built for a modular concept to recycle waste heat into electricity
for industrial systems. The experimental testing of one section involves the measurement
of power output of one section of this modular system when varying key input parameters
such as volumetric flow rate and temperature of the exhaust gas. A 1-D steady state model
using a thermal resistance network was developed to verify and validate the experimental
data obtained. The tests are undergoing and the results will be soon available for discussion.

b)) b2

Keywords: "heat pipes”, ”waste heat”, "thermoelectric modules”
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Autonomous power supply for hot water boiler
cooling utilizing thermoelectric generators
additionally integrated in flue gas duct

Marian Brazdil*!', Ladislav Snajdarek’, Miroslav Skacel?, Martin Lisy', Marek Balas',
and Jiri Pospisil*

'Brno University of Technology, Faculty of Mechanical Engineering, Energy Institute — Technicka
2896/2, 616 69, Brno, Czech Republic
2Brno University of Technology, Faculty of Information Technology, Department of Computer Graphics
and Multimedia — Bozetechova 1/2, 612 66, Brno, Czech Republic

Abstract

Modern automatically fed hot water boilers are equipped by combustion control systems
providing low emission profiles in wide range of working conditions. Consequently boilers
have higher efficiency but on the other hand they must be connected to electrical grid.
Thermoelectric generators (TEG) utilizing the flue gas waste heat offer possible solution
for autonomous operation of the boilers. This concept is not commonly used due to high
cost and technical limitations of thermoelectric power generating systems. The aim of this
study is a complex analysis of possible utilizing of a small TEG as an alternative power
supply of a boiler. A TEG is considered as an autonomous power supply for powering
low power circulation pump and boiler cool unit. This alternative is designed for safety
operation in cases of electrical grid failure. Mathematical model of the TEG and hot water
boiler was created. The model involves affecting of the combustion device by the TEG,
namely cooling of flue gas, rising of additional pressure losses, change of boiler efficiency.
Mathematical models of TEGs published previously by different authors substitute TEG
as a thermoelectric module with heat exchangers on the hot- and cold-side of the module.
The proposed model widen the description by inclusion of detail behaviour of combustion
device, flue gas duct and chimney construction. In this point of view, the model considers
affecting of TEGs power output by the chemical composition of fuel composition and by the
technical parameters of the gas duct and chimney. The carried out complex study provides
an identification of minimal power output of the TEG necessary for cooling down the selected
boiler or steady operation of the boiler. On the other hand, the study identifies the realistic
TEG power production in a particular configuration under different operation parameters.

Keywords: thermoelectric generator, waste heat, boiler cooling
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High temperature thermoelectric generator units in
relation to and low temperature Bi2 Te3
thermoelectric generator unit for direct conversion of
waste heat from a wooden pellet stove into electric
energy

Momir Tabakovic*! and Michal Masaryk*

1Slovak University of Technology in Bratislava — NAMESTIE SLOBODY 17 812 31 BRATISLAVA 1,
Slovakia

Abstract

Achieving the sustainable development goals will require a comprehensive portfolio of
technologies and policy measures. Modern bioenergy plays an essential role in the Interna-
tional Energy Agency (IEA) 20C Scenario. Burning harvested organic matter — biomass —
provided most of mankind’s energy needs for millennia. Modern technologies can convert
this organic matter to solid, liquid and gaseous forms that can more efficiently provide for
energy needs and replace fossil fuels. But the modern biomass needs electrical power for the
heating pump, control system, regulation. Availability of electricity is essential. In the case
of isolated houses used at certain times of the year, such as second homes, the grid connec-
tion can be very expensive for occasional occupants. A thermoelectric generator could work
against this issue and produce the electric energy for the biomass stoves. In case of black-outs
but also to eliminate the dependence of the electrical grid and to meet the auxiliary energy
demand through the independent production of electrical energy. This thesis contributes to
the research by characterizing, modeling and assessing the performance of a TEG, where
thermoelectric modules are integrated on the chimney pipe chamber of a biomass log boiler,
to keep structural changes minimal and the temperature difference large. For the measure-
ment, a prototype is developed based on a real stove. Additional high temperature TEG,
which are still not available for a moderate price, are simulated. The propose is to show
the technical potential of these modules for the future, with the adaptation that the price of
such these modules are going down. Results from the measurement, calculation and testing
will be presented.

Keywords: waste heat harvesting, high temperature module, prototype, testing, simulation
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EFFICIENCY IMPROVEMENT OF A CO2
VAPOUR COMPRESSION REFRIGERATION
SYSTEM BY MEANS OF THERMOELECTRIC

SUBCOOLING

David Ulibarrena*’!', Leyre Catalan!, Miguel Araiz', Amaya Merino', Patricia
Aranguren!, Daniel Sanchez?, Rodrigo Llopis?, Ramon Cabello?, and Jesis Catalan-Gil?

1MechanicaL Energy and Materials Engineering Department. Public University of Navarre — Campus
Arrosadia s/n, Spain

2Depalrtment of Mechanical Engineering and Construction, Jaume I University — Campus de Riu Sec
s/n, Castellén, Spain

Abstract

Nowadays, due to the increasing climate change problem, the existing requlation in the
refrigeration market is leading to an intense research on systems that use CO2 as an efficient
alternative to fluorinated substances. In these systems, whose operation implies high working
pressures, it has been demonstrated that the performance of transcritical cycles considerably
improves when an additional subcooling is introduced after the gascooler. This work presents
a vapour compression refrigeration system that operates with CO2 and which utilizes ther-
moelectric technology in order to provoke the subcooling. To that purpose, a computational
model has been developed including, not only the vapour compression system, but also the sub-
cooling system formed by a thermoelectric cooler. The obtained results show that the global
COP of the system can be improved up to the 13.3 % and increments of 28.5 % in the cooling
power can be achieved by means of thermoelectric subcooling.

Keywords: Cooling, CO2, thermoelectricity, COP, subcooling, computational model
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A Novel Off-grid Solar-Thermoelectric Desalination
System

Ngo Van Nong*'!, Karatzas George?, Enkeshafi Ali Asghar®, and Chase Malinda®

1Department of Energy Conversion and Storage, Technical University of Denmark — Frederiksborgvej
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2Sun Power Applications ApS — Dianas Have 53, 2970, Hgrsholm, Denmark
3APLCON ApS — (stre Alle 6, 9530 Stovring, Denmark
4A1 Things Considered ApS — Naesby Gade 23, 4300 Holback, Denmark

Abstract

One-third of the world residents currently undergo severe water stress and the percent-
age keeps increasing. World water resources are mainly salty (97.5%) and freshwater (2.5%).
Therefore, one of the most promising solution to overcome the water shortcoming is desali-
nation. A number of humidification/dehumidification (HDH) devices based on conventional
vapor compression technology are currently available. However, these devices have a number
of inherent problems such as high noise levels, compressor vibration and excessive weight
and size, which are hard to be solved by employing traditional technology. In this work,
a novel off-grid thermoelectric-photovoltaic (TE-PV) desalination concept is proposed. In
our method, photovoltaic technology is used to generate electrical power from the sun, while
thermoelectric technology is applied to simultaneously vaporize/condense water. This com-
bination will not only overcome the problems of a conventional HDH system, but it also
brings many additional advantages such as being off-grid, having less moving parts, easy to
install, less maintenance, and on top being environmentally friendly. Some highlight results
will be presented in this report.

Keywords: Thermoelectric cooling and heating, Photovoltaic, Desalination

*Speaker
fCorresponding author: ngno@dtu.dk

sciencesconf.org:ict2018:197238
37th International and 16th European Conference on Thermoelectrics


mailto:ngno@dtu.dk

P.22 Applications Poster

Thermoelectric Eddy Current in Bio-Compatible
Materials

Keith Walsh*!

1Independent Researcher — 3 Kincardine Court Stonehaven Aberdeenshire, United Kingdom

Abstract

This poster presentation describes some recent research efforts in establishing the ther-

moelectric characteristics of materials intended for use in bio-compatible applications. In
particular it focuses on the requirement to ensure that materials and devices implanted in
the human body do not give rise to any unforeseen thermoelectric effects, such as unintended
levels of thermoelectric eddy current, which may have an adverse effect on surrounding tissue
and organs.
In recent years medical science has seen a rapid increase in the range of materials and devices
used for monitoring, regulating and enhancing natural biological functions. For instance, by
using advanced electromagnetic measuring techniques it has become possible to monitor hu-
man neurological activity extremely accurately and in great detail. It is recognised also that
similar techniques could now also be applied to monitor the size of any thermoelectric effect
arising from bio-materials in common use, and for physically detecting any influence that
they may have on natural biological tissue in their immediate vicinity.

Areas where due diligence is required are identified, not only in the development of new
bio-metric devices and materials, but also where long-established clinical practices can be
re-evaluated and brought up-to-date with respect to the bio-compatibility of the materials
that they use.

In general, the principal is established that with the continual introduction of new technolo-
gies and capabilities which afford us the opportunity to re-asses and re-verify the benefits
of both new and established medical practices, then the field of medical science bears a
responsibility to act on any such opportunity to the full.

Keywords: thermoelectric, eddy, bio, engineering, dental, amalgam
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On the development of a new measurement system
for conductivity, Hall constant and Seebeck
coefficient

Robin Werner*™!, Jaroslaw Kita', Michael Gollner?, Florian Linseis?, and Ralf Moos'

1University of Bayreuth, Functional Materials — Universitatsstrafie 30, 95447 Bayreuth, Germany
2Linseis Messgerite GmbH — Vielitzerstrafie 43, 95100 Selb, Germany

Abstract

It is of increasing importance in materials characterization to know the electrical trans-

port properties like the electrical conductivity, the Hall constant, and the Seebeck coefficient
for high temperature applications. However, high temperature measurements require specific
devices in order to avoid electrical, thermal or geometrical errors.
We report on the current state of the development of a new measurement system that com-
bines the electrical conductivity, Hall constant and Seebeck coefficient measurements in a
temperature range from -1500C up to 800 oC in different gas atmospheres. The use of only
one sample holder with the need for only one sample facilitate the handling and assures the
same experimental conditions of the measured parameters.

The new system consists of a gas floated measurement chamber and two permanent magnet
yoke systems of opposite polarity. The magnets with a magnetic flux density of +/- 760 mT
are placed on a moveable sled to change the polarity of the magnetic field in the fixed mea-
surement chamber. The sample holder, based on alumina substrate, can be easily mounted
in the chamber. On the front side are four electrodes located allowing Hall and resistivity
measurements according to van der Pauw’s method. On the reverse side a screen-printed
Platinum structure for Joule’s heating was placed. To guarantee a homogenous temperature
distribution within the sample, the new holder was designed by FEM analysis.

For future measurements of Seebeck coefficient the sample holder will be equipped with an
additional heater and thick-film thermocouples.

Keywords: thermal analysis, high temperature measurement, Hall constant, Seebeck coefficient,
charge carrier density, charge carrier mobility
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Evaluation of Thin-Film Thermoelectric Device
Properties and Efficiency by I-V Curves and
Simulation

Hao-Jen You*!, Deniz P. Wong!, Kuei-Kuan Wu!, Kuei-Hsien Chen'?, and Li-Chyong
Chen?

"nstitute of Atomic and Molecular Sciences, Academia Sinica — No. 1, Sec. 4, Roosevelt Rd., Taipei
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Abstract

Traditionally, the property of thermoelectric devices can be measured at either constant
temperature difference or at the constant thermal input. Due to the increasing interests in
thin-film thermoelectric devices, we applied the above-mentioned techniques to such devices
and determined their thermoelectric property via I-V measurement. Both GeSbTe and Co-
GeTe thin films have been measured to confirm the validity of this technique. There has early
paper already showed the way to measure the normal thermoelectric device property by I-V
curves systems. The kind of technique never applies in the thin-film device. Owing to new
technological advances, the thin-film thermoelectric device has gained becomes more pop-
ular. Thus, we demonstrate the measurement system was designed and constructed which
enables both types of I-V curves to be obtained automatically. The power and conversion
efficiency of a thermoelectric module was determined by using this system and comparing
with the simulation at different ranges of temperature difference. The results confirm the
validity of the proposed technique and increasing the possibility of application.

Keywords: Thermoelectric, Thin, Film, Device, High ZT Value, Measuring System
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Apparatus for Measurement of the Output Power
and Efficiency of Flexible Thermoelectric Power
Generators

Yasutaka Amagai*!, Kenjiro Okawa!, Hiroyuki Fujiki!, Yuzo Tasaki?, Keiichi Ohata?,
Michio Okajima?, and Shutaro Nambu?

!National institute of advanced industrial Technology(AIST), National Metrology Institute of Japan
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Abstract

Flexible thermoelectric power generators (f-TEGs) are widely recognized as a promis-
ing candidate for power source of self-powered sensors, which is necessary for realizing the
next-generation smart network monitoring system in the Internet-of-Things (IoT) era. For
this reason, a variety of flexible thermoelectric modules have been fabricated owing to their
outstanding potential for use as arbitrary heat-source shapes [1], [2]. However, the output
power of these TEGs is not yet sufficient. To improve the output power of -TEGs, we have
integrated sintered bulk bismuth telluride chips on a thin flexible printed circuit using a high-
speed surface mounting technology. To evaluate this f~TEG, an experimental apparatus for
measurement of the output power and efficiency of f~TEGs has been developed in the present
study. Employing an arch-shaped heater and inverted arch-shaped heat sink, this apparatus
can measure the output power of f-TEGs at several bending radii between 50 and 200 mm.
In contrast to other existing apparatus, the proposed apparatus allows us to measure the
efficiency in heat flow [3] and adiabatic modes [4], which makes measurement-accuracy con-
firmation easier. The results from these experiments will be presented in the International
Conference on Thermoelectrics 2018. We expect that this apparatus will be a useful tool to
characterize f-TEGs, which can be extended to current IoT applications of thermoelectric
modules.

1. K. Suemori et al., Appl. Phys. Lett. 103, 153902 (2013).

2.S. J. Kim et al., ACS Nano, 10, 10851 (2016).
3.H. Takazawa et al., in 25th International Conference on Thermoelectrics (2006).

4.L. Rauscher et al., in 22nd International Conference on Thermoelectrics. (2003).

Keywords: Measurement, flexible Thermoelectric module, Efficiency, Output power
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Melt-spinning process effects on enhanced
conductivity ratio in CexFe3CoSb12 thermoelectrics

Sang Hyun Bae*™', Won Ho Shin?, Won-Seon Seo?, II-Ho Kim?, and Soon-Mok Choi!

Korea University of Technology and Education — Korea University of Technology and Education,
Cheonan 330-708, South Korea, South Korea
2Energy and Environmental Division, Korea Institute of Ceramic Engineering and Technology —
(52851) 101, Soho-ro, Jinju-si, Gyeongsangnam-do, Korea, South Korea
3Korea National University of Transportation — Korea National University of Transportation, Chungju,
Chungbuk 27469, South Korea, South Korea

Abstract

Thermoelectric figure of merits (Z7') in a CexCoFe3Sb12 (x=0.80, 0.85, 0.90) skutterudite
system was investigated by using a conductivity ratio control approach. CexCoFe3Sb12
(x=0.80, 0.85 and 0.90) skutterudite specimens were produced by a melt-spinning and a spark
plasma sintering process. The thermoelectric properties of the specimens were measured in
the temperature range from 323K to 723K. We found the optimum amount of Ce-filler (x
= 0.85) in the CexCoFe3Sb12 system based on the thermo-electronic property measuring
and microstructural analysis. The maximum Z7T value of 0.81 was obtained at 723K in
the La0.85CoFe3Sb12 composition. We discussed our results on the basis of the charge
compensation theory to explain different optimum filler amount between a La ratter system
and this result. A charge difference between Ce- and La-filler can cause the different optimum
filling amount between this system and the LaxCoFe3Sb12 skutterudite system.

Keywords: filled skutterudite, p, type, melt spinning, nanostructure, conductivity ratio
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Fabrication of diffusion barriers in Colusite-based
thermoelectric elements

Raju Chetty*!, Yohan Bouyrie!, Priyanka Jood!, Atsushi Yamamoto!, and Michihiro
Ohtal!

I Research Institute for Energy Conservation, National Institute of Advanced Industrial Science and
Technology (AIST) — Tsukuba, Ibaraki 305-8568, Japan

Abstract

Colusites Cu26A2E6S32 (A = V, Nb, Ta and E = Ge, Sn) are promising candidates as

environmentally friendly thermoelectric materials. Their complex crystal structure leads to
low thermal conductivity and high thermoelectric figure of merit [1,2,3]. In this study, we
developed the diffusion barriers for colusite-based thermoelectric elements, facilitating their
use in thermoelectric devices.
Samples of Cu26Nb2Ge6S32 were first prepared by mixing the stoichiometric amount of pure
elements Cu, Nb, Ge, S in evacuated and sealed quartz tubes at 1323 K for 12 h. The sam-
ples were then hot-pressed with metals (Ti, Pt, Ni, Co and Au as diffusion barrier) at 973 K
for 1 h under 70 MPa. Scanning electron microscopy equipped with energy dispersive X-ray
spectroscopy was used for studying the interface between diffusion barriers and colusite. The
coefficient of thermal expansion (CTE) of Cu26Nb2Ge6S32 was measured between 293 K and
573 K. Output electrical power and efficiency was investigated on the element between 293
K and 573 K.

The mismatch in CTE between Ti and colusite and Pt and colusite leads to the forma-
tion of cracks at their junctions. Impurity phases are formed at the junctions between Ni
and colusite and Co and colusite. A good CTE match between Au and colusite forms a crack-
free junction. Moreover, no impurity phases are found at Au-colusite junction. Therefore,
the Au-based diffusion barrier provides reduced electrical and thermal contact resistances,
leading to enhanced thermoelectric conversion efficiency.

This work is supported as part of the International Joint Research Program for Innova-
tive Energy Technology funded by the Ministry of Economy, Trade, and Industry (METI),
Japan.

K. Suekuni et al., Appl. Phys. Lett, 2014, 105, 132107; [2] Y. Kikuchi, M. Ohta et al., J.
Mat. Chem. A, 2016, 4, 15207; [3] Y. Bouyrie, M. Ohta et al., J. Mat. Chem. C, 2017, 5,
4174.

Keywords: Thermoelectrics, Colusite, diffusion barrier, thermal expansion, power generation
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Matlab modeling of thermoelectric modules
including thermal losses

Alberto Ferrario*!, Stefano Boldrini', Alvise Miozzo!, and Monica Fabrizio

Unstitute of Condensed Matter Chemistry and Technologies for Energy - CNR, — Corso Stati Uniti, 4 -
35127 Padova, Italy

Abstract

The development of thermoelectric modules and their applications required accurate mod-
eling of their performances. Usually, in applications or device testing only applied tempera-
tures are known. Simple calculations which ignore the thermal losses on parasitic elements
can overestimate the performances. However, the calculations of internal temperatures gen-
erate recursive equations (heat flux, temperature difference and material properties) which
can be numerically resolved, often with a finite element approach.

In this work, an accurate and fast model of thermoelectric modules is developed in Mat-
lab with an iterative procedure, avoiding domain discretization (e.g. finite element analysis).
The model takes into account the passive components which lead to temperature drops inside
the device. It provide a correct evaluation of the effective cold and hot side temperatures
on the thermoelectric materials, which are used in the materials properties integral, with
an iterative method, improving at each sequence the approximated solutions. Open circuit
potential, current, power, heat fluxes and maximum efficiency are evaluated as a function
of temperature. Results show that temperatures drops can be tens of degree Celsius and
efficiency overestimation can reach 15% at high temperature range. The convergence of the
algorithm is demonstrated within few iterations.

The comparison of results with the experimental data from electrical characterization of
commercial TEMs, confirms the reliability of the developed numerical analysis. Moreover, a
complete Graphical User Interface has been developed, with the possibility to simulate each
type of material and geometry.

Keywords: thermoelectric module, module simulation, iterative algorithm
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A Novel Thermoelectric Leg Structure oriented to
Cycling Robustness at High Temperature and Low
Manufacturing Cost

*t1 Pablo Martinez-Filgueira!, Marta Cordon', Idoia Urrrutibeascoa?,

Andres Sotela®, and Maria A. Madre?

Gustavo Garcia
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Abstract

One of the key advantages of thermoelectric power generation systems is that they are
solid-state devices with no moving parts, resulting directly in high reliability. However,
for high temperature applications, especially when several thermal cycles occur during the
system life, the structure is not robust enough to overcome thermal stress. The aim of this
work is to present a novel leg structure for UNILEG based thermoelectric generators. The
design of this structure has been focused on reliability and robustness but taking into account
the cost of the final thermoelectric module. The semiconductor material that has been used
for this design is a P-type Ca3C0409 because of its chemical stability at high temperatures
and easy machinability. Thermomechanical computations have been carried out in the design
and optimization process of this structure shape.

Keywords: UNILEG, Oxides, Thermoelectric Generator, thermal stress, Power generation, thermal
simulation, energy efficiency.
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Radial thin film thermoelectric device for hot spot
cooling

Haishan Shen'?, Hoo-Jeong Lee*?, and Seung-Woo Han'#!
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2Sungkyunkvvaem University [Suwon] — Suwon Gyeonggi-Do 440-746, South Korea

Abstract

Due to electronic devices continuously shrink in size, the "high flux of hot spots” in lo-

calized areas become a main issue in recent years. Planar thin film thermoelectric device
is great choice to solve the hot spot problem in electronic devices. In this study, we design
radial thermoelectric model with p and n legs to rapidly spread heat from hot spots.
An array of thin film TE legs is deposited in effusion co-cell vacuum thermal evaporation
method with shadow mask. We choose Sb2Te3 and Bi2Te3 for p-type and n-type legs, re-
spectively. The thin film TE legs show special columnar grains grown perpendicular to the
substrate. The composition and microstructure of the film are studied by X-ray diffraction
(XRD), scanning electron microscopy (SEM) and energy dispersive X-ray spectrum (EDX).
We also select 1 pum Cu for electrode to build up open circuit.

The optimization design of geometrical dimension and length of TE legs are conducted
via finite element method on the basis of the above TE legs properties. According to the
optimized radial thin film TE device, we have successfully achieved the high performance of
thermoelectric cooling systems.

Keywords: radial, thin film, thermoelectric device, hot spot

*Corresponding author: hlee@skku.edu
fSpeaker
tCorresponding author: swhan@kimm.re.kr

sciencesconf.org:ict2018:196480
37th International and 16th European Conference on Thermoelectrics


mailto:hlee@skku.edu
mailto:swhan@kimm.re.kr

P.31 Modules Development and Technology Poster

Development of evaluation instrument in
thermoelectric module in air

Satoaki Ikeuchi*!, Junichi Ishikawa!, Kenji Shimada!, and Ryoji Funahashi?
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Abstract

The development of the thermoelectric module is rapidly advanced. To product the
thermoelectric module, not only the performance evaluation but also the durable evaluation
is demanded. ADVANCE RIKO Inc., has been developing to evaluate the power generation
and the power generating efficiency in thermoelectric module (Mini-PEM, PEM-2 and F-
PEM). For Mini-PEM, the power generation and the power generating efficiency can be
evaluated in thermoelectric device and module below 10 mm square in vacuum. For PEM-2,
the power generation and the power generating efficiency can be evaluated in thermoelectric
device and module above 20 mm square in vacuum or inert gas. Recently, we developed
F-PEM for the purpose of carrying out the durability test of the thermoelectric module in
air. F-PEM has the function of keeping the temperature of the high temperature side in
long time and cycling between two temperatures. To evaluate the performance in F-PEM,
we measured by F-PEM and PEM-2 in thermoelectric module. In this presentation, we
compare with the measurement result between F-PEM and PEM-2, and report the change
in the power generation in thermoelectric module obtained by keeping test and cyclic test
using F-PEM.

Keywords: Evaluation instrument in thermoelectric module, Power generation, Cyclic test
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Innovative Segmented Thermoelectric Module for
Energy Generation
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Abstract

One of the main issues related to the design of thermoelectric modules is optimization of
their working parameters. Due to the temperature correlation of semiconductor’s physico-
chemical properties (e.g. Seebeck coefficient, electrical conductivity) there is an idea of usage
of different materials, matching operating temperature range to their optimum. Usage of
segmented thermoelectric elements can also increase the maximum temperature of modules
hot side, resulting with enhancement of efficiency and power density.

