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Abstrakt:

Prace je zagfena na moderni oblast vyuziti MEMS technologii Vasb
termoelektrickych generatiorUvodem jsou diskutovany zéakladni principy konkteia
vyroby MEMS TEG modul. Prakticka cast prace sestava z &egni parametr
komekniho MEMS TEG modulu gfenim a jeho simulace. Simulace je provedena
pomoci MATLAB/Simulink i analytickych metod. V zéw prace je na zaklad
ziskanych poznatkprovedeno zhodnoceni vyuziti metod ,thermal enér@yesting” v
oblasti letecké techniky.

Kli ¢ova slova:MEMS, TEG, termoelektricky generator, seehacjev, termoelekina,
energy harvesting, mikrosystémy.

Abstract:

This thesis is focused on the modern field of igagibon of MEMS technology in
the field of thermoelectric generators. The intrduy part deals with fundamental
principles of MEMS TEG construction and manufactgri The practical part of this
thesis consists of verification of commercial MENIEG parameters and its simulation.
Simulation is carried out using MATLAB/Simulink agll as analytical methods. The
conclusion deals with evaluation of use of therraakrgy harvesting methods in
aircraft-specific field.

Key words: MEMS, TEG, thermoelectric genarator, Seebeck Effthermoelectricity,
energy harvesting, microsystems.
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1 Introduction
“There’s Plenty of Room at the Bottom” (Richard Fps Feynman]1]

When Richard P. Feynman gave in the 1959 the fartemtisre named as cited
above, nobody knew how correct his consideratioesewHis lecture was about the
forthcoming era of miniaturization, microsystemsd amanosystems. Based on this
lecture Feynman is often called the “Father of Naclanology”.

Many years have passed. Nowadays the considerdtmmshis talk which was
focused mainly as a theoretical look-out are turnedo practice as the
MicroElectroMechanical Systems (MEMS) and the NadrotEoMechanical Systems
(NEMS).

The advantages of miniaturization are not only tlemands on space. It means,
that there is not just a plenty of room at the doott but also many new aspects of
known physical phenomena in the microsystems. Wth increasing level of
miniaturization significant changes occur in theepbmena of heat transfer,
hydromechanics, lubrication, electrochemical amanat processes.

This bachelor’s thesis is focused on the MEMS tetdgy in the field of
ThermoElectric Generators (TEGs) and their useermospace applications.

Application of TEGs as the energy harvesting systamaerospace applications
is quite a new theme which has not yet been discuss many scientific journals and
only a few functional samples were made. The ptssipplication of MEMS TEG in
aircraft-specific field is their use for powerin@pet autonomous sensor nodes for
structural health monitoring and powering the wvessl sensors in general. In
comparison with other energy harvesting technok¢fie main advantages for the use
of TEGs in aviation are no movable parts allowiog ldemands on maintenance and
mainly the presence of ideal conditions for thermiaérgy harvesting — natural heat
gradient on the surface of aircraft. Other sourggdeat involving engine, engine
exhaust and heat from passengers could be also italoean account.

The task of this thesis is to make the review o&ilable MEMS TEG
technologies for energy harvesting, compile the ufecturer's data and make the
computational model based on this search. The ctatipnal model will be also
verified by the measurement on the real MEMS TEGQIue The last point of this
work is the evaluation of examined TEG modulesuie in the field of aircraft-specific
applications. All of these tasks are based on sskiom set by mechatronical
department of UNIS a. s. company.

This thesis begins in Chapter 2 by short introdurctinto the scaling of
miniature devices and necessary definitions comdewatith this field. Chapter 3 deals
with general principles and basic consideratiorth s thermoelectric effects and basic
relations in thermoelectric theory. Chapter 4 isc@ned with suitable MEMS TEGs
and their parameters and gives a brief overviewhef market. Chapter 5 shows the
measurement procedure, measuring stand and iniipre of measured results.
Chapter 6 describes the model building based ahduunderstanding of thermal and
electrical processes in TEG and shows more possilyes to describe TEG. Chapter 7
compares the data gained from various models, measmt and manufacturers
datasheets. The last Chapter 8 provides majodwsinos about possibilities for use of
MEMS TEGs in aircraft-specific applications and |lm#s the pathways for the future
development.



2 Fundamentals of MEMS technology

2.1 Definitions

Microelectromechanical systems (MEMS) refer to