We have constructed and characterized a TEG module based on segmented Bi2Te3/Sb2Te3

and CoSb3 n-type and p-type thermocouples. The methodology of dimensions optimization,

process of materials fabrication, properties of used materials and elements assembly proce-

dure will be presented. The electrical properties (open circuit voltage, short circuit current

internal electrical resistance, thermal resistance, power density, and efficiency) were deter-

mined as a function of Tc and Th.

Presented work was supported by the National Centre for Research and Development under

the project “Innovative thermoelectric modules for energy harvesting” (PBS3/A5/49/2015).

This scientific work has been partially financed as a research project no. UM0O-2016/23/D/ST8,/02686,
National Science Centre, Poland.

Keywords: Segmented Thermoelectric Module, TEG module optimization, TEG module fabrication
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Development of metallization technique for
thermoelectric module using polycrystalline SnSe
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Abstract

Single-crystal SnSe that showed high figure of merit of 2.6 was reported in 2014 [1].

Afterward, many studies about polycrystalline SnSe materials were followed for a practical
application of thermoelectric generation [2,3]. Despite of the development of polycrystalline
SnSe materials, there have been no SnSe thermoelectric module reported so far, due to the
lack of metallization technique that can make good electrical contact and prevent elemental
diffusion.
In this work, several approaches to fabricate SnSe thermoelectric module from metallization
to bonding with electrodes are demonstrated. Regarding the characteristics of polycrystalline
SnSe material, various metal layers are studied including Ag, Ni, Ti, and other metal layers.
Several fabrication methods are experimented including sputtering, powder hot pressing, and
spark plasma co-sintering. The interfaces between metallization layers and SnSe are investi-
gated using energy dispersive spectroscopy and transmission electron microscopy to analyze
the intermetallic compounds that are formed during the metallization process. The electri-
cal contact resistances of each metallization layer are measured, and characteristics of SnSe
thermoelectric module are simulated using finite element method. Based on this developed
metallization technique, the polycrystalline SnSe thermoelectric module is fabricated and its
characteristics are investigated.

References:

L.-D. Zhao, S.-H. Lo, Y. Zhang, H. Sun, G. Tan, C. Uher, C. Wolverton, V.P. Dravid, Na-
ture. 508 (2014) 373-377.

Y.K. Lee, K. Ahn, J. Cha, C. Zhou, H.S. Kim, G. Choi, S.I. Chae, J.-H. Park, S.-P. Cho,
S.H. Park, Y.-E. Sung, W.B. Lee, T. Hyeon, I. Chung, J. Am. Chem. Soc. 139 (2017)
10887-10896.

Y. Li, F. Li, J. Dong, Z. Ge, F. Kang, J. He, H. Du, B. Li, J.-F. Li, J]. Mater. Chem. C. 4 (2016) 2047-
2055.

Keywords: Thermoelectric module, Metallization, SnSe, Interfaces
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Solar photovoltaic - photothermal _ thermoelectric
power generation system

Bin Lin*!
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Abstract

ABSTRACT: System is abbreviated as PV/TE. When solar energy is converted to
electricity, heat is collected by the refrigerant of the heat collecting device, which is used
by thermoelectric power generation components, thus the solar radiation energy is fully
utilized. The system greatly improves the photovoltaic conversion efficiency, thermoelec-
tric power generation components output more power, the temperature of the refrigerant
of the heat collecting component is also reduced, so that the entire power generation sys-
tem remains stable. The heat-absorbing plate structure of the carbon nanotube/black silicon
structure is used in the heat-collecting component. By using the Ag-assisted chemical etching
method to obtain the single-crystal black silicon microstructure-silicon nanowire structure
under different H202 concentration, etching temperature and etching time. Carbon nan-
otubes is embedded in black silicon nanowire microstructure. The larger aspect ratio of the
carbon nanotubes increases the number of times the incident light is absorbed in the sili-
con nanowires, resulting in an increase in the amount of heat absorbed, and systematically
studied the impact of this structure on the surface reflectance. This structure is applied to
the light radiating plate, through the radiant plate circulating refrigerant medium, absorb
the radiation board heat is used in semiconductor thermoelectric power generation. The
experimental results show that the black silicon microstructure reduces the reflectivity, the
average reflectivity is less than 5%, the thermal energy absorption rate is greatly increased,
and the entire system based on the original photovoltaic system power generation efficiency
increased by 15%. In addition, In addition, the PV/TE photovoltaic panels are cooler in
temperature and extend the useful life of the product.

Keywords: PV/TE, carbon nanotubes, semiconductor power generation
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DESIGN AND TESTING OF A TUBULAR
THERMOELECTRIC MODULE BASED ON
OXIDE ELEMENTS
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Abstract

Motor vehicles are particularly attractive for the development of thermoelectric devices.

Their internal combustion engines are characterized by high—up to 40%-loss of heat energy
that is being discarded to the environment. Thermoelectric converters can provide heat re-
covery from exhaust systems and contribute to fuel saving, as well as reduced emissions of
greenhouse gases and other harmful substances into the air.
Although the thermoelectric efficiency of oxides is relatively low, this class of materials has
significant advantages compared to traditional thermoelectric compounds based on alloys:
oxides can consist of non-toxic elements; they are stable across a wide temperature range;
and have good durability in oxygen. Two main approaches seem to be important for the
development of car-implemented thermoelectric converters: the use of stable oxides as func-
tional materials and the design of an effective tubular arrangement.

This work was focused on the design, modeling, testing, and performance analysis of a
tubular thermoelectric converter based on oxide materials. The fabricated module included
24 functional oxide elements synthesized by conventional methods. Elements of p- and
n- type were made of cobalt-based oxide Ca2.7Bi0.3C0409 and manganese-based oxide
CaMn0.95Ta0.0503, respectively. The module was assembled using silver paste and clamp-
ing mechanisms, with the thermoelectric elements electrically connected in series by metal
plates and placed around the hot tube. The output power of 138 mW was achieved under a
temperature gradient of 4300C with a hot side temperature of 5140C. The tested module is
characterized by an advantageous manufacturing factor of 0.87 at the contact resistance of
0.44 , but a relatively low output power density per volume and per mass.

The reported study was funded by RFBR according to the research project 17-08-01395.

Keywords: Thermoelectric module, oxide thermoelectric, electrical conductivity, Seebeck coeffi-
cient, power factor.
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Design and evaluation of Fe2V(Al0.9Si0.1) /Cu
tilted-multilayer thermoelectric devices

Kodaira Naoto!, Yoshimi Oide!, Kei Hayashi', and Yuzuru Miyazaki*'*

1Department of Applied Physics, Graduate School of Engineering, Tohoku University — 6-6-05 Aoba,
Aramaki-Aza, Aoba-ku, Sendai, 980-8579 Miyagi, Japan

Abstract

Recently, tilted-multilayer thermoelectric (TE) devices have attracted considerable atten-
tion. The devices consist of a potential TE material and a metal tilted to the temperature
gradient. Due to the tilted structure, electric field is generated perpendicular to the temper-
ature gradient. In this combination, power factor PF is enhanced owing to a higher Seebeck
coefficient S and a lower electrical resistivity r derived from a TE material and a metal,
respectively.

In this study, we designed and evaluated the high performance tilted-multilayer TE devices
consisting of Fe2VAI- based full-heusler TE material, that has a high PF, and Cu as a metal.
We calculated off diagonal TE properties S_cal, r_cal and PF _cal with changing parameters
a and d. The parameter a is the relative thickness of Fe2V(Al10.9Si0.1) and Cu in multilayer,
a =t-cu/ (t-cu + t_-TE), and d is the tilt angle. With increasing a , r gradually decreased
and PF gradually increased. Under the condition of d = 300 and ¢ = 0.9, the highest PF_cal
= 8.7mW/mK2 can be theoretically obtained.

We fabricated Fe2V(A10.95i0.1) /Cu tilted-multilayer TE devices that have d = 300 and a
= 0.9 using Spark Plasma Sintering and measured its S, r, and PF. We obtained PF =
0.21 mW/mK2 which was only 2% of PF_cal. From the SEM observation, Cu was scattered
in thin TE layers. Hence, we attributed such a reduction of PF to the electric conduction
paths caused by the scattering of Cu powders. We modified devices with thicker layers of
TE material ¢ = 0.5 and 0.7 to reduce the effect of Cu scattering. As a result, we obtained
PF =4.38 mW/mK2 with ¢ = 0.7 at dT = 30.1K, which is roughly comparable to that of
pi-type Bi2Te3-based modules.

Keywords: tilted, multilayer devices, module, Fe2VAi
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Comparison of Three Accurate Measurement
Methods for Measuring the Efficiency in
Thermoelectric Modules

11

Kenjiro Okawa*™!, Yasutaka Amagai', and Hiroyuki Fujikit

INational Metrology Institute of Japan (NMIJ), National Institute of Advanced Industrial Science and
Technology (AIST) — Tsukuba Central 3, 1-1-1 Umezono, Tsukuba, Ibaraki 305-8563, Japan

Abstract

To disseminate thermoelectric power generation using waste heat, the establishment of
a standard measurement technique for characterizing thermoelectric modules (TEMs) is
required. Three typical measurement techniques, (i) the heat flow method, (ii) the guarded
heater method, and (iii) the Harman method, have been described in Ref [1]. In the heat
flow method, the input heat flux into the TEM is measured by a heat flow meter. In the
guarded heater method, the input heat flux is measured from the heater power using the
guarded heater block. The Harman method can estimate the dimensionless figure of merit
through AC and DC voltage measurements. However, there are only a few studies on the
comparison experiments between methods for characterizing TEMs [2-5]. In particular, the
comparison between techniques (i) - (iii) using a single TEM has not been reported.
Here, we perform a comparison of the different measurement methods for characterizing
TEMSs using the uniform modules. To estimate the thermoelectric efficiency when using
these methods, we developed an experimental apparatus using methods (i) - (iii). The
measurements were performed using the commercial Bi2Te3-based TEM. In each method, the
obtained value of thermoelectric efficiency was in the comparable range at the temperature
gradients across the hot and cold sides of TEM (dT _~ 100 K). We will discuss the details
of our results and the measurements using other TEMs in the conference.

H. Wang et al., J. Electron. Mater: 43, 2274 (2014).

H. Iwasaki et al., Jpn. J. Appl. Phys. 42, 3707 (2013).
L. Rauscher et al., in 22nd International Conference on Thermoelectrics. pp. 508 (2003).

H. Takazawa et al., in 25th International Conference on Thermoelectrics. pp. 189 (2006).
R. D. Pierce and R. J. Stevens, J. Electron. Mater: 44, 1796 (2015).

Keywords: Module measurement, Heat flow method, Guarded heater method, Harman method
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Watch strap-shaped flexible thermoelectric body-heat
harvester based on inorganic bulk materials

Hwanjoo Park*!, Yoomin Eom!, Dongkeon Lee!, Dimuthu Wijethunge!, Hoon Kim?,
Sang Hyun Park?, and Woochul Kim'!

Yonsei University — Seodaemun-gu, Seoul, South Korea
2Korea Institute of Energy Research — 152 Gajeong-ro, Yuseong-gu, Daejeon, South Korea

Abstract

This paper represents the watch strap-shaped thermoelectric body-heat harvester based
on bulk inorganic thermoelectric materials. The device contains the flexible thermoelectric
module as well as the fin-type heat sink. The structural design is presented for high flexibility
so that it can fit well on curved surfaces. The device successfully generates 6.97 pW /cm2 out-
put power density on a person’s wrist while the subject is walking. The theoretical analysis
based on simplified human thermoregulatory model (Journal of Physics D: Applied Physics
51, 055401 (2018)) is demonstrated, which suggests that the output power density can be
further enhanced by modulating the size of the thermoelectric elements or by reducing the
thermal contact resistance. This work suggests the possibility for the usage of body-heat as
an alternative energy source for wearable devices.

Keywords: Thermoelectric, body heat harvesting, flexibility
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Design of segmented/graded Thermoelectric Devices
based on Beta-Formalism

Byungki Ryu*™, Jaywan Chung**!, Sudong Park*!, Jongho Park', and Jae Ki Lee!
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Changwon-si, South Korea

Abstract

The energy-conversion-efficiency is critical for application of thermoelectric technology.

Thus, many material research works have been focused on increasing peak-zT of materials,
believing that zT is a good figure of merit for efficiency.
However, the classical zT formula is developed with the assumption that material properties
are temperature/position-independent and the efficiency formula contains error. Moreover,
due to the non-local and non-linear nature of thermoelectric equation of temperature, the
classical method based on peak-zT becomes useless especially when designing the segmented
or graded devices.

In this work, we develop the new formalism called ”Beta-Formalism” to overcome the
temperature/position-dependency of material properties and to predict the ther-
moelectric performances precisely. We find hidden parameters which can describe the
temperature dependency of material properties. Using hidden parameters in addition to
redefined average parameter Z, we develop the analytical thermoelctric equation for
power, heat, and efficiency.

We successfully apply our ”Beta-Formalism” to find and optimize the thermoelectric de-
vices especially for segmented or graded thermoelectric devices with and without contact
resistance, using pykeri code we have made. We design the 5 to 7 segmented power or
efficiency-devices among 18 candidate materials for wide temperature application from 300
K to 1200 K. We also design the graded devices using Bi2Te3 materials with various doping-
concentrations.

We believe that our ” Beta-Formalism” opens a new way to design thermoelectric materials,
devices, and systems.

Keywords: figure of merit, thermoelectric device, design, segmented, graded
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Integration of a heat exchanger on an all Si-based
thermoelectric micro/nanogenerator
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Abstract

Maximizing materials’ zT by optimizing the thermoelectric coefficients is not enough to
have an efficient thermoelectric generator. Under harvesting operations, it is very critical
to have large temperature gradients across the device to obtain reasonable power output,
which is usually not the case for microgenerators. This work focuses on the enhancement
of the performance of a thermoelectric microgenerator by increasing the temperature gra-
dient between the hot and cold sides of the generator, which is achieved integrating a heat
exchanger.

An all-Si unileg thermoelectric microgenerator has been fabricated in a SOI substrate using
the process described in [1]. Since the proposed thermoelectric microgenerator has a planar
layout built around a suspended microplatform, the heat sink cannot be directly placed on top
of this fragile platform. In this work, different routes have been designed for the integration
of a heat exchanger onto such a microgenerator to maximize the power output. Simulations
of the temperature distribution across the assembly as well as the power generated, are eval-
uated to compare the performance of these two approaches. Harvesting measurements are
performed on mock-up assemblies to be able to investigate the enhancement reached with
the integration of a heat exchanger. An increase in the power output of up to three orders
of magnitude is measured comparing the cases with and without heat sink, as a result of the
reduction of the thermal resistance between the cold side of the device and the ambient.

C. Calaza et al., J. Electron. Mater. 45 (2016), 1689-1694.

Keywords: thermoelectric micro/nano generator, Si micro/nanostructures, heat exchanger, MEMS
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Organic m-type thermoelectric module patterned
with photolithographic mold
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Abstract

Thermoelectrics (TEs) have the potential to capture usable energy from waste heat in
the environment [1]. The largest amount of heat are wasted in the low temperature region
-7 1500C [2], because the conventional systems lost the recovery power for such low tem-
perature heat. TEs, however, can maintain the energy convergent efficiency to exceed the
conventional systems in the efficiency for the low temperature region [3]. In addition to the
technical advantage, organic materials can provide an additional value for TEs: flexibility.
The TE figure of merit has been dramatically improved to 0.42, recently [4]. The Seebeck
effect, yet, generates only several ten pV/K. To drive electric devices, we need to pattern
and connect more than one hundred TE legs as a TE module.

Herein, we fabricated w-type TE modules via fulfilling p-type and n- type TE materials into
photolithographic molds to maintain the temperature difference in TE legs. To achieve 250
mV to drive a booster circuit, we designed a module pattern, 13 x 13 legs in 40 x 40 mm?2.
for the single 7w unit showing 3 mV. To reach the output voltage, we optimized p-type and
n-type TE materials based on poly(3,4-ethylenedioxy thiophene) polystyrene sulfonate [4]
and tetrathiafulvalene 7,7,8,8-tetracyanoquinodimethane salt [5], respectively. Overall, we
attempt to re-arrange the well-established fabrication processes, such as photolithography,
fulfilling, and electrode deposition, to emergently fabricate the organic m-type TE modules.
In the presentation, we report the details of the optimized TE materials and the module
performances.

References

Mori T, Priya S. MRS Bull. 2018; in press.

Shindo T, Nakatani Y, Oishi T. Toshiba Rev. 2008; 63:7-10 (in Japanese).
Vining CB, Nat Mater. 2009; 8:83-85.

[4] Kim G-H, Shao L, Zhang K, et al. Nat Mater. 2013; 12:719-723.
Bubnova O, Khan ZU, Malti A, et al. Nat Mater. 2011; 10:429-433.
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Flexible TEG using Amorphous InGaZnO Thin Film

Mutsunori Uenuma*!, Kenta Umeda', and Yukiharu Uraoka!
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Abstract

Amorphous-InGaZnO is n-type semiconductor material and has enormous potential such
as a transparency and a flexible application owing to a low temperature sputtering process.
In this study, we demonstrated flexible TEG using a-InGaZnO and ITO electrode on PEN
substrate. The flexible TEG with heat guide was designed with 625 pairs of a-InGaZnO
and ITO uni-leg structure with heat guides. The heat guides were formed using KMPR
photoresist. The heat guide formed a temperature gradient in the in-plane direction of the
thin film and generated electrical power.

Keywords: flexible, oxide, thin film
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Interpretation of Frequency Response Analysis in
Thermoelectric Modules
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Abstract

Recently, impedance spectroscopy based on frequency response analysis has been em-
ployed to unambiguously elucidate the thermoelectric module properties under a practical
operating condition [1, 2]. Analysis of the impedance spectrum enables the determina-
tion of the thermoelectric module figure of merit, while enabling extraction of three key
parameters-the Seebeck coeflicient, thermal conductivity, and electrical conductivity by em-
ploying a one-dimensional heat equation. Furthermore, the resistive and capacitive processes
of thermoelectric elements can be identified and quantitatively compared from the impedance
spectrum for different thermoelectric modules to investigate thermoelectric carrier diffusion
properties.

Here, we present systematic investigations on the thermoelectric properties of Bi2Te3- and
skutterudite-based modules using impedance spectroscopy followed by the analysis of dis-
tribution of relaxation time and equivalent circuit analysis. The effects of temperature and
thermoelectric elements on the impedance spectroscopy data of thermoelectric modules are
also discussed in detail. Some of remaining challenges are outlined for the further research.

J. Garcia-Canadas and G. Min, J. Appl. Phys., 116, 174510 (2014).

C. Yoo, Y. Kim, J. Hwang, H. Yoon, B.J. Cho, G. Min and S.H. Park, Energy, in press
(2018). DOI: 10.1016/j.energy.2017.12.014

Keywords: Bi2Te3, skutterudite, impedance spectroscopy, thermoelectric properties, frequency
response analysis
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Separation structure and enhanced cooling
experiments of a TEM

Zheng Zhang*™, Dongbo Chen?, Delei Qin?, and Zijian Chen'

1School of Mechanical and Automotive Engineering — South China University of Technology,
Guangzhou 510640, China
2Guangzhou WANON Electric Machine Co., Ltd — Guangzhou 511400, China

Abstract

A thermoelectric generator (TEG) that uses fluid as a heat source and cold source, the
cooling mechanism of its thermoelectric modules (TEMs) is often more complex than the
structure of its high temperature components. In order to enhance the heat transfer process
of the TEG, maintain the compactness of its structure and the uniformity of the TEMs
temperature distribution, a new separate thermoelectric module (STEM) is proposed to co-
operate with the TEG. The STEM still uses electrodes made of BiTe, whose hot nodes and
cold nodes are connected by metal conductor, the circuit adopts series-parallel optimal con-
nection. These measures can not only reduce its resistance, but also allow its cold end to be
cooled in a more efficient way. In this paper, the basic principle of centralized and enhanced
cooling for the cold end of STEM is studied, and the influences of structure parameters and
cooling water temperature on its temperature are analyzed. The results show that although
STEM can’t improve the efficiency of thermoelectric conversion on TEG, it can enhance the
cooling effect and make the working temperature difference even more uniform.

Keywords: thermoelectric generator, enhanced cooling, experiment, module, separation structure
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From the ab-initio screening of ternary compounds
to the synthesis of HfCoP
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Abstract

Novel high performance and cheap materials are needed for developing thermoelectric
devices and extend them to a mass market. One way to answer this need is to improve
the figure of merit of thermoelectric materials which are already known. Another approach
focuses on identifying new materials which could exhibit promising properties. In our work,
we decided to follow the second approach by combining first-principles calculations and ex-
periments, in order to screen a large number of compounds. We thus investigated ternary
TMX intermetallic compounds, with T a transition metal, a rare earth or an alkaline earth
metal, M an element from the first line of the transition metal and X, a metalloid. A sys-
tematic study of crystal databases allowed us to identify four main structural prototypes for
this composition: TiNiSi (Pnma, 62), MgAgAs (F-43m, 216), BeZrSi (P63/mmc, 194)
and ZrNiAl (P-62m, 189). In order to screen among these four structural prototypes all
the possible TMX configurations (T (13) * M (9) * X (5)), we have used first-principles
calculations to identify those which are predicted as thermodynamically stable and semicon-
ducting. For these 570 configurations, the most stable structure among the four prototypes
was determined. In a second step, we looked more specifically at the TiNiSi structure-
type, which has been so far reported to display only metallic properties. Nonetheless, this
screening helped us identify one compound, HfCoP which does not present a metallic band
structure. HfCoP was thus synthesized by melting the elements (¢ = 6.272 A, b =3.669
A ¢c=7116 A) Its electrical resistivity indeed displays a semi-conducting behaviour and
confirms our theoretical work.

Keywords: First, principles calculations, Intermetallic
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Effects of Cu-substitution on Thermoelectric

Properties of Pseudogap Ternary Intermetallic
Compound TiNiSi
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Abstract

A material with a pseudogap at the Fermi-level in the density of states (DOS) has been
considered as a promising candidate of thermoelectric (TE) material which can operate
around room temperature. For instance, a full-Heusler Fe_2V(Al_1-zSi_z) compound with a
pseudogap shows a large power factor about 5.5x107-3 W/mK"2 around room temperature
(1). According to Landrum and Hoffmann’s report (2), a pseudogap can be identified from
the calculated DOS of TiNiSi with an orthorhombic structure. Hence, it is expected that
the TiNiSi compound could be a hopeful TE material which can be used around room tem-
perature. In this work, the effects of Cu-substitution for Ni-sites on TE properties of TiNiSi
are investigated.

Polycrystalline samples of Cu-substituted Ti(Ni_1-zCu_z)Si (z = 0, 0.05, 0.10, 0.15, 0.20)
compounds were synthesized by combining arc-melting and spark plasma sintering methods.
The crystal structure of the compounds was investigated by Rietveld analysis of powder
X-ray diffraction data. The electrical conductivity, Seebeck coefficient, and thermal conduc-
tivity were measured in the temperature range from 300 K to 800 K. The Hall coefficient
was measured at 300 K.

With increasing the Cu content, the TE properties of TiNiSi compound were improved; the
absolute value of the Seebeck coefficient and electrical conductivity both increased. Although
the thermal conductivity increased, the dimensionless figure-of-merit, 27, was enhanced by
the Cu-substitution. The highest 2T was achieved about 0.037 at 700 K for the 15% Cu-
substituted compound.

In the conference, the detailed results and discussion on the TE properties of Ti(Ni_1-
zCu_z)Si (z = 0, 0.05, 0.10, 0.15, 0.20) compounds will be presented.

References
(1) Y. Nishino, Mater. Sci. Forum., 449, 909 (2004).
(2) G. A. Landrum and R. Hoffmann, Inorg. Chem., 37, 5754 (1998).
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Electronic and thermal properties of Si-doped InSe
layered chalcogenides
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Abstract

Layered metal chalcogenide materials have been paid attention for potential thermoelec-
tric materials due to their intrinsic low thermal conductivity due to their weak atomic boning
between layers. Indium selenide InSe crystal is known to have low thermal conductivity in
range of _70.37 — 1.2 Wm-1K-1, while their intrinsic carrier concentration is quite low as
710714 cm-3 due to the relatively large bandgap of 1.2 eV. Therefore, InSe-based mate-
rials can be good candidates for thermoelectric materials, if the carrier concentration can
be increased by proper doping. Here, we investigated the electronic and thermal properties
of the series of Si-doped InSe, Inl1-xSixSe polycrystalline samples. The cation substitution
of Si increased electrical conductivity, while decreasing activation energy for the electrical
conductivity. The negative Seebeck coefficient increased as Si doping increases, resulting in
large enhancement in power factor. The slight reduction of thermal conductivity was also
observed by the doping. As results, the thermoelectric figure of merit zT value was expected
to higher than 0.2 at high temperature, which can offer possibility for InSe-based thermoelec-
tric materials. The improvement of thermoelectric properties is related with simultaneous
increase of ¢ and S with Si doping, which will be discussed based on the interrelationship
between two kinds of electrons contributing to charge transport in InSe; (1) high mobility
electrons in the conduction band and (2) low-moblity electrons in the 2D electric subbands.

Keywords: InSe, doping
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Data-driven materials design from large-scale
experimental data
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Abstract

Experimental data published in papers are seeds for materials informatics. However, most

of published experimental data are in plot images, and digitization of such data is difficult
by automatic programs.
In this study, we developed a web system named Starrydata, to collect the digitized exper-
imental data from plot images. Although this system relies on manual data collection, our
user interface dramatically improved the data collection speed. Our database contains over
2,300 samples, and 500 samples are added in each month. The target datasets were temper-
ature (7T') dependences of Seebeck coefficient S, electrical conductivity o (or resistivity p),
thermal conductivity , power factor PF, figure of merit ZT and carrier density n. Sample
composition were manually collected from text.

Digitization of plot data enables evaluation of missing parameters, such as p from o, and Z
from ZT and T. Pisarenko (S-n) plot and Jonker (S-lno) plot were generated, using many
more samples than past studies.

Combination of first-principles calculation and experimental data enables evaluation of more
parameters. Electron relaxation time

tauel was evaluated by dividing experimental o by calculated o/

tauel. We found that

tauel is strongly dependent on samples, and longer

tauel results in high ZT.

We carried out machine learning of the digitized data by using neural networks, to predict
the values of S, o, and n from chemical compositions. Our prediction of S achieved +10%
of accuracy, for 90% of the samples. This allows us to predict promising compositions to
achieve high ZT.

Keywords: thermoelectric materials, materials informatics, database, machine learning
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Origin of anomalous anisotropic thermoelectric
transport properties in alpha-NaFeO2-type
dO-layered complex nitrides

Isao Ohkubo*t1223 and Takao Morit

Unternational Center for Materials Nanoarchitectonics (MANA), National Institute for Materials
Science (NIMS) — 1-1 Namiki Tsukuba-shi Ibaraki, 305-0044 JAPAN, Japan
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3JST-PRESTO - 4-1-8 Honcho, Kawaguchi, Saitama 332-0012, Japan, Japan

Abstract

Layered crystals exhibit various properties that make them suitable as thermoelectric
materials. For example, layered chalcogenides, layered oxides, and misfit layered compounds
are promising materials for high-efficiency thermoelectric conversion. [1] There are several
layered complex nitrides, but they remain quite underdeveloped. Recently, we have evaluated
the thermoelectric transport properties of d0-layered complex nitrides, AMN2 (A = Sr2+,
Ba2+, Nal+, Cul+, M = Tid+, Zrd+, Hf44, Nb5+, Tab+) by density functional theory
calculations.[2-6] Among them, unusual isotropic or anisotropic electronic transport prop-
erties were found in alpha-NaFeO2-type d0-AMNZ2.[3,5,6] Despite the alpha-NaFeO2-type
layered crystal structure, all materials had three-dimensional electronic structures. SrZrN2
and SrHfN2 exhibited isotropic electronic transport properties because of the contribution
of the Sr 4d orbitals to the conduction band minimums (CBMs) in addition to that of the
Zr 4d (Hf 5d) orbitals. NaNbN2 and NaTaN2 showed weak anisotropic electronic transport
properties due to the main contribution of the Nb 4d (Ta 5d) and N 2p orbitals to the CBMs
and no contribution of the Na orbitals. Origins of the isotropic or anisotropic thermoelectric
transport properties in the alpha-NaFeO2-type AMN2 will be discussed.
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Metals with band gap as good thermoelectric
materials, a High-Throughput approach.

Francesco Ricci*!, Gian-Marco Rignanese!, and Geoffroy Hautier!

Unstitute of Condensed Matter and Nanosciences (IMCN), Universite Catholique de Louvain — Chemin
des Etoiles 8, B-1348 Louvain-la-Neuve, Belgium

Abstract

Most of the research in thermoelectrics is focused on small band gap semiconductor.
They usually show high Seebeck coefficient and can reach via doping high values of
conductivity in order to get a high power factor (PF) value.

On the other hand, metals are generally considered as bad thermoelectric materials.
However, among them some exceptions like La3Te4, Yb14MnSb11, NbCoSb are well known.
Indeed, looking at their band structure, all these materials are metals with Fermi

level crossing some bands, but a gap is present somewhere little above or below it.

This key feature makes these metals comparable to degenerate semiconductors and
suitable for TE applications.

Usually these few exceptions steamed from studying single semiconductor phases chemi-
cally

linked to them. Nowadays, though, High-Throughput (HT) DFT calculations allow

to have access to a large quantity of computed properties for thousands of materials.

This allows for large scale investigations screening materials according specific features.

In this work, exploiting the power of HT computational screening and using the band
structures and the transport properties available in Materials Project database,

we searched for metallic compounds (i.e., with a Fermi level crossing bands)

but with a band gap close to this Fermi level. We will show that thousands of metals
have this feature, part of them have a decent value of the PF and many of them can
reach very high values of PF as soon as the chemical potential is tuned through doping.
We will discuss the identified compounds and show that our approach opens a new way
to search for high performance thermoelectric materials within computational databases.

Keywords: metals, bandstructure, highthroughput, database, computation, dft, boltztrap
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Thermoelectric properties of reduced graphene oxide
(rGO) prepared under an electric field
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Shigeru Ymauchi?, and Hiroyuki Yamaguchi'!
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Abstract

Graphene, graphene oxide (GO) and reduced graphene oxide (rGO) are of great interest
as two-dimensional (2D) thermoelectric materials. Recently, Li et al. synthesized rGO film
with a reduction treatment at 3300 K and attained a extremely high conductivity and power
factor. On the other hand, we reported that applying an DC electric field during dry process
of GO solution increasd intensity ratio of G/D bands in Raman spectrum of rGO films.

In the present work, we studied the effect of an external electric field during film formation
on thermoelectric properties of rGO films with various thickness. Firstly, GO aqueous sus-
pension was spin-coated on UV ozone-treated SiO2 substrate at spin coating speed between
500 and 3000 rpm. The substrates with GO solution were dried at room temperature for
30 min under an electric field up to 1.1 kV/cm. Next, the reduction treatment was carried
out in ethanol vapor at 950 oC for 30 min. Film thickness was estimated by means of SEM
analysis and turned out to be 300-30 nm.

Electrical conductivity and Seebeck coefficient S were measured at room temperature. It
was found that S did not change with increase of electric field Edry applied during dry pro-
cess. This suggests small change in carrier density. Meanwhile, increased significantly with
increase of Edry. This tendency becomes more evident for the thinner film. The highest
value was attained to be 2300 S/cm for the film coated at 3000 rpm and dried under 1.1
kV/cm. These results can be explained as below. The directions of GO molecules could be
aligned under DC electric field due to the molecular polarization. The effect of DC field on
GO solution become more effective for thinner film. Therefore, crystallinity of thinner rGO
films synthesized under high DC field could be improved drastically which results in high
electrical conductivity.

Keywords: graphene, reduced graphene oxide, electric field, thermoelectric
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Pnp Conduction Switching and ultralow Thermal
Conductivity and Excellent Thermoelectric
Properties of Thallium Silver Chalcogenides

Yixuan Shi*! and Holger Kleinkef

!University of Waterloo [Waterloo] — 200 University Avenue West, Waterloo, ON, Canada N2L 3G1,
Canada

Abstract

Among the materials under thermoelectric investigation, thallium tellurides are bestowed
with extraordinarily low thermal conductivity. Here we report on our newest results in the
T1-Ag-@Q systems with Se and Te, specifically on variants of the Zr2Fel2P7 structure type.
T12Ag12Se7 crystallizes in a /3 X /3 x 1 super cell, while the corresponding telluride forms
an incommensurately modulated composite cell. As prepared, both materials exhibit small
deficiencies on the Ag positions, and the telluride comprises a Te excess with regards to the 2-
12-7 stoichiometry. Thusly, the formulae are best expressed as T12Ag12—xSe7 and T12Ag12-
xTe7+y. In accord with our electronic structure calculations, both materials are narrow gap
p-type semiconductors with ultralow thermal conductivity. The latter is especially true for
the telluride because of its incommensurate modulation. While the selenide’s thermoelectric
performance is inhibited by its low electrical conductivity, the telluride achieved figure-of-
merit values in excess of unity above 500 K.

Keywords: pnp switch, thermal conductivity, thallium chalcogenides
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A First-Principles Theoretical Study on the Potential
Thermoelectric Properties of MgH2, CaH2 and
YbH?2

Yunxia Wang*!, Hiroaki Muta'', Yuji Ohishi', and Ken Kurosaki'

! Graduate School of Engineering, Osaka University — Yamadaoka 2-1, Suita, Osaka 565-0871, Japan

Abstract

Most TE materials studied till now are around traditional systems and cannot meet the
requirements of application due to their low efficiencies or toxicity. Therefore, it is still under
urgently need to explore new kinds of TE materials, especially those with nontoxic and earth-
abundant elements considering the practical applications. Metal hydrides have been studied
for their potential as promising hydrogen storage candidates for the last 20 years but the TE
properties of these compounds have been rarely studied on calculations or by experiments.
According to previous studies, some of the hydrides are semiconductors. It is desirable to
predict the individual thermoelectric parameters and develop a fundamental understanding
of heat and charge transports in these compounds. In this paper, we studied the thermal
and electronic transport properties of MgH2, CaH2 and YbH2 systematically as examples
using first-principles calculations, Boltzmann transport properties, and a modified Slack’s
model. Our theoretical study showed that these hydrides could be potential thermoelectric
materials.

Keywords: First, principles calculations, Hydrides, Thermal properties
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A quality factor limit to zT

Evan Witkoske*!, Xufeng Wang!, Jesse Maassen?, and Mark Lundstrom!
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2Dalhousie University [Halifax] — 6299 South St, Halifax, NS B3H 4R2, Canada

Abstract

Recent years have witnessed steady increases in the thermoelectric (TE) material figure
of merit, zT driven by engineering materials to lower the lattice thermal conductivity, but
wider applications require still higher zT’s. Three of the four parameters in zT are electronic
transport coefficients, and complex TE materials and electronic structure engineering may
offer possibilities for increasing zT. We present a computational technique for identifying
promising materials. It provides a strong filter that can help identify especially promising
research directions as well as unpromising ones. The widely-used TE quality factor (the
B-factor) is based on an effective mass approximation. We generalize the B-factor (and
refer to it as the b-factor) so that it applies directly to complex TE materials with no need
to extract effective mass parameters. In the absence of bipolar effects, zT is a function of
the b-factor alone. Using a parabolic band reference, we compute the maximum zT (for
optimized doping) and plot it vs. the b-factor at the maximum zT. Large b-factors are
always beneficial, but we ask the question: ”At a given b-factor, are there complex TE
materials that offer a zT that is higher than that of a simple parabolic energy band?” We
then numerically compute the peak zT vs. b-factor characteristics for a number of complex
TE materials. Remarkably, all results are essentially identical to that of a simple parabolic
energy band. We also examine TE performance in 1D, 2D and for a single energy channel,
and show that these approaches provide no benefit. We do not, however, believe that this
behavior is fundamental. Identifying materials that exceed this apparent parabolic band
limit would open up new possibilities to increase zT.

Keywords: Figure of merit, Quality factor, B, factor

*Speaker

sciencesconf.org:ict2018:197142
37th International and 16th European Conference on Thermoelectrics



P.55 New Materials and New Materials Discovery Poster

Reliable High Throughput Electrical Transport
Calculations and Its Application in Thermoelectrics

Lili Xi', Xin Li!, Jiong Yang*™!, Qianying Yu', Tao Lv!, and Wenqing Zhang'?

"Materials Genome Institute, Shanghai University — No. 99, Shangda Road, Shanghai, China
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Nanshan District, Shenzhen, China

Abstract

In recent years, high throughput (HT) material screenings, represented by the materials
genome initiative proposed in 2011, have been ever important in the search of novel functional
materials. The key issues of successful HT prediction are two-fold, one is the application of
big data, the other is the proper HT algorithm for functional properties. In thermoelectric
(TE) field, several groups have made HT attempts on the predictions of electrical transport
properties. These pioneering works focus mostly on the big data results; the improvements
of the HT algorithm are, however, basically ignored. In this talk, we will briefly review
the current HT works on electrical transport properties, and then present our solution on
HT electrical transport properties. Our method, Transoptic, considers both the momentum
matrix method for accurate group velocities and the evaluations for carrier relaxation times.
The former ensures the accuracy when dealing with large cells, and the latter improves the
accuracy of carrier mobilities. The applications of this method on several types of materials
are demonstrated, and very accurate results can be seen in TE chalcogenides with diamond-
like structures.
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Structure and Thermoelectric Properties of 2D
Cr2Se3-3xS3x solid solutions

Tingting Zhang*!, Xianli Su', Yonggao Yan', Wei Liu', and Xinfeng Tang'!

'Wuhan University of Technology — No.122 Luoshi Road,Hongshan District, Wuhan City,Hubei
Province, China

Abstract

Chromium selenide (Cr2Se3), consisting of earth-abundant elements, is a new cost-
efficient thermoelectric material. In this study, a series of Cr2Se3-3xS3x (x = 0-0.1) solid
solutions was synthesized by solid-state reaction combined with the spark plasma sintering
(SPS) process. The correlation between sulphur substituted on selenium sites, the structure,
and the thermoelectric properties of Cr2Se3-3xS3x solid solutions was systematically investi-
gated. The solubility limit of S in Cr2Se3-3xS3x is about 10%. Through S substitutions, the
band gap has been increased, the Seebeck coefficient has been effectively increased, and the
lattice thermal conductivity has been substantially decreased. Mainly due to the remarkable
decrease in the lattice thermal conductivity, the ZT values of Cr2Se3-3xS3x (x = 0-0.1) solid
solutions have been increased. The maximum Z7T value of 0.29 has been achieved at 623 K
for the Cr2Se2.750.3 compound, which is by 32% higher than the ZT value of pure Cr2Se3.

Keywords: Cr2Se3, 3xS3x, 2D materialthermoelectric properties
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Secondary Phase Assisted Enhanced TE properties

and Controlled Microstructure in Chalcopyrite-type
CuGaTe2

Fahim Ahmed*!2, Naohito Tsujii’!, and Takao Mori*!:2

!National Institute for Materials Science (NIMS), MANA - Namiki 1-1, Tsukuba, 305-0044, Japan
2University of Tsukuba — 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577 Japan, Japan

Abstract

Novel materials and concepts are being investigated to try to develop viable thermo-
electrics [1]. Chalcopyrite family is well known for its high thermoelectric performance [2-4].
In our recent research we discussed high power factor in CuGal-zMnzTe as a result of in-
teractions between magnetic moments of Mn and charge carriers [4]. In this research work
we synthesized polycrystalline samples with composition CuGal-zFexTe2 with z = 0.0 to
0.05 by spark plasma sintering method [5]. Structural, thermal and thermoelectric transport
properties were measured and analyzed for all nominal compositions up to 870 K. Solubility
of Fe in CuGaTe2 was found to be very small, and other phases like FeTe2 and CuTe were
identified. These secondary phases assisted in tuning thermoelectric properties within the
certain limit. EPMA revealed secondary phase FeTe2 has grain sizes of a few micro meters,
and is distributed at the grain boundaries for z < 0.02. On the other hand, for z > 0.03 the
grain sizes of the FeTe2 phase develops to the order of 10 mm, comparable to the grain sizes
of the chalcopyrite-type phase. This microstructural change greatly influenced on thermal
conductivity. Thermal conductivity showed a significant decrease with the addition of Fe up
to z = 0.02, which started to increase for z > 0.03. ZT peak value of 0.92 is recorded for
z = 0.02 at 870 K, which corresponds to an enhancement of 60% from that of non-doped
CuGaTe2. We will present how controlling microstructure can be crucial in enhancing ther-
moelectric properties.
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Synthesis and thermoelectric properties of
(Nb,Ta,V)CoSn Half Heusler alloys

Francesco Aversano*!, Alberto Castellero!, Marcello Baricco!, and Mike Reece?

1University of Turin, Department of Chemistry and NIS — Turin, Italy
2Queen Mary University of London — London, United Kingdom

Abstract

Half Heusler alloys are intermetallic compounds with general formula ABX, where A is
a highly electropositive transition metal, B is a less electropositive transition metal and X is
a main group element. These materials include families with 8 and 18 valance electrons per
formula unit. According to ab-initio calculations [1], the stability of half-Heusler phases was
predicted for different combination of elements respecting the count of 18 valence electrons.
The focus of this work is on the family (V,Nb,Ta)CoSn, where VCoSn is predicted to be un-
stable while NbCoSn and TaCoSn are predicted to be stable, as confirmed by experimental
data [2,3].

The formation of the terminal half-Heusler phases (VCoSn, NbCoSn, TaCoSn) was studied
both in equilibrium and metastable conditions using different processing routes (arc melting,
rapid solidification, mechanical alloying). It was found that VCoSn is not an equilibrium
phase, while the NbCoSn and TaCoSn phases can be synthesized by arc-melting and me-
chanical alloying, respectively. In both cases, pure single phase was obtained after annealing.

Isoelectronic partial substitution of the site A was also performed in (V,Nb,Ta)CoSn in or-
der to obtain substituted or immiscible half-Heusler phases with enhanced phonon scattering.

Selected (V,Nb,Ta)CoSn were sintered by Spark Plasma Sintering (SPS) starting from dif-
ferent precursors to evaluated the effect of different processing routes on thermoelectric
properties.

R. Gautier, X. Zhang, L. Hu, L. Yu, Y. Lin, T.O.L. Sunde, D. Chon, K.R. Poeppelmeier, A.
Zunger, Nature Chem., 7 (2015) 308.
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(2016) 104804.
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Thermoelectrics for Lunar Energy Production,
development of MgAgSb as a low temperature
thermoelectric material

Julia Camut*!, Reinhard Sottong?, and Aidan Cowley!
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2Institute of Materials Research, German Aerospace Center (DLR) — D-51170 Cologne, Germany

Abstract

MgAgSb is a high performance thermoelectric (TE) material for harvesting energy from
heat sources at temperatures between 300 and 573K. While the research performed has
yielded very good results in terms of thermoelectric performance, the synthesis method used
in the publications are not suited to industrial production, and the heat treatment needed
to temper the material is too long to be viable in a large scale production process.

We attempt to produce a material of comparable quality with industrial production capacity.
We use melting, ball milling and hot pressing to produce the material. The results grad-
ually improve as we adjust various parameters such as composition, melting temperature,
ball milling parameters and several others. Only one of the samples makes a true break-
through and gets on par with desired properties, comparable to those published by Zhao et
al. (High thermoelectric performance of mgagsb-based materials. Nano Energy, pages 2211—
2855; PF=2.0E-3 W/mK? ZT=0.8K at 300K ; PF=2.2E-3 W/mK? ZT=1.2K at 500K). The
next step in the study of this process is the doping of the material with Te, for which the
first attempt gives a PF comparable to the previous values and a slightly lower ZT.

A second manufacturing procedure is studied, with the material being synthesized in two
steps: first magnesium and silver are reacted together in a gas atomizer, leading to the for-
mation of MgAg precursor. This compound is then mixed in a ball mill with pure antimony
and additional magnesium and pressed to form the final product. It has been notices that
this method gives equivalent properties to Zhao and al.’s publication when small amounts of
alumina (impurities) is found in the microstructure. The next step is to study the influence
of alumina on the microstructure and the properties by changing the amount we voluntarily
add to the ball-milling step.

Keywords: MgAgSh, thermoelectric, process, development, energy production, ball, milling, hot,
pressing, melting, gas atomisation
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Designing thermoelectric highly efficient Hf-free
p-type Heusler compounds via phase separation and
nano-composites

Benjamin Balke*™, Pingjun Ying!, Wenjie Xie!, and Anke Weidenkaff!

"nstitute for Materials Science, University Stuttgart — Heisenbergstr. 3 70569 Stuttgart, Germany

Abstract

Half-Heusler compounds are one of the most promising candidates for thermoelectric
materials for automotive and industrial waste heat recovery applications. In this talk, we
will give an overview about our recent investigations in the material design of thermoelectric
half-Heusler materials. Since the price for Hafnium was doubled within the last 2 years,
our research focusses on the design of half-Heusler compounds without Hafnium. We will
present a recent calculation on ZT per and efficiency per for various materials followed by
our very promising results for n-type half-Heusler compounds without Hafnium resulting in
20 times higher ZT/ values, which reduces the cost of TE materials used in a commercial
TEG by 90%, entering an economical meaningful scenario. We will show how we adapted our
knowledge from the n-type materials to design p-type Heusler compound without Hafnium
exhibiting similar thermoelectric properties. We will present how we used phase separation
to design thermoelectric highly efficient nano-composites of different single-phase materials.
Since any high temperature TE material will only be suitable for the mass market if the
material production and the module production is industrial upscalable, we will comment on
various upscaling approaches, their challenges, and how one could tackle these challenges.

Keywords: Heusler compounds, phase separation, Hf, free
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Synthesis and Thermoelectric Properties of
(Cel-zYbz)0.8Fe4-xCoxSb12 Skutterudites

Doek-Yeong Choi', Ye-Eun Cha*!, and Il-Ho Kim!

'Korea National University of Transportation — Chungju, 27469, South Korea

Abstract

Skutterudite is one of the promising materials for thermoelectric power generation because
it exhibits superior thermoelectric performance in the intermediate temperature range and
has both n-type and p-type materials. Thermoelectric properties for the filled skutterudite
can be improved through compositional optimization by filling and substitution: optimized
carrier concentration and charge compensation. In this study, p-type skutterudites were
prepared with the partial double filling of Ce-Yb and the partial substitution Co for Fe. (Cel-
zYbz)0.8Fed-xCoxSb12 (z = 0.25-0.75 and x = 0-1) were synthesized by using encapsulated
melting at 1323 K for 10 h. Ingots were annealed at 873 K for 24 h and then hot-pressed at
873 K for 1 h. Thermoelectric and transport properties were examined and discussed.

Keywords: thermoelectric, skutterudite, double filling, substitution
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Charge Transport and Thermoelectric Properties of
(Lal-zPrz)yFe4—xCoxSb12 Skutterudites

Ye-Eun Cha*!, Chang-Bong Lee!, and II-Ho Kim!

'Korea National University of Transportation — Chungju, 27469, South Korea

Abstract

Filled skutterudite is a thermoelectric material that reduces lattice thermal conductivity
by phonon scattering due to the rattling effect of atoms filled in the voids. Co4Sb12-based
n-type filled skutterudites have high thermoelectric performances but FedSb12-based p-type
filled skutterudites have relatively lower thermoelectric properties. Fe4Sb12 has only 68 va-
lence electrons with a deficiency of 4 valence electrons and thus it is unstable. However, it can
be stabilized as R4+ [Fe4Sb12]4— and Co or Ni charge compensation is sometimes employed
to improve the thermoelectric performance and to stabilize the electronic structure. Many
studies have been conducted to enhance the thermoelectric properties of p-type filled skut-
terudites. In particular, double- or multiple-filling reduces the lattice thermal conductivity
through a wider range of phonon scattering by filling two or more rare-earth elements in
the voids. In this study, La/Pr-partially-double-filled and Co-substituted (Lal-zPrz)yFed—
xCoxSb12 were prepared, and their thermoelectric and charge transport properties were
examined.

Keywords: thermoelectric, skutterudite, partial double filling, charge compensation

*Speaker
fCorresponding author: ihkim@ut.ac.kr

sciencesconf.org:ict2018:193188
37th International and 16th European Conference on Thermoelectrics


mailto:ihkim@ut.ac.kr

P.63 Other Materials Poster

Thermal conductivity of Fe2VAl-based superlattice
thin film
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Abstract

Fe2VAl-based compound (L21-type Heusler phase) has been widely investigated as one
of the most promising ”practical thermoelectric materials” due to the large power factor
reaching 6.5 mWm-1K-2 which is even larger than that of Bi2Te3-based thermoelectric ma-
terials. Besides, Fe2VAl-based compounds are composed of non-toxic and abundant elements
and characterized by good mechanical strength and strong resistance both for oxidation and
corrosion. These characteristics let us strongly believe that Fe2VAl-based compounds are
suitable for practical applications. Unfortunately, however, the figure of merit is still much
less than unity due to the high thermal conductivity. [K. Renard et al., J. Appl. Phys. 115,
033707 (2014); S. 1. Kim et al., Science 348, 109 (2015)]

We tried, in this study, to fabricate the artificial superlattice thin film in order to effectively
reduce the thermal conductivity, and investigated the phonon scattering mechanism in the
Fe2VAl-based thin films.

The epitaxially grown thin film samples were prepared by the radio frequency magnetron
sputtering technique on the MgO (001) single crystalline substrate. The deposited films
were characterized by high-resolution X-ray diffraction, scanning transmission electron mi-
croscope. We also employed the reciprocal space mapping around the 202 spot from the Mo-
layers and FeVAl-layers in Ta-doped FeVAl/Mo superlattice using hard X-ray synchrotron
radiation with 12.4 keV photon energy (wavelength is 0.1 nm) at BL15XU, SPring-8. The
thermal conductivity was evaluated using pico-seconds time-domain thermo-reflectance mea-
surements with the rear-heating front-detection configuration (PicoTR, PicoTherm Ltd.).
The effects of periodicity in superlattice, impurity scattering, boundary scattering on ther-
moelectric properties will be discussed at the presentation.

Keywords: Fe2VAl, Heusler, thermoelectric, reciprocal space mapping, time, domain thermo, re-
flectance
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Investigation on the Boron-rich compounds in the
RE-(Cr, Mo)-B systems

Sever Flipo*t!, Andreas Leithe-Jasper?, Roman Gumeniuk®, Tina Weigel', Ulrich
Burkhardt?, and Matej Bobnar?

!Technische Universitit Bergakademie Freiberg, Institut fiir experimentelle Physik — Leipziger Strafle 23
09599 Freiberg, Germany
2Max-Planck-Institut fiir Chemische Physik fester Stoffe — Noetnitzer Strasse 40, 01187 Dresden,
Germany

Abstract

Since years, Boron-rich compounds arouse a strong interest in the thermoelectric field,

in particular in the extremely high temperature range for power generation, due to the very
high melting point of such compound. [1]
Among them, the compound YCrB4 (Pbam, a=5,972 A, b=11,46 A, c=3,461 A [2]) were of
a special interest because of the semiconducting behavior. Interestingly YMoB4 has an elec-
trical resistivity with one more order of magnitude, a lightly more important thermopower
but a better power factor over 900 K. [3]

It would be interesting to dope this system with some rare-earth element (Y1-xRExCrB4)
to see how will evolve those properties, with the investigation of RE-(Cr, Mo)-B systems by

first, achieving the synthesis of a single phase and then proceed to the physical measure-
ments.

T. Mori, T. Nishimura, Journal of Solid State Chemistry. (2006) 179, 2908-2915

Yu.B. Kuz’'ma, Kristallografiya (1970) 15, 372-374
J.W. Simonson, S.J. Poon, Journal of Alloys and Compounds (2010) 504, 265-272

Keywords: YCrB4, Ternary boride, Boron rich
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Spark Plasma Sintered Bil-xSbx (x=0.10, 0.14)
alloys and their electronic transport properties
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Abstract

In this work, the electronic transport properties of polycrystalline Bil-xSbx (z=0.10, 0.14)
alloys were studied in the temperature range of 20-300 K. The alloys were prepared by Ball
Milling and transformed into pellets by Spark Plasma Sintering (SPS). The prepared sam-
ples displayed a negative Seebeck coefficient, indicating their n-type conductivity, and the
magnitude depends on the composition.

The temperature dependence of transport parameters, scattering coefficients and Fermi level,
were determined assuming that prepared alloys are non-degenerated semiconductors in the
temperature range where they displayed such one characteristic.

Outstandingly, the Bi0.86Sb0.14 alloy displays a semiconducting behavior in the entire 20-
300K temperature range, whereas, the Bi0.90Sb0.10 alloy exhibits metallic conductivity at
low temperatures (20-120 K) and semiconducting one at (160-300 K) temperature range.
The metal-like character of the Bi0.90Sb0.10 sample was attributed to the electron conduc-
tion trough the surface gapless states.

The thermoelectric properties such as, Seebeck Coefficient, electrical resistivity and power
factor for the Bi0.90Sb0.10 sample exhibited encouraging, FP= 1 W/mK2, S=-120 xV/K
and p=3pfd-m, in agreement with those have been reported for the state of the art .

Keywords: Bil, xSbx alloys, Fermi Level, scattering coefficient, gapless states
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Thermoelectric properties of CVD grown ytterbium
boride thin films with controlled crystallinity

Gabin Guélou*!, Maya Martirossyan?, Kazuo Ogata!, Takashi Aizawa!, and Takao
Morif?

!National Institute for Materials Science — Namiki 1-1, Tsukuba, 305-0044, Japan
2Harvey Mudd College — 301 Platt Blvd, Claremont, CA 91711, United States

Abstract

In parallel with the recent developments regarding bulk thermoelectric materials,[1] thin
film thermoelectrics offer new perspectives for different applications such as microsensors.
While some materials like Bi-Sb-Te derivatives or organic thin films have already shown
promising results at low temperature, there is a dearth of suitable high-temperature resis-
tant films. In this context, the general ability of boride materials to withstand such high
temperatures and the encouraging thermoelectric properties in SrB6 thin films are highly
promising prospects.[2,3]

Here, we report the rapid chemical vapor deposition of high-purity ytterbium boride thin
films with controlled crystallinity and their thermoelectric properties. An excellent power
factor of ~200 W m-1 K-2 at 573 K was measured on a highly orientated YbB6 thin film.

1 T. Mori, Small, 2017, 13, 1702013.

2 T. Tynell, T. Aizawa, I. Ohkubo, K. Nakamura and T. Mori, J. Cryst. Growth, 2016,
449, 10-14.

3 T. Mori, Chapter 238: Higher borides, K.A. Gschneidner, J.-C.G. B’,unzli, V.K. Pecharsky
(Eds.), Handbook on the Physics and Chemistry of Rare Earths, 38, Elsevier B. V., 2008,
105-173.

Keywords: Boride, Thin, film, CVD
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Bulk and thin film Heulser alloys - alternative
moderate temperature thermoelectrics

*I1 Ernst Bauer*!, Christoph Eisenmenger-Sittner?, Igor Knapp?,

Michael Poneder?, and Takao Mori**

Bernhard Hinterleitner

! Christian Doppler Laboratory for Thermoelectricity, Institute of Solid State Physics, Technische
Universitdt Wien — Wiedner Hauptstrasse 8-10, A-1040 Wien, Austria
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Wien, Austria
3University of Tsukuba — 1-1-1 Tennodai, Tsukuba, Ibaraki 305-8577, Japan
4National Institute for Materials Science (NIMS), MANA - Namiki 1-1, Tsukuba, 305-0044, Japan

Abstract

Fe2VAL-based Heusler systems are promising thermoelectric materials in the range of 70
to 3000C, due to their large power factor. The base material exhibits a gap in its electronic
density of states near the Fermi energy. Since the Fermi energy is located towards the va-
lence band, a hole-dominated transport is observed. By various means, like substitution and
doping, as well as by off-stoichiometric sample preparation, which results in small shifts of
the Fermi level, optimised p- and n-type materials have been prepared, exceeding the power
factor of Bi2Te3-based systems substantially. To reduce the thermal conductivity, which is
around a magnitude higher as in commonly used thermoelectric materials, metals of group 6,
like tungsten, were used for substitutions. Besides, depositing these materials as thin films on
different substrates, presumably reduce the overall thermal conductivity, too [1]. Magnetron
sputtering under reduced argon atmosphere was used for the coating process. The resulting
thin films were then heat treated at different temperatures and durations. Afterwards, the
structure was analysed by X-ray diffraction. The temperature dependent electric resistiv-
ity, Seebeck coefficient and thermal conductivity were measured in order to characterise the
physical behaviour. Here, we report on results of p- and n-type thin films deposited on
different substrates and summarise the thermoelectric properties of these systems. In fact,
the thermoelectric performance turns out to be significant enhanced.

Furuta, Yukihiro, et al. "Fe2VAl-based thermoelectric thin films prepared by a sputtering

technique.” Journal of Electronic Materials43.6 (2014): 2157-2164

Keywords: Heulser, thin film, thermoelectric
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Thermoelectric properties of Fe2Til-xVxSn Heulser
alloys
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Inerbaev?, Sergey Taskaev?, and Vladimir Khovaylo**5
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Abstract

Theoretical calculations [1] have predicted that a large (up to -300 pV/K) Seebeck co-
efficient can be achieved in Si or V doped Fe2TiSn alloys due to the change of the band
structure of the host compound. The aim of the present work is experimental and theo-
retical investigation of the influence of vanadium on thermoelectric properties of Fe2TiSn.
Polycrystalline ingots of Fe2Til-zVzSn (0 £ z £ 0.2) were prepared by arc melting method
in protective argon atmosphere. The obtained ingots were annealed in vacuum at 1073 K for
10 h. X-ray diffraction revealed that all the alloys crystallize in the L21 Heusler structure.
Measurements of electrical resistivity r, Seebeck coefficient S, and thermal conductivity k
performed in a temperature interval 300 — 973 K showed that ) r demonstrates behaviour
typical for semiconductors and non-monotonously depends on the V doping level; i) con-
trary to the theoretical predictions [1], V doping was found to have an immaterial impact on
the enhancement of S which did not exceed 30 /K in the studied temperature interval; 44)
thermal conductivity increases with increase in temperature. This increase is conditioned by
the charge carrier subsystem. Results of theoretical calculations of transport properties per-
formed in the framework of Boltzmann transport theory for the stoichiometric composition
are in qualitative agreement with the experimental results.

References:
S. Yabuuchi, M. Okamoto, A. Nishide, Y. Kurosaki, J. Hayakawa, Appl. Phys. Ezpress 6(2),
025504 (2013).

Keywords: Heusler alloys, transport properties, Seebeck coefficient
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p-type Al-doped Cr-deficient CrN thin films for
thermoelectrics
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' Thin Film Physics Division, Department of Physics, Chemistry, and Biology, Linkoping University —
Linkoping University SE-581 83 Link6ping, Sweden
2Riso National Laboratory for Sustainable Energy — P.O. Box 49 Frederiksborgvej 399 DK-4000
Roskilde Denmark, Denmark
3Institut Pprime, Département de Physique et Mécanique des Matériaux, UPR 3346, CNRS-Université
de Poitiers-ENSMA, SP2MI — Université de Poitiers — BP 30179, 86962 Chasseneuil-Futuroscope,
France

Abstract

Thermoelectric properties of chromium nitride (CrN) based thin films grown on c-plane
sapphire and MgO substrate by dcreactive magnetron sputtering were investigated. CrN
is well known as a degenerate n-type semiconductor. In this work, aluminum doping was
introduced in CrN using co-sputtering deposition. Under the present deposition conditions,
over-stoichiometry in nitrogen (CrN1+x) is obtained in the epitaxial rock-salt structure.
Structural, morphology and electrical characterization were performed on the different Cr-
deficient CrN films. The thermoelectric properties of the films depends on the substrate
nature and also on the aluminium content. The over-stoichiometry in nitrogen combined
with aluminum doping lead to a p-type semiconductor behavior of CrN, with promising
thermoelectric properties. For example, the Cr0.96A10.04N1.17 film exhibited a Seebeck
coefficient of +140 micro.V/K and a power factor of 0.3 mW/(m.K) at 300 oC. The control
of the semiconductor behavior of CrN films can be tailored by controling of the stoechiometry
and/or aluminum doping. These results are a starting point for designing p-type and n-type
thermoelectric materials based on chromium nitride thin film, a material cheap and routinely
grown at industrial scale.

Keywords: film, nitride, p type semiconductor, stoichiometry
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Performance of amorphous silica-based protective
layers on skutterudites in oxidizing atmosphere

Juliusz Leszczynski*!, Pawel Nieroda!, and Andrzej Kolezytiski!
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Mickiewicza 30, 30-059 Krakéw, Poland, Poland

Abstract

Abstract

A common issue of most thermoelectric materials designed for working at high tempera-
tures is their stability. Beside the structural and microstructural stability and durability
against separation of host atoms and dopants, which are necessary conditions to be met for
a particular material for application, chemical stability of interface of the TE material with
surrounding environment (air, vacuum, interconnectors) is the main challenge for materials
scientists. Skutterudites are well developed thermoelectrics with many beneficial properties,
which makes them good candidates for TE generators fabrication. However, pure CoSb3 de-
pending on the chemical environment undergoes decomposition or oxidation at temperatures
as low as 650K, thus it needs surface protection.

In our study we have used silica-based layers for surface protection of n and p-type skut-
terudites. Various thermal analysis techniques and SEM observations were used in order
to examine layer stability, sample-coating interface and material durability under long-term
annealing in the air. We show applicability range of this type of layers on skutterudites and
their further perspectives.

Acknowledgments
This research was supported by Polish National Science Center [Grant no. 2016/21/B/ST8/00409]
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Effect of Annealing on Sb Doping and Thermoelectric
Property of N-type Half-Heusler Compounds

Xiaoya Li*!, Lv Ping!, and Yun Yu?
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Abstract

Sb doping n-type half-Heusler thermoelectric materials Zr0.25Hf0.25T10.5NiSn1-xSbx by
direct arc melting method may cause problems such as uncontrollable doping amount and
unstable thermoelectric performance. A practical way was developed to combine high tem-
perature annealing and quenching according to the study on the effect of quenching temper-
ature and cooling rate on the microstructure and thermoelectric properties of the Sb doped
Zr0.25Hf0.25Ti0.5NiSn1-xSbx materials. By this method, the doping amount of Sb is con-
trolled and the lower melting point second phase is suppressed effectively, which leads to a
more stable thermoelectric performance of Sb doped Zr0.25Hf0.25Ti0.5NiSn1-xSbx materi-
als.

Keywords: N, type Half, Heusler, annealing temperature and cooling rate, Sb doping, thermoelectric

performance
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Structural stability and thermoelectric properties of
phosphides NiSi3P4 systems
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Abstract

In recent years, the computational performance increases more and more. The explo-

ration of novel thermoelectric (TE) materials using computational method is attracted as
an economically-efficiently material design. However, TE materials screened by the compu-
tational methods focusing on only TE properties tend to have the difficulty for its synthesis
or carrier doping in general.
We selected the mother phases of crystal structures experimentally reported in the Crystal-
lography Open Database. The structural stability of the substitution systems was evaluated
by comparison between total energy of the substitution systems and that of decomposed sys-
tems using density functional theory (DFT) calculation. The possibility of doping carriers
was evaluated from the shift of the chemical potential between the mother phase and the
substitution systems. After that, we chose the phosphides NiSi3P4 and the Ga substitution
NiSi3-zGazP4 as a typical example of carrier tuning under consideration of the structural
stability.

The density of states (DOS) of NiSi3-zGazP4 (z = 0, 0.042) was calculated using the
OpenMX software package based on DFT. For the DOS of z = 0, the chemical potential
locates in a forbidden band. For z = 0.042, the shape of the DOS is not so changed compared
to that of z = 0, and the chemical potential is shifted to the top of valence band.

We experimentally investigated the TE properties of NiSi3-xGazP4 (z = 0, 0.042). The
polycrystalline samples were synthesized using fusion method. When the z increases; the
electrical resistivity at 300 K decreases less than five-tenth of that of z = 0. These experimen-
tal and theoretical results indicate that the hole doping is occurred by the Ga substitution.
This material design under consideration of a structural stability for doping carriers using
DFT calculation develops the exploration of the novel TE materials.

Keywords: phosphides, DFT calculation, experiment
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Enhanced thermoelectric properties of Sb doped
ternary skutterudite
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Abstract

Substituting Ge and Te elements on the pnictogen site in the CoSb3 skutterudite struc-
ture yields a class of ternary CoGel.5Tel.5 compounds, in which Ge and Te form an ordered
ring structure. Analysis of the X-ray diffraction data reveals that CoGel.5Tel.5 adopt a
rhombohedral skutterudite-related structure. Due to the structural complexity as compared
with the binary skutterudite, the pnictogen substituted compound exhibit low thermal con-
ductivity (1.56 W/mK at 723K). However, due to low carrier concentration and bipolar
conduction in the n-type ternary compound, the zT was found to be low at high tempera-
ture. To overcome this issue Sb-doped CoGel.5Tel.5 was synthesized by conventional ball
milling method. By introducing Sb into the system, we are able to optimize the carrier
concentration, which resulted in two order improvement in electrical conductivity without
reducing the Seebeck coefficient. The Sb-doped CoGel.5Tel.5 also exhibited low thermal
conductivity (2.1 W/mK) and a maximum zT value of 0.48 was obtained at 723K.

Keywords: Skutterudite, Thermoelectric properties, thermal conductivity
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Contactless temperature measurement of
atomic-layered MoS2 single crystal supported on
silicon substrate
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Abstract

Thermoelectric (TE) power generation attracts much attention as one of energy har-
vesting technologies for utilizing low-scale energy. Improvement of TE performance of TE
materials holds the key to success of the utilization. The recent trend of increase in ZT is the
suppression of the lattice thermal conductivity by the introducing phonon scattering centers
into the TE material specimen. In order to give a clear picture of the thermal conductivity
suppression, we require the information of themal conduction and temperature distribution
in the nano-scale which is the same as phonon mean free path. From this point of view,
we have performed the temperature measurement of atomic-layered MoS2 single crystal by
using Raman scattering spectroscopy.

We prepared thin flakes of MoS2 single crystals with thickness ranging from 10 to 700 nm
by using mechanical exfoliation. These samples were mounted on a silicon substrate. We
have measured the Raman scattering spectrum by using Horiba T64000 spectrometer and
excitation laser with 532 nm. The temperature at the laser-spot on the MoS2 is calculated
by the ratio of the anti-Stokes and Stokes scattering intensities.

The laser spot temperature T increases linearly with rising laser power P. The maximum 7'
reaches _"600 K when P=200 mW in the case of 90 nm in thickness. The slope of T-P line
strongly depends on the MoS2 thickness. This result indicates that this method gives infor-
mation of thermal conduction through the thin MoS2 crystal. We will discuss the thermal
conduction in nano-scale based on the contactless temperature measurements.

Keywords: Contactless temperature measurement, atomic, layered MoS2, Raman scattering
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Determination of mass transport behavior and
electrode kinetic reaction for Spin Crossover (SCO)
complexes in thermoelectrochemical cells
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Abstract

The thermoelectrochemical Seebeck effect (Se) is analogous to the solid state thermo-
electric Se. In thermo-electrochemical cells (TECs), a potential arises when the potential
equilibrium between the electrolyte and two working electrode surface in a solution contain-
ing a redox active material is disturbed by the temperature gradient. The capability to tune
the electrochemical bandgap of the SCO material through manipulation of its spin state as
a function of temperature makes it valuable as an optimization strategy for designing high
power output TECs material. Three octahedral ionic complexes with N-donor ligands and
benzoate counter ion were synthesized and dissolved in solvent and supporting electrolyte
TBATFEB for 0.1mM electrolyte solution. The spin states of the metal complexes determine
both (i)the mass transfer characteristic (diffusion rate) of the TECs system, as defined by
its diffusion coefficient; (ii) the electrochemical bandgap energy. Both information can be
deduced by Cyclic Voltammetry (CV) and related back to the spin states and Se of the metal
complexes. For example, the Fe complex solution is able to produce a Se of (-0.9mV/K) at
328 K. This is due to the fact that the Diffusion rate of the Fe complex is highest, as well as
possessing the lowest electrochemical bandgap. In particular, the diffusion rate of the com-
plex shows two distinct gradients which represent the two stable molecular conformations
corresponding to the LS and HS states at the lower and higher temperatures respectively.
In summary, we have demonstrated the potential of tuning the Se depending on the choice
of metal centre if similar octahedral SCO metal complexes. Its application in practice TECs
can be extended by utilizing positive and negative Se solutions as potential "p” and "n” type
materials for TECs energy harvesting devices.

Keywords: Thermoelectrochemical cells, Spin crossover, Seebeck polarity, P, type, N, type
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Thermoelectric properties of synthesized under high
pressure Nd filled CoSb3-skutterudite
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Abstract

Thermoelectric properties of NdzCo4Sb12 (0 < z< 1.0), synthesized using high-pressure
techniques, have been studied. Although the binary skutterudites are known for their large
Seebeck coefficients and high hole mobilities, the lattice thermal conductivity is too high.
However, the partially filling of the voids with foreign atoms loosely bound produces "rat-
tling” and consequently, reduces the lattice thermal conductivity. As partially void filling
atoms, rare earth ions are effective in reducing the lattice thermal conductivity, while pre-
serving both of the Seebeck coefficient and the electrical conductivity. A preparation of
high-quality sample of Nd-filled CoSb3-skutterudite compound is quite difficult because of
the low melting temperature and high vaper pressure of Sb. Furthermore, this causes impu-
rity phases easily. High-pressure synthesis technique is one of the best technique to prepare
high-quality samples of filled skutterudite compound. Moreover, the high-pressure technique
increases filling limit of foreign ions in CoSb3-skutterudite structure. In this study, we report
the thermoelectric properties of NdzCo4Sb12, with high filling ratio, prepared under high
pressure.

Keywords: High, Pressure Synthesis, CoSb3, Skutterudite, Thermoelectric Properties, Thermal
conductivity, Rattling effect.
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Evaluation of Galvano-and thermo-magnetic effects
in sintered Bi-Sb alloy

Masayuki Murata*! and Atsushi Yamamoto?

!National Institute of Advanced Industrial Science and Technology (AIST) — Central2, 1-1-1 Umezono,
Tsukuba, Ibaraki 305-8568, Japan

Abstract

Bi-Sb alloys show a strong thermomagnetic effect such as the magneto-Seebeck effect and
Nernst effect. Wolfe et al. reported high dimensionless figure of merit ZT of 1.28 at 220
K in 1.7 T using a single crystal of Bi88Sb12 alloy [1]. We also reported the experimental
results of the magneto-Seebeck coefficient in a sintered Bi90Sb10 alloy, and it was success-
fully explained by the theoretical calculation [2]. As a next step, this study focuses on the
Galvano-and thermo-magnetic effect in a sintered Bi-Sb (Sb 23 at.%) alloy. A sintered Bi-Sb
pellet was prepared by Spark Plasma Sintering (SPS) method. The electrical resistivity, Hall
coefficient, Seebeck coefficient, Nernst coefficient and thermal conductivity in the magnetic
field are evaluated.

References:

R. Wolfe and G. E. Smith, Effects of a magnetic field on the thermoelectric properties of a
bismuth-antimony alloy, Applied Physics Letters, 1, 5 (1962).

M. Murata et. al., Magnetic-field dependence of thermoelectric properties of sintered Bi90Sb10
alloy, Journal of Electronic Materials, 45, 1875 (2016).
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The Investigation of Mg2Sn Thin Film Material for
Heat Energy Conversion Applications in Room
Temperature Range

Mikihiko Nishitani*! and Yukihiro Morital!

1Osaka university — 2-1 Yamadaoka Suita Osaka, Japan

Abstract

The various wearable devices for real time monitoring of vital information are researched,
and part are being put to practice use. In this study, we especially focused on the Mg2Sn
material to be able to expect a high TE characteristic shown in Room Temperature ( RT )
range, and carried out the research of the thin film process to fabricate the TE device on
the glass substrate or other flexible substrate. We have the high quality single phase ( cubic
crystal ) Mg2Sn thin film with the conventional magnetron sputtering process at 550C on
the glass substrate followed by the deposition of very thin metal layer of Ag at RT with the
sputtering which we introduce to try to control the conduction type ; Ag as a p-type dopant.
The thickness of the Ag film was less than several 10 nm and the sintered Mg2Sn compound
target was used in this sputtering process. We confirmed the single phase of the Mg2Sn films
with XRD measurement, and the almost uniform distribution of the dopants (Ag) in the
Mg2Sn films with the depth profile measurements of XPS. We speculate that the existence
of Ag metal thin layer on the glass substrate controls the stacking of the film growth in the
initial stage and then the dopants Ag are diffused into the film during the following growth
process. Electrical p-type conductivity ( ¢ ) is increased with the doping of Ag. In the case
of the Mg2Sn film doped 5 atomic% of Ag, ten times higher compared with undoped one.
Despite the prediction from the theoretical point of view, Seebeck coefficient ( S ) is slightly
increase on the Mg2Sn film with the 5 atomic% content of Ag, compared with the undoed
one. Power Factor ( = S*S o ) of the Ag doped film shows about 3x10-4 W/K2/m at around
300K. Further improvements will be expected by co-doping such as Co, Ni and Cu. So far,
we have the result that the co-doping Co with Ag for Mg2S thin film is much effective to
enhance the Power Factor.

Keywords: Mg2Sn, thin film, Ag, doping, co, doping
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Morphology control of colloidal gropu(IV)
nanoparticles via low-temperature synthesis from
benign organogermanium halide reagents
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Abstract

Group IV semiconductor nanoparticles (NPs), such as Si, Ge, or SiGe, are gaining increas-
ing interest in many fields, including batteries, photovoltaics, and thermoelectrics due to the
size dependence of their properties that arise in the quantum confinement regime. Through
nanostructuring and controlling stoichiometry, we aim to gain a higher degree of control over
the electrical and thermal conductivity, in addition to being able to tune features such as the
band gap energy and its position. One critical scientific goal is to enhance the performance
of these materials via engineering their structures at the nanoscale. However, it has proven
challenging to synthesize group (IV) nanomaterials with high quality and low cost, in ad-
dition to concerns revolving around synthetic scalability, safety, and environmental impact.
We have been investigating a new synthetic scheme that combines benign reagents such as
sulfur and primary amines to promote the reduction of Si(IV) and Ge(IV) organometal-
lic precursors to form NPs at low temperatures (300 oC). We have elucidated the reaction
mechanism and examined the effects of different variables, including the temperature, the
solvating species, the Si and Ge precursor materials and their relative concentrations, among
others, on the resulting morphology. These variables allow for control over the particle size
and crystalline or amorphous nature of Ge, Si, and SiGe NPs. Ultimately, we aim to use
these materials as high-temperature thermoelectrics with controlled properties.

Keywords: Nanoparticles, Amorphous, Crystalline, Germanium, Silicon, Sulfur, Colloidal synthesis
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Magnetic instability in heavily n-doped Fe-based
full-Heusler com-pounds for thermoelectric
applications

Fabio Ricci*™!, Sébastien Lemal®, Matthieu Verstraete!, and Philippe Ghosez!

ITheoretical Material Physics, Q-MAT, CESAM, University of Liege — Allée du 6 Aotut 19, B-4000 Sart
Tilman, Belgium

Abstract

Fe2Y7Z full-Heusler compounds were recently predicted from density functional theory
(DFT) simulations to exhibit very large thermoelectric power factor (PF), promising for
thermoelectric applications [1]. Their fundamental property is the simultaneous ”flat-and-
dispersive” character [2] of the Fe eg bands that can be engineered to increase PF under
n-doping [3]. However, the consequences of explicit n-doping in these compounds has not
been carefully investigated yet. Here, we study Fe2YZ1-xAx (Y=V, Ti, Ta, Nb, Z=Al, Si,
Sn, Ga and A=Si, P, Sb, Ge) doped compounds from DFT using both Hybrid Functionals
and GGA+4U methods, and highlight in some cases the appearance of a Stoner instability
inducing a half-metal ferromagnetic phase. This transition is shown to be strictly linked to
the Fe-eg and Y-site eg orbital hybridization and to have an electronic origin, which does
not depend on the nature of dopants. In fact, using a model exploring different relative
positions of those Fe-eg and Y-site eg levels, we rationalize that different regimes (non-
magnetic or magnetic) can be activated by electronic doping. Although the magnetic phase
exhibits a lower PF, reducing the number of carriers available at the Fermi level, its value
can remain promising for thermoelectric applications. In addition, we elucidate how to
engineer the band structure of these compounds searching for a good compromise among
the eg states arrangement at the conduction band, the carrier density and the appearance
of the ferromagnetic phase. Finally, the Stoner instability in these materials could provide
useful half-metallic ferromagnetic systems with coupled thermomagnetic responses. Work
supported by FEDER and Walloon Region through the project LoCoTED. References [1]
Phys. Rev. B 83, 205204 (2011). [2] Proc. Natl. Acad. Sci. USA 93, 7436 (1996). [3] Phys.
Rev. Lett. 114, 136601 (2015).

Keywords: Heusler, Full, Heusler, DFT, Theory, Doping
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Effect of Lattice Defects on the Seebeck Coefficient
of Mg2Sn

Wataru Saito*!, Hayashi Kei™, and Yuzuru Miyazaki'

1Department of Applied Physics, Graduate School of Engineering, Tohoku University — 6-6-05,
Aramaki-Aza-Aoba, Aoba, Sendai, Miyagi 980-8579, Japan - Japan, Japan

Abstract

Recently, we succeeded in analyzing lattice defects in Mg2Si: a small amount of Mg
existed at an interstitial site of Mg2Si. In this study, we focused on Mg2Sn that has an
identical crystal structure with Mg2Si. The Seebeck coefficient (§) of Mg2Sn measured at
room temperature (R.T.) ranges from -250 to 300 4V /K depending on researchers. Although
it is believed that lattice defects in Mg2Sn affect the S value, their amounts and effects on
S were not fully understood yet. Hence, we investigated the relation between lattice defects
and S of Mg2Sn by using single-crystal X-ray diffraction and measuring S at R.T. Mg2Sn
single crystals were prepared by using the melt growth method under (A) vacuum and (B)
Ar 1.3 atm. Furthermore, Mg2Sn polycrystalline samples were prepared by using the spark
plasma sintering method, and subsequently annealed at 100, 200, 300, 4000C for 1h. The
S values of the single crystals (A) and (B) were 11 4V /K and 138 yV/K, whereas that of
polycrystalline samples gradually decreased in its absolute value from —230— pV/K to
—204— pV/K with increasing annealing temperature. From the results of single-crystal
XRD, it was found that Mg deficiency at a (1/4 1/4 1/4) regular site (VMg) existed in all
samples. The amount of VMg of the single crystals (A) and (B) were 6.0(13) % and 7.8(17) %,
respectively. For the polycrystalline samples, the amount of VMg gradually increased from
1.4(11) % to 3.3(17) % with increasing annealing temperature. Since VMg is an accepter-
type defect, it is considered that the hole carrier concentration increases with increasing the
amount of VMg. The increase in hole concentration results in a change of the sign of S5,
being consistent with the dependence of S on the amount of VMg of the prepared samples.
Thus, it is concluded that the S value of Mg2Sn can be controlled by tuning the amount of
VMg.

Keywords: Mg2Sn, Mg deficiency, Single crystal X ray diffraction
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Cryostat for the measurement of absolute Seebeck
Coefficient using high-temperature superconducting
reference material and Thomson heat

Takeshi Shimazaki*T!, Yasutaka Amagai', Tatsuya Kawae?, and Hiroyuki Hujiki'

!National Metrology Institute of Japan (NMIJ), National Institute of Advanced Industrial Science and
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2Kyushu University — 744 Motooka Nishi-ku Fukuoka 819-0395, Japan

Abstract

Seebeck coefficient is one of the properties that characterize the thermoelectric material
and is used to evaluate the performance of the material. We have developed a cryostat for
measurement of absolute Seebeck coefficient of bulk material sample. The cryostat has a
capability to measure the Seebeck coefficient of materials using a superconducting material
as a reference material. It is also capable to measure the Thomson heat. By combining those
capability, the absolute Seebeck coefficient can be obtained for wide temperature range. The
cryostat can be operated with liquid helium or liquid nitrogen or without those liquid cryo-
gen depending on the operational temperature. The range of the operational temperature is
designed to be from near 1 K to 320 K. Currently, the cryostat is mainly operated with liquid
nitrogen. For Thomson heat and precise Seebeck coefficient measurements, highly stabilized
sample temperature control is required. The sample stage in the cryostat is surrounded by
temperature-stabilized double thermal shield. The temperature stability at the sample stage
of an order of mK can be obtained at 90 K for example. The configuration of the sample
stage can be modified depending of the measurement requirements by changing the sample
holder unit. When a high-temperature superconductor is used as a reference material, the
absolute Seebeck coefficient of the sample can be directly measured below its superconduct-
ing transition temperature [1, 2]. Above the superconducting transition temperature, the
sample holder was configured for Thomson heat measurement and then the absolute Seebeck
coefficient was calculated. Detailed configuration of the cryostat, characteristics and basic
measurement results will be discussed in this paper.

C. Uher, J. Appl, Phys., vol. 62, 4636, 1987.

J. Martin et al., J. Appl. Phys., vol 108, 121101, 2010.

Keywords: Cryostat, absolute Seebeck Coeflicient, Thomson heat, temperature control, high, tem-
perature superconducting reference material
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Uncertainty evaluation in thermoelectric
characterization based on the microdevice technique

Hosun Shin*™', Seong Gi Jeon!, and Jae Yong Song*!

'Korea Research Institute of Standards Science — Gajeongro 267, Yuseong-gu, Daejeon, South Korea

Abstract

Nanostructures are used to improve the thermoelectric figure-of-merit by phonons scatter-
ing at interfaces without scattering of charge carriers. Since thermoelectric characterization
for nanostructured materials are challenging due to their dimensions, various approaches
have been proposed, such as microdevice technique, Raman spectroscopy, TDTR, SThM,
etc. However, these methods require specific conditions and assumptions to determine the
thermoelectric parameters from meausrement results, which may lead to a large uncertainty.
In this work, the thermoelectric properties of black phosphorus nanosheet were measured
using a suspended-type microdevice. We evaluated the uncertainty of the Seebeck coeffi-
cient, electrical conductivity, and thermal conductivity according to the law of uncertainty
propagation.

Keywords: Uncertainty analysis, microdevice technique, black phosphorus
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Enhanced thermoelectric performance and
high-temperature thermal stability of p-type
Ag-doped (-Zn4Sb3

Lirong Song*!', Anders Blichfeld?, Jiawei Zhang!, Hidetaka Kasai®, and Bo Iversen'!

!Center for Materials Crystallography, Department of Chemistry, Aarhus University — Langelandsgade
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Abstract

B-Zn4Sh3 is a well-known thermoelectric material in the intermediate temperature range
(400-700 K), showing excellent TE performance as well as nontoxic, earth-abundant and
cheap chemical elements. Here we present that the thermoelectric properties of bulk 3-
Zn4Sb3 can be improved by Ag doping at the Zn sites in the range 300-575 K [1]. Proper
Ag doping leads to decreased electrical resistivity and increased Seebeck coefficient, thus
resulting in a large improvement in power factor. Owing to Ag doping, the figure of merit,
2T, has a considerable enhancement although the thermal conductivity is slightly increased.
(Zn0.9925A¢0.0075)4Sb3 exhibits a promising 27T of around 1.2 at 575 K, which is supe-
rior to most previously reported p-type doped Zn4Sb3 materials. Furthermore, the high-
temperature thermal stability is studied in detail. The (Zn0.9925Ag0.0075)4Sb3 bulk sam-
ple does not decompose even when the temperature is elevated to 793 K in vacuum. When
the bulk sample is heated to 573 K in air, (Zn0.9925Ag0.0075)4Sb3 is also stable, unlike
undoped Zn4Sb3 where Zn whiskers come out of the surface. In-house in situ powder X-ray
diffraction (PXRD) and multi-temperature synchrotron PXRD (up to 793 K) reveal that
the undoped Zn4Sb3 powder sample starts decomposing into ZnSb at 473 K if exposed to
the air and it is fully decomposed into ZnSb, ZnO and Sb after cooling down from 793 to
300 K. Nevertheless, there is about 24 wt.% Zn4Sb3 preserved in the (Zn0.995A¢0.005)4Sb3
powder sample after the same heat treatment, while only about 6 wt.% Zn4Sb3 remains in
(Zn0.99Ag0.01)4Sb3. The above results indicate that proper Ag doping leads to enhanced
high-temperature thermal stability in 5-Zn4Sh3.

References:
L. Song, A. B. Blichfeld, J. Zhang, H. Kasai, B. B. Iversen, J. Mater. Chem. A, 6, 4079-4087
(2018).

Keywords: Ag doped Zn4Sb3, enhanced thermoelectric performance, in situ XRD, synchrotron
PXRD, improved thermal stability
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High-temperature thermoelectric properties of the
half-Heusler phase ScNiSb

*T1 Kamil Ciesielski', Igor Veremchuk?, Leszek Kepinski!, Yuri Grin?,

and Dariusz Kaczorowski!
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Abstract

Half-Heusler (HH) phases with rare-earth constituents have recently been recognized as
possible candidates for thermoelectric materials, applicable at high temperatures. In this
work, we studied the thermoelectric properties of the HH antimonide ScNiSb that previously
was investigated only below 400 K. A single-phase sample was obtained by arc-melting pure
elements. In the next step, the ingot was hand-milled to the fine powder and compacted
using spark plasma sintering technique at 950 oC and uniaxial pressures 100 MPa. The so-
prepared bulk specimen was examined by X-ray diffraction and scanning electron microscopy
with energy-dispersive analysis. No phase decomposition or structural transformation of the
MgAgAs-type single-phase material was found. Measurements of the thermopower, electrical
resistivity, and thermal conductivity were performed in the temperature range 350-950 K.
The material is p-type conductor with a positive values of the Seebeck coefficient with a
remarkably enhanced magnitude of about 240 mV /K near 450 K. On the other hand, the
measured electrical resistivity values are relatively high (83 mWm at 350 K) resulting rather
small values of the power factor (less than 0.9 x 10-3 Wm-1K-2) in the temperature range
examined. Furthermore, the thermal conductivity is high with a local minimum about 6 Wm-
1K-2 near 600 K. Altogether, the dimensionless thermoelectric figure of merit of our ScNiSh
sample was below 0.1 in the entire temperature range studied. This work was supported by
the National Science Centre (Poland) under research grant no. 2015/18/A/ST3/00057.

Keywords: ScNiSb, half, Heusler
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First principles analysis of the power factor in
RZnAsO (R=La, Bi, Y)

Yuto Tokunaga*™!, Hidetomo Usui', and Kazuhiko Kuroki'
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Abstract

Good thermoelectric materials have high efficiency evaluated by the dimensionless figure
of merit ZT = (6S2/)T, where o, S, , and T are the electrical conductivity, Seebeck coeffi-
cient, thermal conductivity, and temperature, respectively. Recently, it has been found that
BiCuSeO has a high dimensionless figure of merit ZT _~ 1.1 at 923K [1]. Thermoelectric
properties of BiCuSeO are characterized as low thermal conductivity _~ 0.5 Wm-1K-1 at
around 900K while the power factor 0S2 -~ 6 pWecm-1K-2 is moderate [1]. The experimental
results are well explained within the first principles calculations [2,3].

In the present study, we theoretically study the thermoelectric performance of RZnAsO
(where R is one of La, Bi, and Y) from the band structure point of view. BiCuSeO and
RZnAsO are isotypic with tetragonal ZrCuSiAs (space group: P4/nmm), therefore RZnAsO
can be a promising candidate for a thermoelectric material. RZnAsO has a crystal structure
with alternating conducting ZnAs layers and RO layers. It is found that the anisotropy of
the valence band structure of BiZnAsO and YZnAsO around the Fermi level is larger than
that of LaZnAsO, and the highest valence band of BiZnAsO and YZnAsO has the “pudding
mold type” band structure, which was discussed in a thermoelectric material NaxCoO2 (ZT
> 1) [4]. We also found that the conduction band of YZnAsO has a multi-valley band
structure, and the power factor of YZnAsO with electron doping is comparable with that
of YZnAsO with hole doping. We will discuss the band structure and the power factor of
RZnAsO in detail.

J. Li et al., Energy Environ. Sci. 5, 8543 (2012).

J. Ding et al., NewJ. Phys. 17, 083012 (2015).

D. Zou et al., J. Mater. Chem. A, 1, 9999 (2013).

K. Kuroki and R. Arita, J. Phys. Soc. Jpn. 76, 083707 (2007).

Keywords: First principles calculations, Boltzmann equation, ZrCuSiAs structure
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Optimisation of the thermoelectric properties of
Heusler Fe2VAl-based compounds through
off-stoichiometry strategies
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Abstract

Using the thermoelectric technology for large scale applications requires thermoelectric
(TE) materials that are efficient but also abundant, non-toxic, and cheap. Fe2VAl-based
compounds fulfil these requirements in a temperature range that is suitable for many indus-
trial energy harvesting applications (RT-600K). The Seebeck coefficient of such compounds
can be tuned from positive to negative values by doping or by applying departures from the
stoichiometric composition. Indeed, p- and n-type materials are needed in order to build
TE modules. In the present work, off-stoichiometric Heusler Fe2VAl-based compounds are
explored in order to find the optimised Fe-V-Al compositions for a given application, i.e.
in a targeted range of temperatures. It has been shown that describing the evolution of
the Seebeck coefficient as a function of the concentration in valence electrons (VEC) is not
appropriate as rigid-band shift behaviours do not apply for any type of off-stoichiometry.
We suggest here to represent the Seebeck coeflicient as a function of the actual composition
on ternary diagrams, for a given temperature. It brings the opportunity to have a quick
overview of the best compositions, but also of the effect of specific off-stoichiometry strate-
gies on the TE properties. It is worth noting that, in addition to the Seebeck coefficient, it is
of primary importance to take into account the electrical conductivity and thermal resistivity
when optimising the composition.

Keywords: Heusler compounds, Fe2VAl, offstoichiometry strategies, ternary diagrams, Seebeck
coefficient, power factor
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Interplay of secondary phases on the thermoelectric
properties of ternary skutterudite thin films
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Abstract

Materials with skutterudite structure are potentially useful for thermoelectric applica-
tions due to their novel transport properties. In this study, ternary skutterudite Sb-doped
Co-Ge-Te has shown to possess large power factor due to the tuning of the amount of sec-
ondary phases present in the films. By depositing our film on different substrate, we are
able to produce films with varying composition of these secondary phases, which has shown
to affect its thermoelectric transport properties. Using x-ray diffraction analysis, we were
able to distinguish the amount of phases in the films and correlate to the existing electronic
transport property. Furthermore, the temperature-dependent Hall measurement, which pro-
vide information on our carrier concentration and mobility, also corroborates the effect of
the secondary phases in our thermoelectric properties. Lastly, using transmission electron
microscope, we were able to demonstrate the distribution of secondary phases in our system.

Keywords: skutterudite, secondary phases, thin films
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Enhanced Thermoelectric Performance in
18-Electron Nb0.8CoSb Half-Heusler Compound
with Intrinsic Nb Vacancies
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Jiazhan Xin!, and Junjie Yu!
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Abstract

Typical 18-electron half-Heusler compounds, ZrNiSn and NbFeSb, are identifed as promis-
ing high-temperature thermoelectric materials. NbCoSb with nominal 19 valence electrons,
which is supposed to be metallic, is recently reported to also exhibit thermoelectric prop-
erties of a heavily doped n-type semiconductor. Here for the frst time, it is experimentally
demonstrated that the nominal 19-electron NbCoSb is actually the composite of 18-electron
Nb0.84+6CoSb (0 < § < 0.05) and impurity phases. Single-phase Nb0.84+0CoSb with intrinsic
Nb vacancies, following the 18-electron rule, possesses improved thermoelectric performance,
and the slight change in the content of Nb vacancies has a profound effect on the thermo-
electric properties. The carrier concentration can be controlled by varying the Nb defciency,
and the optimization of the thermoelectric properties can be realized within the narrow pure
phase region. Benefting from the elimination of impurity phases and the optimization of
carrier concentration, thermoelectric performance is remarkably enhanced by ~100% and a
maximum zT of 0.9 is achieved in Nb0.83CoSb at 1123 K. This work expands the family
of half-Heusler thermoelectric materials and opens a new avenue for searching for nomi-
nal 19-electron half-Heusler compounds with intrinsic vacancies as promising thermoelectric
materials.

Keywords: half Heusler, thermoelectric, NbCoSb, nonstoichiometry, vacancies
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Synthesis and characterization of high performance
thermoelectric material MgAgSb
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Abstract

Over a half-century, the compound that exhibits the highest thermoelectric performance

at room temperature is Bi2Te3 system. Although the record has not been rewritten yet,
the performance has been drastically improved at a temperature region of around 500 K.
Particularly, MgAgSb exhibit maximum Z7T value of ZT = 1.4 at 525 K [1]. Great interest
has been attracted in MgAgSb because of its high performance, though only a few groups
has reported its thermoelectric properties. Synthesis of its high purity polycrystal is difficult
because it is a low temperature phase appearing below T = 560 K with the space group of
Ic2. We, thus, try to establish reproducible synthesis method of a-MgAgSb.
We synthesized a-MgAgSb samples by using melting method followed by hot press. Opti-
mum condition was explored to eliminate impurity phases. Thermoelectric properties of the
obtained samples were examined. Details will be discussed in the conference. [1] Zihang Liu
et al., Acta Mater., 128, 227 (2017).

Keywords: MgAgSb, melting method
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Effect of rapid solidification on the thermoelectric
properties of (Ti,Zr)NiSn half-Heusler alloys

Francesco Aversano', Alberto Ferrario?, Stefano Boldrini?, Carlo Fanciulli®, Marcello
Baricco', and Alberto Castellero*!

1University of Turin, Department of Chemistry and NIS — Turin, Italy
2CNR - ICMATE, Unita di Padova — Padova, Italy
3CNR — ICMATE, Unita di Lecco — Lecco, Ttaly

Abstract

Thermoelectric (Ti,Zr,Hf)NiSn half-Heusler compounds reveal high Seebeck coefficient
and electrical conductivity, that lead to high power factor. However, high values of thermal
conductivity reduce overall performance. To reduce lattice thermal conductivity, develop-
ment of point defect or grain boundary scattering was suggested, leading to increased phonon
scattering [1].
In this work, we investigated the effect of rapid solidification on the microstructure refine-
ment of TiNiSn and ZrNiSn and the solubility limits in (Ti,Zr)NiSn with the aim to enhance
phonon scattering.

Master alloys were prepared by arc melting of pure elements. Rapid solidified ribbons were
obtained by planar flow casting with different wheel speeds (10, 20, 30 m/s). Rapid solidified
ribbons were crushed into powders and sintered in pellets. As a reference, bulk materials were
prepared by annealing the arc melted ingots.

In as quenched TiNiSn, the fraction of half-Heusler phase, obtained by X-ray diffraction,
progressively increases with increasing wheel speed, suggesting that formation of primary
TiNi2Sn is hindered by undercooling of the liquid.

ZrNiSn half-Heusler phase is obtained directly by solidification due to congruent melting.

Both rapidly solidified and annealed (Ti,Zr)NiSn samples show the miscibility gap between
ZrNiSn and TiNiSn. However, rapid solidification causes Ti supersaturation in Zr-rich
(Ti,Zr)NiSn.

Sintering promotes formation of equilibrium phases and allows to obtain dense pellets with
refined microstructure that originates from the as quenched ribbons. Thermoelectric prop-
erties were correlated to the final microstructure.

H.-H. Xie, C. Yu, T.-J. Zhu, C.-G. Fu, G.J. Snyder, X.-B. Zhao, Appl. Phys. Lett. 100
(2012) 254104
A. Castellero thanks University of Turin and Compagnia di Sanpaolo for financial support
(Grant N. CSTO162398)

Keywords: half Heusler, rapid solidification, phonon scattering

*Speaker
fCorresponding author: alberto.castellero@unito.it

sciencesconf.org:ict2018:197793
37th International and 16th European Conference on Thermoelectrics


mailto:alberto.castellero@unito.it

P.92 Process Poster

Fabrication of high performance flexible
thermoelectric devices by improving crystallization
process of screen-printed material
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Abstract

The screen printing technique in the fabrication of flexible thermoelectric generators
(f-TEGs) is useful in large-scale mass production of the TEG module, because the screen-
printed thermoelectric materials (sp-TEs) can be quickly formed on a large area through
a simple printing process. In order to fabricate high performance f~TEGs with a good
manufacturability, the crystallization process of sp-TEs must be carefully optimized. The
crystallization process determines the mechanical and thermoelectric (TE) properties such as
density, surface morphology, carrier concentration and preferred orientation of the sp-TEs.
In this work, we present a new sintering process for sp-TE. This new process uses excess
Te in the TE paste and adopts a simplified/unified crystallization process of various steps
which were used in the previous works. Through this simplified process, the deviation of the
performance, caused from the accumulation of the non-uniformities of the various process
steps, could be minimized. The densities of BST and BTS sp-TEs were increased from 5.22
g cm-3 to 6.23 g cm-3 and 5.18 g cm-3 to 6.43 g cm-3, respectively, and the average surface
roughness decreased from 8.1 pym to 2.2 pm. In addition, when more than 200 sp-TEs were
crystallized, the carrier concentration deviations of p- and n-type sp-TEs were also reduced
from 4+ 0.22 x 1019 cm-3 to + 0.06 x 1019 cm—3 and from + 0.29 x 1019 cm—3 to £ 0.09
x 1019 em-3, respectively. As a result, the output power of fabricated f-TEG module were
improved by 130 % and achieved 5.02-5.43 mW /cm2 at a temperature difference of about
25 K.

Keywords: Screen printing, Te, Process, Flexible, Thermoelectric generator
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Failure analysis of commercial thermoelectric
modules by Infrared thermography

Karl Gresslehner*™, Stefan Breitwieser', Bernhard Plank', Daniel Moser!, and Giinther
Hendorfer!

1University of Applied Sciences Upper Austria(FH OO) — Stelzhamerstraie 23 4600 Wels, Austria

Abstract

In this work we investigate commercially available thermoelectric modules (TEM) by

infrared (IR) thermography. IR thermography is a non-destructive method which can be ap-
plied in practically any processes where temperature is an indicator of abnormal operation
of an object. As demonstrated in an earlier work with this method subsurface defects of the
multilayered TEM structure can be detected. Additionally, advantages of IR thermography
are, that several TEM’s can be analyzed simultaneously (typically up to 10, depending on
their dimensions) and the analyzing time lies in the range of several seconds.
TEM’s can be classified in failure free or faulty ones having a ‘weak’ or ‘hard’ failure. Weak
failure means, that the TEM is principal operable but the electrical resistance is increased
compared to a failure free TEM (e.g. by an increased contact resistance). A hard failure
means that the TEM is inoperable because no current can flow (e.g. due to opens).

For IR imaging the TEM must be thermally excited. In the case of a weak failure, this
is preferably done by electrical sourcing (internal joule heating) or alternatively by an ex-
ternal source (e. g. flash lamp or laser). In the case of a hard failure, the TEM must be
thermally excited by an external source.

Investigating a TEM with a weak failure, typical parameters of electrical sourcing are a
pulsed sine wave with a frequency of appr. 1 Hz, a peak voltage of appr. 5 — 6 V and a peak
current of appr. 1 -2 A. At positions, where a failure is located (e. g. by increased electrical
resistance), a hot spot occurs. To get information on the physical cause of this failure, a
metallographic cross section was carried out and the failure region was inspected by optical
microscopy and / or SEM analysis.

Keywords: thermoelectric, IR thermography, failure analysis
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Flash Sintering of thermoelectrics material

Francesco Gucci*!, Theo Saunders , Rui-Zhi Zhang , and Mike Reecef

1School of Engeneering and Material Science, Queen Mary University of London — Mile End Road,
London E1 4NS, United Kingdom

Abstract

Electric current assisted processing techniques, such as Spark Plasma Sintering (SPS)
have been used widely used to densify thermoelectric powders. The reason for this is that
the rapid heating rate (typically > 50 oC /min) enables dense, nanostructured materials to
be prepared in minutes. A more recent development is flash-SPS, in which by direct electrical
heating of the material heating rates of > 5,000 oC /min have been achieved and materials
have been densified in seconds. The process is dieless and requires a pre-sintered sample,
therefore powders cannot be directly processed. At the high current densities involved and
heating rates there is the possibility of additional effects, including disorder and point defects
that might contribute to improved thermoelectric performance. Up to now only two papers
have investigated the thermoelectric properties of flashed samples, leaving the effect of high
heating rate almost unexplored.

In this work, a new derivative of SPS was developed, a thin stainless steel die was used to
constrain the powder /sample and still achieve very rapid heating (7500 oC/min). In contrast
with other flash work, the process is more controlled and reproducible. The rapid heating
allowed samples of Ni0.15C00.855b3 to be synthesised and sintered simultaneously from
elemental powders. High density (> 95%) was achieved and the samples were nearly single
phase. But most remarkably the rapid heating, combined with rapid cooling produced a
sample with significantly reduced (30%) thermal conductivity, while the electrical properties
were not significantly modified. This resulted in sample with a peak ZT of 0.81 at 500 oC
while samples produced by conventional SPS reached only 0.54.

This research was carried out within the EU Horizon 2020 framework project COACH (ITN-
ETN, Grant agreement 642557

Keywords: Sintering, skutterudite, microstructure, flash sintering, rapid heating
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A straightforward 2f technique for the measurement
of the Thomson effect

Isaac Haik Dunn*!, Ramzy Daou'?, Antoine Maignan®, and Fall Mohamed*
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Abstract

We present a simplified rapid, and accurate method for the measurement of the thermo-
electric Thomson coefficient by the dynamical heating of a suspended wire by an alternating
current. By applying a temperature gradient across the wire, we find that the response at the
second harmonic of the excitation frequency is directly proportional to the Thomson coeffi-
cient. The absolute thermoelectric coeflicient of a single material can therefore be extracted
by a phase sensitive detector with arbitrary precision.

Keywords: thomson coefficient, dynamical heating
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Van der Waals epitaxy for High performance
thermoelectric 2D chalcogenide films

Jae-Yeol Hwang*!, Jiwon Kim?, Nusia Eom?, Jae-Hong Lim?, Kyu Hyoung Lee', and
Sungwng Kim#!
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Abstract

Demands on high-quality layer structured two-dimensional (2D) chalcogenide films are
growing due to the findings of remarkable physical properties and potentials for device appli-
cations. However, the difficulties in controlling epitaxial growth with defect density and the
poor understanding of van der Waals epitaxy (vdWE) for 2D chalcogenide film on the sub-
strate have been major obstacles for the further advances of these materials. In this research,
we demonstrate new approaches enabling the vdWE of 2D chalcogenide epitaxial films on
2D and 3D substrates, individually. As a proof of concept, highly oriented crystalline bis-
muth antimony telluride thermoelectric films were epitaxially grown on 2D (graphene) and
3D («a-Al203) substrates by pulsed laser deposition exploiting the surface reaction of the
substrate with chalcogen and the growth mechanism of these films on 2D and 3D substrates
via vdWE were elucidated. In particular, this peculiar vdWE renders the high-quality 2D
chalcogenide film with high carrier mobility and low defect density comparable to single
crystal. Furthermore, exceptionally low thermal conductivity were observed in these vdWE
films.

Keywords: 2D chalcogenide, van der Waals epitaxy, graphene, «, Al1203, defect
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Highly (110)-oriented Bi2Te3-xSex films with high
thermoelectric power factor via electrodeposition

Jiwon Kim*!, Nusia Eom?!, Sungwng Kim?, Kyu Hyoung Lee', and Jae-Hong Lim*!
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Abstract

A simple process of electrodeposition is shown to produce highly (110)-oriented thin
film of Bi2Te3-based alloys with improved composition controllability. The potential-current
co-adjusted pulse electrodeposition (PCP-ED) by the control of zero current during the off-
time period enables the fabrication of highly dense Bi2Te3-xSex thin film with (110)-oriented
grains. The power factor of the PCP-ED thin film was much higher than that of the Bi2Te3-
xSex thin film fabricated by conventional d.c. electrodeposition due to the simultaneous
enhancement of electrical conductivity and Seebeck coefficient. Additionally, significantly
enhanced power factor of 72000 pW/mK2 at room temperature, which is the best value
among the reported n-type Bi2Te3-based thin films, was obtained after low temperature
annealing at 2000C by triggering the compositional modulation for improved crystallinity
and optimized carrier concentration.

Keywords: electrodeposition, Bi2Te3, thin film, orientation, crystallinity
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Manufacture of TE-modules: joining Fe2VAI and Cu
through several bonding processes.

Valentin Marchal-Marchant!, Geoffrey Roy*!, Olivier Poncelet!, Camille Van Der
Rest*!, and Pascal Jacques!
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Abstract

Fe2VAl-based thermoelectric modules are very promising for large scale applications such
as industrial energy harvesting since its constituent materials are abundant, non-toxic and
low cost. However, the assembly of modules based on Fe2VAIl compounds requires to prop-
erly bond this thermoelectric material with high electrical conductivity material such as
copper. Two types of process have been investigated in the present work: copper metalliza-
tion directly on Fe2VAl and brazing. Copper metallization has been performed either by
diffusion bonding under pressure, physical vapor deposition or electrodeposition. Brazing
has been studied by using both low and high temperature (from 300K to 700K) brazing ma-
terials in order to enlarge the application field. Very promising results have been obtained
for several of those processes in terms of contact resistance measurements (< 10uQcm?2),
element diffusion (highlighted by SEM and EDX) and mechanical resistance. Moreover, for
silver-based brazing, a thin reactive layer has been observed at the surface of Fe2VAl. This
layer appears owing to chemical reaction between the brazing material, copper and Fe2VAL.
This phenomenon was never observed before and is supposed to have a positive effect on the
contact resistance and thus on the module efficiency, as long as it does not involve too large
scale elemental diffusion.

Keywords: Fe2VAI, Module assembly, bonding process, brazing, diffusion bonding, electrodeposi-
tion, physical vapor deposition
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High Pressure Synthesis: An effective approach for
tuning thermoelectric properties of filled
skutterudites AxCo4Sb12 (A = K, Sr, Y, rare earth)
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Abstract

High pressure is an effective tool for the preparation of new CoSb3-based skutterudites.

The high hydrostatic pressure (HP) favors the formation of short and strongly covalent chem-
ical bonds. Furthermore, pressure helps to increase the coordination numbers and it favors
the denser phases. [1]
CoSh3 skutterudite shows high carrier mobility, high electrical conductivity and a notably
good Seebeck coefficient. Nevertheless, its high thermal conductivity hinders the optimiza-
tion of the thermoelectric figure of merit. In order to enhance the thermoelectric properties
of CoSb3-based skutterudites, nanostructuration and filling part of the structural cavity with
guest atoms are the common approaches used to modify the electrical and thermal transport
properties. [2] [3] In our work, we have explored the effects of high pressure synthesis to tune
the thermoelectric properties of a plethora of unfilled and filled CoSb3-based skutterudites
(fillers: K, Sr, Y, rare earth). We show that this method produces an effect of strain-field
scattering of high-energy phonons, dramatically reducing the lattice thermal conductivity of
the studied materials.

Synchrotron x-ray diffraction measurements, SEM, HRTEM, EELS and thermoelectric mea-
surements will be presented and discussed.

References:

Badding, J. V. Annual review of materials science, 28 (1) (1998) 631-658.

Prado-Gonjal, J; Serrano-S "anchez, F.; Nemes, N.M.; Dura, O.].; Mart 1nez, J.L.; Fern andez-D "1az,
M.T; Fauth, F.; Alonso, J.A; Appl. Phys. Lett. 111 (2017) 83902

Serrano-S anchez, F.; Prado-Gonjal, J.; Nemes, N. M.; Biskup, N.; Varela, M.; Dura, O. J.; Mart inez,
]J. L;; Fern’andez-D "1az, M. T.; Fauth, F.; Alonso, J. A.; J. Mater. Chem. A. 6 (2018) 118-126.
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Physical mechanism under the new criterion for
self-propagating high-temperature synthesis and its
universality
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Abstract

Self-propagating high temperature synthesis (SHS) is a technique for rapid preparation
of compounds utilizing the heat released by the exothermic chemical reaction itself. Em-
pirical criterion [1] states that the combustion wave of SHS could only sustain when the
adiabatic temperature Tad is over 1800 K. Recently, our group [2] proposed a new criterion
for sustainability of the combustion reaction, in which the adiabatic temperature must be
higher than the melting point of the elemental component with the least melting point, i.e.
Tad/Tm, L> 1. In order to uncover the physical mechanism underlined the new criterion
and its universality, we carried out a survey research including 138 binary compounds with
the experimental observation and theoretical calculations. Results indicate that, besides the
requirement of the new criterion, the enthalpy of the reaction must be larger than the heat
needed to raise the reactants to the melting point Tm, L. For vast majority of reactions,
SHS can take place only when the melting process occurs during the reaction, which is con-
sistent with the new criterion. On the other hand, SHS processes can be sustainable when
preheating is adopted in certain less-exothermic systems, such as Sb2Te3 and Cu2Te. This
phenomenon further implies the correctness of the new criterion and its universality. Our
work helps broaden the application fields of SHS reaction and provides a highly efficient and
economical preparation method for a large number of materials.

Keywords: SHS, new criterion, physical mechanism and universality
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Seebeck coefficient of Bi & Sb nanowire assemblies
produced by electrodeposition
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Abstract

The unique properties of bismuth antimony (Bil-xSbx) nanostructures and the
theoretical predictions on their enhanced thermoelectric efficiency two decades agol
triggered the development of a wide variety of growth and characterization methods
aiming at measuring the thermoelectric properties of nanowires. Since then, several
groups have studied the properties of Bil-xSbx nanowires and size dependent effects
have been highlighted2-4. However the experimental demonstration of a size
dependent thermoelectric efficiency is still challenged by the difficulties to fabricate
well-defined nanowire systems and to achieve reliable and stable electrical and
thermal contacts.

Here we present the fabrication of Bi and Sb nanowire assemblies, consisting of
either parallel arrays or highly interconnected networks, by pulsed electro-deposition
in ion track-etched polycarbonate membranes.4-5 The wire diameter is determined by
the host channel and was adjusted systematically between 30 nm and 160 nm.

The Seebeck coefficient of both parallel and interconnected nanowire assemblies

has been measured as a function of the wire diameter and the results will be
discussed.

References

S. Tang, M.S. Dresselhaus, J. Mater. Chem. C 2 (2014) 4710.
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Comparison of Spark Plasma Sintering and Induction
Hot Pressing in Preparation of Thermoelectrics
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LCenter for Materials Crystallography, Department of Chemistry, Aarhus University — Langelandsgade
140, DK-8000 Aarhus C, Denmark

Abstract

Spark Plasma Sintering (SPS) is a pressing technique often used in preparing thermoelec-
tric samples. Advantages of using the SPS technique include ease of use, rapid heating, high
pressures, high compaction degree and low grain growth.1 The advance of the SPS technique
has resulted in improved thermoelectric properties and ease of synthesis in many systems.
The SPS process involves high currents, which has been shown to influence materials prop-
erties as well as phase formationl. In SPS pressing of the Zn4Sb3 system, zinc depletion
on one side of the sample was observed, which the authors attributed to the current.2 The
exact influence of the current has not yet been fully established, as the very high heating
rate of the SPS process is directly coupled to the current density though the sample. In
ordinary hot pressing it is not possible to achieve the rapid heating rates of the SPS process
and therefore it has not been possible to distinguish the two effects.

Recently, a new rapid sintering process was published by Lal.onde et. al.3 using induction
heating. This setup mimics the SPS process closely with very rapid heating rates, high pres-
sures and the same graphite dies, while sending no current through the sample, enabling the
distinction between the two effects.

As such, we have compared the two processes using known thermoelectrics such as Zn4Sb3,
ZnShb and Mg2Sil-xSnx regarding phase composition, microstructure and physical proper-
ties. The samples have been examined by X-ray diffraction, Seebeck Micro Probe and Hall
measurements.

1 Z. A. Munir, U. Anselmi-Tamburini and M. Ohyanagi, J. Mater. Sci., 2006, 41, 763-777.
2 H. Yin, A. B. Blichfeld, M. Christensen and B. B. Iversen, ACS Appl. Mater. Inter-

faces, 2014, 6, 10542-10548.
3 A. D. LaLonde, T. Ikeda and G. J. Snyder, Rev. Sci. Instrum., 2011, 82, 025104-1-4
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Significant Enhancement of Thermoelectric
Properties of Nanostructured Mg2Si via low
temperature consolidation

Babak Alinejad*! and Teruyuki Ikeda!
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Abstract

Owing to their ability to convert heat directly to electricity, thermoelectric materials
are quite unique and promising in recycling the wasted energy. Magnesium silicide seems
to be the most qualified compound for mid-temperature thermoelectric applications. How-
ever, magnesium is highly oxidable and MgO has an adverse effect on figure-of-merit of the
product. The higher the synthesis temperature, the more likely to form MgO. Therefore,
decreasing the synthesis temperature not only reduces the energy consumption of the pro-
cess and makes the product more economic, but also leads to purer and consequently more
efficient product.

Silicon grains (99.999%, 2-5 mm) were ball-milled together with bismuth and aluminum at
700 rpm for 1h, using zirconia vials and balls. Then the obtained powder and magnesium
(99.9%, < 180 pm) were mixed according to Mgl.98A10.02Si0.98Bi0.02 stoichiometric pro-
portions at 500 rpm for 40 min. The mixture was then consolidated into pellets at 300 °C
under 100 MPa for 5 min. The samples were characterized with scanning electron microscopy
and X-ray diffraction. Seebeck coefficient, electrical conductivity and thermal diffusivity were
measured from 25 to 550 oC.

Synthesis temperature of Mg2Si was reduced from about 600 down to 3000C by thoroughly
activating the starting materials using silicon nano-particles. No evidence for presence of
MgO was found in the product. Electronic and thermal transport properties may be ma-
nipulated in a wider range by addition of aluminum at magnesium sites. Highest zT for
Mg1.98A10.02Si0.98Bi0.02 was measured to be 1.3 at 5500C. To elucidate fast reaction of
Mg and Si particles at low temperature, a plum-pudding microstructure model was proposed.

Keywords: Activated reactive consolidation, Plum pudding model microstructure, Mg2Si
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Measurements of surface potential of Mg2Si/M (M =
Mg, Al, Ni) interfaces
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Abstract

Recently, we have fabricated Mg2Si/X (X = Mg, Al) composite materials where the X
metal phase was dispersed in the Mg2Si matrix[1, 2]. The dispersed X metal phase led to
an increase in the electrical conductivity of Mg2Si. However, Hayatsu et al[3]., reported
the electrical conductivity of a Mg2Si/Ni composite material was lower than Mg2Si. These
contrarieties in electrical conductivity are considered to correlate with an interfacial contact
state between Mg2Si and dispersed phases. In this study, we fabricated Mg2Si/M (M =
MgAINi) double layered samples as a model structure of composite materials, and measured
a surface potential by means of the kelvin probe force microscopy. As for the Mg2Si/Mg
sample, the surface potential of Mg2Si phase was found to be higher than that of the Mg
phase by 200 meV. This result indicated that the interface of Mg2Si/Mg was an ohmic con-
tact, which accounted for the increase in electrical conductivity of Mg2Si/Mg relative to the
Mg2Si. In the cases of Mg2Si/Al and Mg2Si/Ni samples, the surface potential of Mg2Si
phase was found to be lower than Al and Ni phase by 250 meV and 400 meV, respectively.
Thus, the interface of Mg2Si/Al sample and Mg2Si/Ni sample was a Schottky barrier junc-
tion. The difference in the surface potential between Mg2Si and metal phases was about two
times higher in the case of Mg2Si/Ni than Mg2Si/Al. Therefore, to enhance the electrical
conductivity of Mg2Si, we need to select a proper metal as a dispersion phase that does not
form a high Schottky barrier at the interface between the Mg2Si and metal phases. In the
conference, we also report a surface potential of the Mg2Si/Al composite.

This study is partly supported by JSPS KAKENHI (Grant No.17H03398).

M. Kubouchi et al., J. Electron. Mater., 45 (2016) 1589.
Y. Hayashibara et al., submitted to Mater. Trans.
Y. Hayatsu et al., Solid State Chem., 193 (2012) 161.

Keywords: Mg2Si, composite, surface potential
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Formation of 5-FeSi2 nano-inclusions in silicon
thin-films by ion-implantation for thermoelectric
applications

Alessandro Domenico Calvi*™!, Neil Wight!, Peter Szabo!, Roger Webb?, and Nick
Bennett!

'Heriot-Watt University [Edinburgh] — Edinburgh, Scotland, UK EH14 4AS, United Kingdom
2University of Surrey — University of Surrey, Guildford Surrey GU2 7XH, United Kingdom

Abstract

Elemental silicon is a common, relatively low-cost semiconductor, whose potential use
in thermoelectric (TE) applications is known [1-2], however its high thermal conductivity
(k) [3] has been identified as a major barrier to commercial development. Recent studies
have attempted to reduce silicon’s k, with negligible reductions in power factor (PF), via
approaches such as creating structures as nanowires, nano-porous thin-films, or by defect-
engineering [1-2, 4-6].

Introducing nano-inclusions (NIs) into a host material is a popular way of enhancing the TE
properties of said material. This has been demonstrated for a number of material systems,
including silicides [7-10], where NIs disrupt the regular crystal structure, leading sometimes
to both a reduced k and enhanced PF. Since many silicides are well-known TE materials, the
premise of the study was that it is likely that silicide NIs within elemental Si will enhance
its otherwise ordinary figure-of-merit.

Ton implantation is a staple technique used in microelectronics manufacturing which offers
reliable and repeatable thin-film synthesis. As elements are introduced into a target by a
high-energy ion beam, it is well-suited to producing NIs in any thin-film, but is relatively
untested for TE material synthesis. In this study, we apply ion implantation and thermal
annealing as a novel route to TE thin-film formation, specifically the creation of 3-FeSi2
NIs within single-crystal silicon. In order to pinpoint the experimental conditions that lead
to optimal performance a comprehensive multi-variable analysis, with a wide range of tem-
peratures, exposure times, and ion-doses, has been undertaken. These samples have been
characterised by both qualitative (SEM, TEM) and quantitative (Seebeck, Raman, thermal
and electrical conductivity) measurements showing promising TE performance enhancement.

Keywords: Thermoelectricity, Iron disilicide, silicon, ion, implantation, nano, inclusions
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GLASS-CERAMIC OXIDATION PROTECTIVE
COATINGS FOR HIGHER MANGANESE
SILICIDE THERMOELECTRICS

Fabiana D’ Isanto*!, Milena Salvo', Federico Smeacetto?, Giuseppe Viola!, Francesco
Gucci®, and Michael J. Reece?
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Abstract

Higher manganese silicide (HMS) is considered a promising thermoelectric material to
generate electricity from waste-heat recovery. A critical aspect of the success of HMS is the
stability over time and the oxidation resistance at temperatures higher than 5000C. Thanks
to the versatility of their compositions and properties, glass-based materials, with low elec-
trical and thermal conductivity, are potentially good candidates as protective coatings.

In this work, a HMS substrate (MnSil. 74), densified by spark plasma sintering, was coated
with a silica-based glass-ceramic material in order to provide oxidation protection above
5000C. The thermal cycling stability (from room temperature to 6000C in air) of as-sintered
and glass-ceramic coated HMS thermoelectric was studied with respect to changes in the
chemical composition and electrical properties. It was found that the formation of a Si-
deficient layer (MnSi) on the uncoated HMS surface, due to the reaction between the HMS
and oxygen at 6000C, leads to a higher electrical resistivity and a reduced power factor. The
coated samples did not show variations in electrical resistivity, power factor and zT com-
pared to the as-sintered sample, thus demonstrating that the use of a glass-ceramic coating
is an efficient oxidation protective system during cyclic working conditions. The self-healing
property of the glass-ceramic coating was also demonstrated at 6000C, by the healing of an
indentation mark impressed on its surface.

In addition, a number of novel silica-based glass-ceramic coatings were designed and ther-
mally characterized with the intent to further extend the operational temperature range of
thermoelectric devices.

Keywords: Glass ceramic, Coating, Thermoelectric, Oxidation
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Effect of Dislocation Lines on Thermoelectric
Properties of Si/CrSi2 Nanocomposites Prepared by
Liquid-phase Sintering

Tomoki Ebata*!, Yuji Ohishi!, Jun Xie!, Hiroaki Muta!, and Ken Kurosaki'

! Graduate School of Engineering, Osaka University — Yamadaoka 2-1, Suita, Osaka, Japan

Abstract

Recently, we have developed a new method to introduce high density of dislocation lines

in Si by liquid-phase sintering of Si/CoSi2 nanocomposite [1]. In this method, Si/CoSi2
nanocomposite synthesized by melt-spinning (MS) technique is sintered by spark plasma
sintering (SPS) technique at around the eutectic point of Si and CoSi2 so that the composite
partially melts during the sintering by the eutectic reaction. The generated dense disloca-
tion lines were found to effectively reduce the thermal conductivity and enhance ZT. The
formation mechanism of the dislocation lines is however not understood well. To validate
the applicability of this method to other materials and to get insight into the formation
mechanism of the dislocation lines, we applied this method to Si/CrSi2 system whose binary
phase diagram is similar to that of Si/CoSi2.
The ribbon-shaped samples with nominal composition of (Si0.97P0.03)95Cr5 were prepared
by MS method to uniformly disperse CrSi2 nanoprecipitates in the Si matrix. The ribbon
samples were sintered by SPS at 1323 K. The thermal conductivity was evaluated by laser
flash technique.

The sintered sample showed an over 36% decrease in the lattice thermal conductivity (_716
Wm-1K-1 at room temperature, -~7.4 Wm-1K-1 at 1073 K) compared with the P-doped
Si without CrSi2[2]. Since this reduction can be attributed to the presence of high density
of dislocations, the liquid-phase sintering seems to be applicable to Si/CrSi2 system too to
introduce dense dislocation lines.

References

J. Xie et al., International Conference on Thermoelectrics (2016) P269.
A. Yusufu et al., Nanoscale 6, 13921 (2014).

Keywords: Si, silicide, nanocomposite, dislocation, eutectic reaction, liquid, phase sintering
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Effect of sputter conditions on the structural and
thermoelectric properties of nanostructured

Si80Ge20 thin films
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Abstract

Silicon-germanium (Sil-xGex) alloys are suitable candidates for high-temperature ther-
moelectric applications. Thermoelectric modules based on Sil-xGex are used with a material
figure-of-merit ZT of 0.5 (p-type) and 0.9 (n-type) [1]. Further improvements in ZT have
been achieved due to reduction of the phonon thermal conductivity in nanocomposites (ZT
of 1.3 at 900 oC) [2] or by incorporating nanoparticles (Z7T of 1.7 at 900 K) [3]. Here, we
use metal-induced crystallization (MIC) as tool to gain nanostructured Sil-xGex films of
200 nm at a reduced crystallization temperature of 600 oC. Therefore, amorphous sputtered
Sil-xGex on thin metal films is crystallized in a post annealing step. We studied the influ-
ence of the deposition parameters, including the sputter power and target-substrate distance.
We present the films electrical conductivity, Seebeck coefficient, power factor, charge carrier
concentration and mobility in the temperature range between room temperature and 400
oC. Further, the influence of the metal layer on the properties of Sil-xGex is considered
by variation of the layer thicknesses, the interchange of Al by Au and by different heating
processes, which will influence the morphology and microstructure of the resulting film. The
microstructure of the samples was characterized by X-ray diffraction (XRD), X-ray photo-
electron spectroscopy (XPS), scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). Finally, the preparation conditions tune the charge charrier density so
that transport properties can be tailored.

D.M.Rowe, CRC Handbook of Thermoelectrics (CRC Press, Boca Raton, 1995)

Yu B. et al., Nano Letters, 12, 2077-2082 (2012)
Mingo N. et al., Nano Letters, 2, 711-715 (2009)
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Growth of Mg-Ca-Si thick films by RF sputtering
method and their thermoelectric property
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Abstract

Mg2Si consists of abundant and non-toxic elements, and reported to show good ther-

moelectric properties in addition to the fact that Mg2Si can realize both p- and n-type
conduction. Expansion of composition system from Mg-Si binary system to the ternary one
is one of the promising ways to enhance the thermoelectric properties. Ca is also abundant
and non-toxic element and CaMgSi is expected to show the good thermal thermoelectric
properties. However, the investigation of the thermoelectric property in Ca-Mg-Si system is
limited to the narrow composition region. In the present study, films of Ca-Mg-Si system
were prepared by RF magnetron sputtering system and thermoelectric properties were in-
vestigated for wide composition region. Investigation using films is fast way to investigate
the wide range of composition because composition can be easily change by change the sput-
tering target.
Films with wide composition range were successfully obtained on (001)Al1203 substrates at
the deposition temperature of 260-340 oC using Mg target with various numbers of Ca and
Si chips. Obtained films were post heat treated at 500-700 oC under the 5% H2 included Ar
atmosphere.

Conduction type of the films mainly changed by the Si/(Ca+Mg+Si) ratio of the films
and p-type and n-type conductions were observed below 0.6 and above 0.7, respectively.
Single phase of CaMgSi and Ca7Mg7.25Si14 were successfully obtained and showed p-type.
However, they showed low Seebeck coefficient value for the temperature range from 100-500
oC. Maximum power factor of 0.15 mW/(mK2) at 400 oC was obtained for the films with
Ca:Mg:Si = 0.2:0.2:0.6.

In our presentation, we show the systematic data of the crystal structure and thermoelectric
properties as a function of film composition.

Keywords: Mg, Ca, Si thick films, RF sputtering method
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Plasma Electrolytic Oxidation coatings on
magnesium silicide
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Abstract

Materials based on Mg2Si are considered as components of diverse energy harvesting and
storage devices including thermoelectric modules, batteries or hydrogen storage systems.
Numerous advantages of these materials can be mentioned, such as low density (1.99 gem-
3), non-toxicity, as well as abundance in nature and low cost of the main constituents. One
of the major problems in diverse applications is high reactivity in the environments con-
taining oxygen. They readily oxidize in air at temperatures exceeding 465 oC. In this work
an oxide coating produced by Plasma Electrolytic Oxidation (PEQO) technique is proposed
for the protection of Mg2Si. The PEO technique, referred to also as micro-arc oxidation
(MAO) or spark discharge anodizing, is accessible and relatively simple and widely inves-
tigated to develop protective layers on aluminium and magnesium alloys. In the literature
no information is available on the possibilities of depositing PEO coatings on Mg2Si. In
general, coatings produced by PEO show good mechanical properties and adhesion, high
thermal and corrosion resistance, however, they are usually porous. Since the expected ef-
fect of coating deposition is to prevent oxidation of the underlying material, it is important
to control porosity. In this study multiple attempts were made to produce the PEO coatings
on Mg2Si substrates. The influence of the process conditions on coating microstructure was
investigated using advanced electron microscopy techniques.
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Thermoelectric properties of n-Mg2Si0.8Sn0.2 with
complex isovalent doping.

Grigory Isachenko*™2, Alexandr Samunin', Vladimir Zaitsev', Peter Konsantinov',
Elena Gurieva!, Sergey Tcupka?, and Alexander Kasyanov?
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Abstract

Mg2Si-Mg2Sn alloys are promising TE materials. The highest ZT> 1.4 achieve in Mg2Sn-
rich solid solutions, where the lowest thermal conductivity and optimal bands convergence.
However, magnesium stannide has poor stability, and durability such solid solutions stays
under question. On another hand, magnesium silicide has ZT about 1, but has a higher
melting temperature, is more stable and has the lowest density that makes it more fit material
for real TE devices. The disadvantage of Mg2Si is high thermal conductivity, which necessary
to be reduced. In this work influence of complex doping by replacing magnesium atom
with calcium and/or tin atom with germanium in the solid solution of Mg2Si0.8Sn0.2 on
thermoelectric properties were studied. Samples containing Ge and Ca up to 5 % and doped
with antimony were prepared. Thermal and electrical conductivity and Seebeck coefficient
at temperatures between of 300-800K were measured. It was shown that ZT increases to 1.1
in the Ge doped samples.

Keywords: silicides, magnesium silicide, hot pressing, figure of merit
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Control of Mg nonstoichiometry 6 in Mg2+4Sil—xSbx
and its effect on thermoelectric properties
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Abstract

Intermetallic compound of Mg2Si and its solid solutions are promising thermoelectric
materials. To tune the thermoelectric properties, control of the amount of three types of
point defects (dopants, interstitial Mg atoms, and Mg-vacancies) is an important require-
ment. When a dopant with high solubility in Mg2Si is selected, such as Sb, control of the
dopant content is relatively easy. However, the Mg nonstoichiometry, which is related to
Mg-vacancies and interstitial Mg atoms, is difficult to control due to the high vapor pressure
of Mg.

In this study, an approach to control the Mg nonstoichiometry § in Mg2+6Sil—zShz via
post annealing under different Mg partial pressures is developed. Annealing under low and
high Mg partial pressures (< 1x10°-1 Pa and 1x10°1 Pa) leads to low and high carrier
concentrations of Mg24+0Sil-zSbz (1.4x10720 cm™-3 and 6.3x10720 cm”™-3 for z = 0.10),
respectively. The change in the carrier concentration, which corresponds to the change in
the Mg content (1.954 < 2446 < 1.971 for z = 0.10), is reversible and attributed to Mg
transfer between the sample and the gas phase. The Mg content range for Mg2+4+§Sil-zSbx
depends on the Sb content z (e.g. 1.999 < 2446 < 2.001 for z = 0.01).

The carrier mobility of Mg2+§Sil-zSbz is significantly reduced around the Mg-poor-limit
composition. (e.g. 75 cm”2 V=1 s"—1 for Mg2.0015i0.99Sb0.01 and 12 ¢cm”2 V-1 s"—1
for Mg1.999510.995b0.01). The low carrier mobility (ca. 10 cm”2 V"—1 s"-1) is observed
regardless of the Sb content, suggesting that the charge carrier is significantly scattered at
Mg-deficient grain boundaries. Details of other thermoelectric property evaluation will be
presented.

Keywords: Magnesium silicide, Sb doped Mg2Si, Nonstoichiometry, Equilibrium vapor pressure
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High temperature X-ray diffraction study of melt
grown MnSiy
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Abstract

Higher manganese sillicide, MnSiy, possesses a ( 3+1 )-dimentional composite crystal
structure, consisting of two tetragonal subsystems of [Mn] and [Si] ( c-axis ratio v = ¢cMn/cSi
7 1.74). Kikuchi et. al. (J. Alloys Comp., 616 (2014) 263.) performed high temperature
X-ray difraction (HTXRD) experiments and reported that the v value remains a constant
value of 1.7387(1) from 293 K to 800 K but starts to decrease gradually at 7' > 800 K.
The change in v corresponds to that in chemical composition of MnSiy and hence it may
influence TE properties. However, the effect of change in v on TE properties has not been
reported.

We prepared single crystal ingots of MnSiy with fixing the nominal composition of v = 1.74.
The samples were first prepared by arc melting. The obtained alloys were pulverized and
melted in an evacuated quartz tube at 1473 K for 8 h, and gradually cooled down to 1373
K, followed by furnace cooling. Seebeck coefficient (S) and electrical conductivity (o) were
mesured from room temperature to 1000 K. Lattice parameters were refined using Le Bail
analysis of HTXRD patterns.

From the Le Bail analysis, a- and cMn-axis lengths were confirmed to change linearly; the
lattice parameters did not show any deviations upon thermal history. On the other hand,
the c¢Si-axis length started to change steeply at 7" > 800 K which causes an irreversible
change upon heating and cooling. The cSi-axis length was longer upon cooling. As a result,
the y-value was nearly equal to 1.74239(3) at T' < 800 K, while it started to degrease at T
> 800 K. Due to the irreversible change in ¢Si, the room temperature y-value was smaller
than that before the thermal cycle heated above 800 K.

Discussion of TE properties based on the detailed structural change will be also presented
at the conference.

Keywords: Higher manganese sillicide, solid solution, thermoelectric properties, chimney, ladder
phase, high temperature X, ray difraction
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Improved trade-off between thermoelectric
performance and mechanical reliability of
Mg2Si-reduced graphene oxide nanocomposites

Gwansik Kim*!, Kyu Hyoung Lee*!, Hyun Jun Rim!, and Wooyoung Lee'*
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Abstract

We prepared hybrid powders of Mgl1.96A10.045i0.97Bi0.03 and rGO, and fabricated the
rGO nanocomposites without agglomeration of nano-phase by precisely controlling sintering
process. The prevailing notion is to demonstrate the trade-off relationship between thermo-
electric performance and mechanical reliability. By introducing rGO (5 nm) in the grain
boundaries, the fracture toughness was significantly increased due to the deflection of crack
propagation, bridging and sheet pull-out. In addition, systematic analysis of the effect on
the thermoelectric properties and fracture toughness on the shape, dimension, and size of
the introduced nano-phase (metal nanoparticles and rGO) were carried out. The introduc-
tion of the two-dimensional nano-phase (rGO), expected to have a high interface density,
was more effective in improving the trade-off relationship. As a result, optimized ZT value
(.70.60 @ 873K) and fracture toughness (1.88 MPa m1/2) were obtained at 3 vol% of rGO
nanocomposite, and these results emphasized the importance of the trade-off relationship
between thermoelectric performance and mechanical reliability.

Keywords: Thermoelectric, Mg2Si, Fracture toughness, trade, off relationship
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Thermoelectric Properties of Ge-doped Higher
Manganese Silicides MnSil.72-1.73:Gem
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Abstract

Higher manganese silicides (HMSs) have been considered as promising p-type thermo-
electric materials at temperature range from 500 K to 800 K because of environmental
friendliness, high oxidation resistance, and superior thermal stability. Four distinct HMS
phases with Nowotny chimney ladder structure have been reported: Mn11Sil9 (MnSil.72),
Mn158i26 (MnSil.73), Mn27Si47 (MnSil.74) and Mn4Si7 (MnSil.75). The substitution of
Ge for Si causes a lattice distortion due to the difference in the covalent radius between Ge
and Si, which varies the bonding strength and leads to an increase in the carrier concen-
tration. In this study, Ge-doped HMSs were prepared by using solid-state reaction and hot
pressing, and the doping effects on the thermoelectric properties were examined.

Keywords: thermoelectric, higher manganese silicide, HMS, solid state reaction, hot pressing
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Synthesis of tungsten disilicide and its potential as a
thermoelectric material
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Abstract

WSi2 has received much interest owing to the properties mainly as high heat resistance,
hardness and conductivity. Therefore, WSi2 is expected as a high-temperature material.
It is known that WSi2 has two phase of stable tetragonal phase and metastable hexagonal
phase. The hexagonal WSi2 was reported that this phase was suitable as thermoelectric
material at around room temperature by a first principle calculation. On the other hand,
the tetragonal WSi2 (t-WSi2) was reported that the Seebeck coefficient of this phase shows
100 x uV/K over above 1000 K. A method for obtaining tetragonal WSi2 by the reduction
method has already been reported. However, with this method, it is necessary to remove
SiO2 remaining in the sample after the reaction with an aqueous HF solution, and there is
a possibility that activated carbon used as a reducing agent may remain in the sample. In
addition, since tungsten or sponge titanium is used for the reaction vessel to obtain WSi2
of high purity, the synthesis cost also increases. Therefore, synthesis of tungsten disilicide
was attempted by simple synthesis method using reduction method and arc melting method.
Moreover, we tried reducing the carrier concentration of WSi2 by element substitution, and
the thermoelectric properties of the WSi2 were investigated. Tetragonal tungsten disilicide
could be obtained by the reduction method using the graphite container, but it was found
that impurity phase such as tungsten carbide was easily formed. Single phase tetragonal
tungsten disilicide could be obtained by the arc melting method. It was confirmed that the
carrier concentration of tungsten disilicide decreased by substitution of Mn or Cr. The peak
temperature of the power factor of the element substituted sample decreased to about 600
K, and the maximum value of the power factor of the Mn-substituted sample was 1 mW /
(K2m).

Keywords: Tungsten disilicide, Arc melting, Reduction method

*Speaker
fCorresponding author: kohri@cc.kogakuin.ac.jp

sciencesconf.org:ict2018:197287
37th International and 16th European Conference on Thermoelectrics


mailto:kohri@cc.kogakuin.ac.jp

P.117 Silicides Poster

Process optimization and the effects of process route

on thermoelectric properties of n-type doped
Mg2(Si,Sn)

*11

Cevriye Koz*'!, Richard Tuley!, and Kevin Simpson®

1European Thermodynamics Ltd. — 8 Priory Business Park, Kibworth, Leicestershire, LES 0RX, United
Kingdom

Abstract

Magnesium silicide stannides, Mg2(Si,Sn), which contain non-toxic and earth abundant
elements are attractive thermoelectric materials for practical applications in the temperature
range of 500-800 K [1]. High zTmax values of 1.1-1.5 were reported for the n-type doped
Mg2(Si,Sn) in laboratory scale [2,3]. Here, we show the importance of process optimization
and the effects of process route on the production of n-type doped Mg2(Si,Sn), in order to
scale up high performance thermoelectric material. The thermoelectric material was synthe-
sized by mechanical alloying and consolidated by spark-plasma sintering. X-ray diffraction
(XRD) and scanning electron microscopy with energy dispersive X-ray spectroscopy tech-
niques (SEM/EDX) were used for characterization of material. Thermoelectric properties
were investigated by laser flash analysis, resistivity and Seebeck coefficient measurements.
Our process is promising for scaling-up the production of mechanically and thermally stable
material with zTmax value of 1.2 to be used for fabricating thermoelectric devices.

Liu et al., Natl. Sci. Rev., 4, 611 (2017).

Zaitsev et al., Phys. Rev. B 74, 045207 (2006).
Gao et al., Appl. Phys. Lett. 105, 202104 (2014).

Keywords: magnesium silicide stannide, ball milling, spark plasma sintering
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Incorporating a Small Amount of MnS into Higher
Manganese Silicide Leading to a Green
Thermoelectric Composite with Significantly High
Price/performance Ratio

Zhiliang Li*!2, Jin-Feng Dong', Fu-Hua Sun', Jing-Feng Lif!, Qing Wang?, and
Shu-Fang Wang*?

IState Key Laboratory of New Ceramics and Fine Processing, School of Materials Science and
Engineering, Tsinghua University — Beijing 100084, China
2Hebei Key Lab of Optic-Electronic Information and Materials, College of Physics Science and
Technology, Hebei University — Baoding 071002, China

Abstract

Thermoelectric materials that can directly convert heat to electrical energy, offers a
promising solution for the increasingly global energy crisis. Higher manganese silicide (HMS)
is a naturally abundant, eco-friendly, and low-cost p-type thermoelectric semiconductor with
high power factor (PF); however, its figure of merit (Z7T) is limited by the intrinsically high
thermal conductivity (). To effectively enhance the thermoelectric performance of HMS and
also avoid the using of some expensive or toxic elements such as Re, Te or Pb, a green p-type
MnS, with high Seebeck coefficient () and low , was incorporated into the HMS matrix to
form MnS/HMS composites. The incorporation of MnS led to a 31% reduction of as well as
a 10% increase of S. The ZT value of MnS/HMS composites increased by _48% from 0.40
to 0.59 at 823 K. And correspondingly, its price/performance ratio was firstly proposed, and
was demonstrated higher than the currently vast majority thermoelectric materials. This
study gives a glimpse of boosting the ZT value of HMS as well as reducing the costs, which
is also applicable to other thermoelectric materials.

Keywords: Higher Manganese Silicide, Thermoelectric material, Price/performance Ratio
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A Thermoelectric Study Of Thin Film
Nanocrystalline Silicon Prepared By Chemical-Vapor
Deposition

Xiao Liu*!, Battogtokh Jugdersuren?, Brian Kearney®, William Nemeth?, and Qi Wang?*

!Naval Research Laboratory — 4555 Overlook Ave., SW Washington, DC 20375, United States
2KeyW Cooperations — 7740 Milestone Parkway, Hanover, MD 21076, United States
3NRC Research Associate — 4555 Overlook Ave. SW, Washington DC 20375, United States
4National Renewable Energy Laboratory — 1617 Cole Blvd, Lakewood, CO 80401, United States

Abstract

Silicon is one of the most abundant and environmentally friendly materials on earth.
It is also the most widely used semiconductor material that forms the foundation of mod-
ern electronics. Although doped bulk silicon possesses a favorable Seebeck coefficient and
electrical conductivity, its high thermal conductivity prevents it to become a practical ther-
moelectric material. In this work, we explore the possibility to use thin film nanocrystalline
silicon prepared by chemical-vapor deposition (CVD) as a potential high temperature thin
film thermoelectric material. We have reduced its average grain size to below 10 nm, and
reach a thermal conductivity that is much smaller than its amorphous limit. We also find
that ion implantation and annealing can be used to precisely control and optimize dopant
concentration and activation. We examine the thermoelectric power and electrical conduc-
tivity of boron-doped CVD nanocrystalline silicon and find that its power factor can reach
those of doped nanostructured silicon alloys prepared by other methods. Because of its low
thermal conductivity, we find it promising in high temperature thermoelectric applications.

Keywords: nanocrystalline silicon, chemical, vapor deposition, ion implantation, thermoelectric,
thermal conductivity
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Effects of Co substitution on crystal structure and
thermoelectric properties of melt-grown higher
manganese silicides

Hiroki Nagai*!, Haruki Hamada', Kei Hayashi!, and Yuzuru Miyazakif!

1Departmen‘u of Applied Physics, Graduate School of Engineering, Tohoku University — 6-6-05,
Aramaki-Aza-Aoba, Aoba, Sendai, Miyagi 980-8579, Japan, Japan

Abstract

Higher manganese silicide, MnSi~, has attracted much interest as a promising candidate
for thermoelectric (TE) materials owing to the natural abundance of their constituents, low
toxicity, and the relatively low thermal conductivity (3 W/mK). MnSiy consists of Mn- and
Si-subsystems, and these subsystems have different c-axis lengths. The ratio of these c-axis
lengths, v is an important value to understand electronic transport properties of MnSiy be-
cause v relates to valence electron counts (VEC). In MnSiy, change of carrier concentration
can be briefly estimated by VEC. We have reported that melt-grown V-substituted MnSiy
exhibits high power factor (2.4 mW/mK2 at 800 K) owing to the decrease in VEC. In ad-
dition, it has been reported that electrical conductivity of sintered MnSiy increases by Co
substitution. In this study, we investigate effects of Co substitution on the crystal structure
and TE properties of melt-grown MnSiy. We prepared Co-substituted samples using an arc
melting method. The obtained alloys were pulverized and remelted in an evacuated quartz
tube at 1473 K for 8 hours, and slowly cooled down to 1373 K for 100 hours. After the cool-
ing process, the samples were further cooled down to room temperature for 24 hours. The
value was refined by Rietveld analysis using a powder X-ray diffraction pattern. Calculated
VEC for obtained samples decreased from 13.972(1) to 13.921(1) with increasing Co content.
From this result, the carrier concentration is expected to increase by Co substitution. Actu-
ally, the electrical conductivity and Seebeck coefficient increased and decreased, respectively.
Consequently, the maximum power factor greatly increased from 1.1 mW/mK2 to about 2.0
mW/mK2 at 800 K.

Keywords: higher manganese silicides, valence electron counts
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Synthesis and Thermoelectric Properties of
Mo-substituted CrSi2 by Reduction-Diffusion
Process

Hayato Nakasawa*!, Tomohisa Takamatsu'!, Yoshihiko IlijimaZ, Kei Hayashi', and
Yuzuru Miyazaki'

'Department of Applied Physics, Graduate School of Engineering, Tohoku University — 6-6-05 Aoba,
Aramaki-Aza, Aoba-ku, Sendai, 980-8579 Miyagi, Japan
2Ricoh Institute of Future Technology, Ricoh Company, Ltd. — 2-7-1 Izumi, Ebina 243-0460, Kanagawa,
Japan

Abstract

Chromium disilicide, CrSi2, is a promising p-type thermoelectric material because of its
less toxicity, chemical stability at high temperatures and high power factor. However, the
2T value of CrSi2 remains still low due to its high thermal conductivity. Recently, Ohishi et
al. fabricated Mo-substituted CrSi2 by arc-melting and reported a reduction of the thermal
conductivity owing to the partial substitution of a heavier atom Mo for the Cr sites. (Y.
Ohishi et al., J. Phys. Chem. Solids, 87 (2015) 153.) The solubility limit of Mo in Crl-
xMozSi2 was reported to be z = 0.30. To further decrease thermal conductivity of CrSi2, we
prepared Crl-zMozSi2 samples in the range of z > 0.30 by means of Reduction-Diffusion
process. This process uses metal oxides as raw materials, which are reduced by a binary
metal hydride and fine powder can be obtained due to the high reactivity of a reductant.
In this study, powdered Cr203, MoO3 and Si were mixed with LiH and ground in an Ar-
filled glove box, and then pressed into pellets. These pellets were heated at 800°C for 6 h in
an evacuated quartz tube. After that, pellets were washed with deionized water to remove
byproducts. Finally, obtained powders were sintered by Spark Plasma Sintering at 900°C
for bmin under an applying pressure of 50 MPa in vacuum. Bulk samples were identified by
powder X-ray diffraction (XRD).

By employing the Reduction-Diffusion process, we have succeeded in expanding the solubility
limit of Mo up to x = 0.40 in Crl-zMozSi2 for the first time. Thermoelectric properties of
Mo-substituted CrSi2 samples will be discussed at the conference.

Keywords: Mo substituted CrSi2, metal hydride, Reduction, Diffusion process, fine powder, solu-
bility limit of Mo
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Advanced corrosion protective layers for Mg2Si
thermoelectric material

Pawel Nieroda*™, Krzysztof Mars', Juliusz Leszczynski!, Jolanta Nieroda', Pawel
Pasierb!, and Andrzej Kolezynski!

LAGH University of Science and Technology, Faculty of Materials Science and Ceramics — Al.
Mickiewicza 30, 30059 Krakow, Poland

Abstract

Magnesium silicide is the most promising, environmental friendly thermoelectric mate-
rial, which has low density (1.99 g-cm-3) and is cheap. These attributes distinguish it from
other well-known thermoelectric materials and therefore it is currently intensively studied.
The aim of the work was to develop anticorrosive layer for magnesium silicide using silanes-
based, amorphous layers. High purity Mg2Si samples were prepared by self-propagating
high-temperature synthesis (SHS) and hot-pressing method (Thermal Technology Hot Press).
Magnesium silicide samples were covered with selected amorphous layers by dip-coating
method and then annealed in various gas atmospheres (02, Ar) and for different time pe-
riods (several hours, days). The obtained layers were characterized using scanning electron
microscopy (SEM) and Raman spectroscopy. The structural and phase compositions of the
samples were examined by means of the X-ray diffraction (XRD) method and chemical com-
position analysis by SEM-EDX. The transport properties for Mg2Si samples i.e.: electrical
conductivity, the Seebeck coefficient, impedance spectroscopy and the thermal conductivity
were studied in temperature range from 300 to 720 K.

Acknowledgments
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from the resources assigned for science by National Science Centre (NCN) in the years 2017—
2020.
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Thermoelectric properties of Si/Al-doped (-FeSi2
composites

Rajasekar Parasuraman*! and Arun Umarji

"Materials Research Centre - MRC (Bangalore, India), IISc — C V Raman AveBengaluruKarnataka
560012India, India

Abstract

The composite samples made up of silicon dispersed §-FeSi2 with different aluminium
concentrations are synthesized using the eutectoid decomposition of a-Fe2Si5—zAlzx (0 < x <
0.1). Silicon phase fractions, microstructure and thermoelectric properties of the composites
have been investigated. Al-doping in Si dispersed (-FeSi2 results in increased hole-carrier
concentration thereby enhancing the electrical conductivity without compromising the See-
beck coefficient. This results in maximum power factor value of 4.7 pWem-1 K-2 at 773 K
for the sample with x = 0.1 which is significantly higher than that of an undoped sample.
We used Debye- Callaway model to understand the various scattering process involved in
phonon scattering. From the analysis, it is shown that an increased point defect scattering of
phonons with Al-doping in addition to scattering by Si/3-FeSi2 interface lowers the thermal
conductivity significantly.

Keywords: Transition metal silicides: Iron disilicide
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The influence of interband electron scattering on
thermoelectric properties of transition metal
monosilicides.

#11,2

Dmitry Pshenay-Severin*™2? Yuri Ivanov!, and Alexander Burkov!

Hoffe Institute — Russia, 194021, St. Petersburg, Polytekhnicheskaya st., 26, Russia
2Peter the Great St. Petersburg Polytechnic University — Polytechnicheskaya, 29, St.Petersburg, 195251
Russia, Russia

Abstract

In the present work we continue the investigation of the thermoelectric properties of cobalt
monosilicide and its solid solutions with the B20 cubic noncentrosymmetric crystal structure.
These materials demonstrate not only good thermoelectric properties, but, as was revealed
recently, they have unconventional electronic topology. In this work, using first principle
calculations, we investigate the scattering of charge carriers by phonons and point defects
taking into account both interband and intraband transitions. The comparison with the
experimental results and calculations in the constant relaxation time approximation is made.
It is shown that the account of interband scattering and energy dependence of relaxation
time is important for correct description of transport properties of these materials.

Keywords: cobalt monosilicide, ab initio calculations, electron scattering, interband scattering
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Silicide Module Development for Automotive
Applications

Mark Robbins*!, Richard Tuley!, and Kevin Simpson*

1European Thermodynamics Ltd — Unit 8, Priory Business Park, Wistow Road, Kibworth, LE8 ORX,
United Kingdom

Abstract

Researchers focusing on the development of medium temperature thermoelectric gener-
ators have predominantly concentrated on a handful of thermoelectric compounds such as
half heuslers, skutterudites, lead tellurides and silicides. Silicide materials offer a low cost,
environmentally friendly option for medium temperature thermoelectric generation. To pro-
duce modules which are attractive to industrial sectors such as the automotive industry, a
number of technological issues must be solved. The major challenges lie in the development
of scalable and low-cost manufacturing processes for modules which have sufficient perfor-
mance and lifetime properties to meet the demanding targets from end-users. A particularly
difficult requirement is the need for low resistance and strong mechanical joining of the
silicide materials to electrical contacts. Furthermore, these properties must be maintained
under operating conditions to ensure a long lifetime. European Thermodynamics Ltd has
developed a 40mm x 40mm, 66 couple, mid-temperature thermoelectric generator device,
comprising magnesium silicide and higher manganese silicide. The module has a maximum
power output of 4.94W at a temperature differential of 3760C (measured in air), equating to
a power density of 309mW /cm2 for the module. We review the design considerations for a
mid-temperature module and present the geometry used for the tested device. Electrical and
mechanical performance data is presented for both 7-couple and 66-couple devices and the
methods for measurement are explained. The lifetime requirements, the testing procedures
and the lifetime data of the presented module are discussed.

Keywords: Silicide, Module, Lifetime, Power, Generator
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Control of microstructure in magnesium
silicide-stannide alloys via heat treatment protocols

Andrey Sizov*'', Hazel Reardon?, Bo Iversen?, Paul Erhart?, and Anders Palmqvist!

1Department of Chemistry and Chemical Engineering, Chalmers University of Technology — SE-412 96
Goteborg, Sweden, Sweden
2Center for Materials Crystallography, Department of Chemistry, Aarhus University — Langelandsgade
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3Chalmers University of Technology - Department of Applied Physics — 412 96 Goteborg, Sweden

Abstract

Microstructuring has already proved itself as a reliable approach for enhancement of

thermoelectric properties [1]. However, this approach has not been much applied to alloys
of Mg2Sil-xSnx possibly due to a high discrepancy among published phase diagrams [2, 3].
The presence of the miscibility gap demonstrated in the current study allows to manipulate
the composition as well as morphology in the magnesium silicide-stannide phases. The spin-
odal decomposition in solid state is of particular interest, since alternating endotaxial phases
can be formed creating a large density of interfaces, in which the low frequency phonons are
scattered more preferentially than high frequency electrons.
The influence of composition and temperature on the microstructure of Mg2Sil-xSnx in the
Si-rich region is investigated in order to identify the critical demixing temperature, which
plays a significant role in the formation of lamellae-like arrangement of phases. The judi-
ciously designed protocols made it possible to control the microstructure. Another important
parameter, which is responsible for spinodal decomposition, is the cooling rate, the effect of
which is also demonstrated.

The formed phases in the Mg2Si-Mg2Sn system were characterized via X-ray diffraction,
scanning and transmission electron microscopy. The acquired data of the composition of
the phases clarify the behavior of the system as well as reveal details of the miscibility gap,
which can be utilized to control the microstructure in the other regions of the quasi-binary
phase diagram.

K. Biswas, J. He, I. D. Blum, C.- Wu, T. P. Hogan, D. N. Seidman, V. P. Dravid and M.
G. Kanatzidis, Nature, 414-418 (489), 2012.

Kozlov, J. Grlobner, R. Schmid-Fetzer, J Alloy Compd, 3326-3337 (509), 2011.
R. Viennois, C. Colinet, P. Jund, J.-C. Tédenac, Intermetallics, 146-151 (31), 2012.
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Investigating the effect of processing route on the
microstructure and thermoelectric properties of
higher manganese Silicide

Xin Song*!, Joachim Graff?, Adam Gotz?, and Gunstein Skomedal®

1University of Oslo — P.O 1072 Blindern 0316 Oslo, Norway
2SINTEF Industry, Materials Physics - Oslo — Forskningsveien 1, Oslo, Norway
3ELKEM AS — Drammensveien 169, 0277 Oslo, Norway

Abstract

Higher manganese silicide (HMS) has been considered as an environment-friendly thermo-

electric material due to the abundant and non-toxic elements it consists of. The technological
advances in producing high quality feedstock materials, particularly Si, facilitate large scale
production perspectives. In this work, we compare three different approaches for producing
HMS samples, namely melt-casting (MC) which is a matured and widely-used industrial
process for silicon and other alloy production, spark plasma sintering (SPS) which has been
mostly reported for lab-scale fabrication of HMS samples, and hot-pressing (HP) for a small-
scale synthesis.
We have made kilogram batches of HMS with nominal compositions of MnSil.75-xGex,
where x= 0.005 and 0.01, and for further SPS and HP processes. The microstructures were
investigated by scanning electron microscopy and X-ray diffraction. The Seebeck coeflicient,
electrical conductivity and thermal conductivity measurements were carried out from room
temperature up to 500C.

We show how the peritectic phases dissolve and microstructure changes upon employing
different processing approaches at different temperatures. The electrical conductivity and
thermal conductivity are strongly dependent on the microstructure, while the Seebeck coeffi-
cient shows a dependency on the doping level. It is expected that the outcome of the present
study will provide important feedback to the transition from lab-fabrication to industrial
production.

Keywords: HMS, synthesis
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Transmission electron microscopy of Mg2Si
thermoelectric leg subjected to high-temperature
oxidization tests under ambient atmosphere

Hiroharu Sugawara*!, Shin’ichi Nakamura?, Youhiko Mito®, Atsushi Ogino?, and
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Abstract

High temperature degradation is an issue of Mg2Si thermoelectric devices operating at
500-800 degC. The authors demonstrated that an enhancement of sintering pressures (Ref.
1) and impurity doping to raw materials (Ref. 2) were effective to improve high temperature
durability in spark plasma sintered (SPS) n-type Mg2Si compacts. In this work, cross-
sectional transmission electron microscopy (TEM) was carried out to investigate the inner
matrix of these compacts subjected to high-temperature tests at 600 degC. TEM observation
revealed that the compacts contained surface oxide layers, Mg2Si crystalline, and complexes
of MgO and Mg2Si. The sample compacted at lower pressure exhibiting lower density and
weaker temperature stability and contained a larger amount of MgO complex, indicating
that high temperature stability is attributed to formation of oxides inside body rather than
on the surface oxide layer. A sintered sample made from raw Mg2Si powder doped with
tungsten (W) and zinc (Zn) impurities contained W and WSi2 particles, which prevented
the formation of oxides inside the sample, resulting in longer high-temperature stability.

Rerferences:

(1) Y. Mito et al., J. Elec. Mater. 46 (2017) 3103-3108, DOI:10.1007/s11664-016-5182-
1.

(2) Y. Mito, et al., Proceedings of the 64th Japan Society of Applied Physics Spring Meeting,
Japan, 15p-E206-11 (in Japanese), March 2017. https://confit.atlas.jp/guide/event /jsap2017s/subject /15p-
E206-11/classlist
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Mg2(Si,Sn,Ge) Thermoelectric Materials by
Mechanical Alloying

Maria Karyou*!, Elli Symeou'!, and Theodora Kyratsit!

1University of Cyprus — Department of Mechanical and Manufacturing Engineering, University of
Cyprus, 75 Kallipoleos Av., PO Box 20537, 1678 Nicosia, Cyprus

Abstract

Silicides have been considered as candidates for high performance thermoelectric mate-
rials because they combine relatively high Seebeck coefficients, high electrical conductivities
and low thermal conductivities. Recent studies have shown that silicides offer considerable
advantages over conventional materials for mass production and scale up due to their low
cost, relatively high abundance and availability of raw materials. However, scalable synthe-
sis is a critical issue for this type of materials due to the features of their starting elements
(i.e. large difference in melting points, ductile materials etc) that limit the type of tech-
niques that can be applied. In this study, doped Mg2(Si,Sn,Ge) materials were prepared
by mechanical alloying in an effort to increase the mass capabilities of the synthetic route
compared to the typical solid state reaction. Mechanical alloying and hot pressing conditions
were investigated for optimization aiming to achieve good thermoelectric properties, compa-
rable to the promising materials prepared via solid state synthesis. Structural features and
thermoelectric properties were studied in detail.

Keywords: Silicides, mechanical alloying, scale up
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Stability Studies of Magnesium Silicide based
Compounds

Elli Symeou*!, Christiana Nicolaou!, Ioannis Giapintzakis', and Theodora Kyratsif!

1University of Cyprus — Department of Mechanical and Manufacturing Engineering, University of
Cyprus, 75 Kallipoleos Av., PO Box 20537, 1678 Nicosia, Cyprus

Abstract

Magnesium silicide related materials have attracted increasing attention for thermo-
electrics being promising, environmentally friendly and operated in a medium temperature
range. Target applications are related to waste heat recovery from various systems. However,
besides their high thermoelectric performance, their high sensitivity to oxidation that leads
to poor thermoelectric properties due to the degradation of the compound is also known.
Reported works on such materials focus mainly of the thermoelectric properties and the
figure-of-merit while reports on stability tests are still limited. In this work, the stability of
Mg2(Si,Sn,Ge)-based compounds are investigated under certain conditions. Our recent re-
sults on the compositional and structural stability of materials as well as their thermoelectric
properties (Seebeck coefficient and electrical conductivity) will be presented.

Keywords: Stability, Magnesium silicide
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Backscattered electron imaging for a rapid
screening /determination of composition on
inhomogeneous samples: Mg2Sil-xSnx as example
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Abstract

In the field of thermoelectrics, multiphase materials are of considerable interest due to
the additional scattering of different phases that can reduce the lattice thermal conductiv-
ity and consequently improve the thermoelectric performance of the material. Furthermore,
secondary phases can be beneficial for blocking undesired minority carriers in heterostruc-
tures; hence suppressing the bipolar part of the thermal conductivity or for filtering the low
energy majority carrier, therefore enhancing the power factor. To be able to tune the ther-
moelectric properties, size, amount, and occasionally, composition of the secondary phases
need to be assessed and optimized. SEM-EDX is the state-of-the-art method for such phase
analysis. However, it is limited by a low throughput and a relatively poor spatial resolution.
Therefore, development of a quick and simple method for phase quantification (in compo-
sition and volume fraction) can be useful. In this work, we prove experimentally a simple
relation between the grey value of the different points of the backscattered electron images
and their respective chemical composition using multiphase Mg2Sil-xSnx as an example for
a quasi-binary multi-composition/multiphase thermoelectric material system. Utilizing the
grey values of the backscattered electron images, a rapid method for phase quantification
in such material systems is introduced. Applying this method on Mg2Sil-xSnx, the Si and
Sn content of each individual point of the BSE images can be calculated assuming that
Mg2(Si,Sn) is a line phase (i.e. we do not have Mg content fluctuation), based on only two
EDX point measurements giving a superior spatial resolution compared with EDX mapping.
Through this method, the area percentage of Si- rich secondary phases were calculated in
the Mg2Sil-xSnx samples sintered at 700 C for different time durations.

Keywords: Phase quantification, Magnesium silicide stannide, Quasi binary compounds, Thermo-
electric, Back scattered electron image, Energy dispersive X ray spectroscopy, Spatial Resolution
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Studying the miscibility gap in Mg2(Si,Sn): influence
of Mg content
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Abstract

Mg2Sil-zSnx is a promising thermoelectric material with a high figure of merit (27 max)
of _71.1-1.4 for n-type Mg2Si0.45n0.6 solid solutions. There is a miscibility gap reported for
the Mg2(Si,Sn) compound, though the limits are disputed. A miscibility gap gives a chance
for self-assembling and temperature stable nanostructuring; hence, further reduction of the
thermal conductivity through additional phonon scattering. Therefore, its understanding is
important for a possible further optimization of material performance. In this work, two
approaches were taken to investigate thermodynamic stable phases and range of the mis-
cibility gap: interdiffusion experiments of Mg2Si/Mg2Sn couples and long-term annealing
on Mg2Sil-xSnx samples with 2 = 0.5 (supposedly inside the miscibility gap). A group of
sintered Mg2Si/Mg2Sn diffusion couples together with excess elemental Mg, was annealed at
600 C, 525 C, and 450 C in quartz ampoules. Moreover, three groups of Mg2Si0.55n0.5 sam-
ples were annealed with and without excess Mg at the aforementioned set of temperatures.
The phase evolution of the Mg2Si/Mg2Sn diffusion couples and Mg2Si0.5Sn0.5 samples was
studied using SEM/EDAX. The Mg content in the samples can change due to the high va-
por pressure of Mg at high temperatures. EDAX results revealed that the Mg- loss has a
considerable influence on the preliminary obtained boundaries of the miscibility gap; for the
Mg2Si0.5Sn0.5 sample annealed at 600 C (with Mg- loss) the limits of the miscibility gap
were determined as 0.25 < x < 0.9 while for the Mg2Si/Mg2Sn diffusion couple annealed at
the same temperature without Mg- loss the range was obtained as 0.2 < x < 0.6. Differences
in Mg content might thus explain why the miscibility range was disputed for decades.
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Potential use of thermoelectric generators in solid
waste incineration plant
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Abstract

Based on the Roadmap to a Resource Efficient Europe, the European Union should

achieve a situation where waste is managed as a resource by 2020 [1]. In this respect, let
us underline that in 10 EU states more than 90% of the waste is already recycled [2]. This
clearly insinuates the fact that using waste represents one of the EU’s key resources.
Due to the fact that not all of the municipal solid waste (MSW) can be properly recycled or
composted, another possibility of harvesting MSW is using it as a valuable energy resource
via waste to heat technology in incinerator plant [2]. To eventually further improve the effi-
ciency of incineration process, there is a clear demand to analyze in detail the energy balance
of waste-to-energy plant. We have performed such analysis for municipal waste incineration
factory located in Prague agglomeration, which generates energy in the form of electricity,
steam and hot water further sent to a nearby district to heat homes, households, offices and
used by the nearby industry. Namely we aimed to target such zones or places, where the
application of thermoelectric technology could either improve the energy gain via electric
energy generation and/or help to improve the complex control and energy management of
modern incineration plant.

The financial support from the Operational programme: Prague - Growth Pole of the Czech
Republic, Project number: CZ.07.1.02/0.0/0.0/16-040/0000384 is highly acknowledged.

H. Wilts and N. von Gries, Waste and Resource Management, 168, 166-176 (2015) http://dx.doi.org/10.1680/warm.
http://www.cewep.eu/ ( dated 1.3.2018)
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A study on forest soil thermoelectric power
generation device
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Abstract

An environmental micro-energy collection device was further perfected and field exper-
iments were carried out under the natural condition for the first time. The device used
gravity-assisted heat pipe to transmit heat from shallow soil to the earth surface and ther-
moelectric generators (TEG) were employed to generate electric by temperature difference
between soil and air. During the experiments carried out in natural field, a 3.7 mW electrical
power was observed and energy about 128.74 J could be harvested in a single day. The device
can be used to generate electric to power the forest wireless sensors in remote forest or other
environment, where electricity is unavailable, this work also has a referential significance to
acute energy shortage and environmental pollution problem.

Keywords: Environmental microenergy, Thermoelectric device, Soil, Wireless sensors.
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Finite element analysis of temperature and stress
fields during the selective laser melting process of
thermoelectric SnTe
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Abstract

A three dimensional nonlinear transient thermo-mechanically coupled finite element model
(FEM) is introduced to analyze the temperature and stress fields during the selective laser
melting (SLM) of thermoelectric (TE) SnTe. Considering the powder-to-solid transition and
the latent heats of melting and vaporization, we simulate the temperature distribution near
the molten pool and the residual stress inside the printed material at room temperature un-
der different laser processing parameters. The calculated results indicate that vaporization
gradually weakens as the laser power decreases and the scanning speed increases. Within
the optimum forming window, the residual stress rises with the increasing laser power and
decreasing scanning speed. The thermal stress mainly concentrates in the middle of the first
scanning track, the terminal of each scanning track, and the edges of the forming surface,
which is well consistent with the experimental results. This work has laid a significant foun-
dation for rapid manufacturing of bulk SnTe thermoelectric materials using the selective
laser melting process and will serve as a guide for laser processing of other thermoelectrics
and perhaps even complete thermoelectric modules.

Keywords: selective laser melting, thermoelectric SnTe, finite element analysis, temperature field,
stress field
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GRAPHENE — MESOPOROUS SI OR GE
NANOCOMPOSITES FOR THERMOELECTRIC
APPLICATIONS
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3000 Boulevard Université, Sherbrooke, JIK OA5, Québec, Canada

Abstract

Nanoporous semiconductors such as silicon and germanium have been predicted theo-
retically to be appealing candidates [1]. A figure of merit of 0.40 for nanoporous silicon is
calculated [1]. Moreover, nanoporous germanium presents appealing properties and (ZT)max
twice larger than nanoporous silicon [1]. In the two cases, the figure of merit is lower than
other materials. However, graphene provides a higher thermal stability for porous materials
and a better electrical conductivity so potentially a higher figure of merit than predicted
without grapheme. The association of mesoporous semiconductor with a 3D graphene-like
coating creates a nanocomposite with hybrid physical properties. In this work, we evalu-
ate the potential of using these composite materials for thermoelectric applications. The
nanocomposite are synthesised thanks to electrochemical etching and then carbonization
using Chemical Vapor Infiltration (CVI). The chemical and structural properties of these
composites are studied by XPS and Raman spectroscopy. Thermal and electrical properties
of the nanocomposite are studied by Raman spectroscopy and current voltage measurements
respectively. According to the results, the carbon coating structure is graphene-like and
enhances electrical conductivity. Indeed, a significant factor is present between the slope for
graphene mesoporous silicon nanocomposite and slope for mesoporous silicon. Additionally
the thermal conductivity of the nanocomposite is -~15mW /mK which is similar to the one of
initial mesoporous silicon sample. [1] J-H. Lee and J. C. Grossman, Applied Physics Letters,
2009, 95 (1), DOI: 10.1063/1.3159813
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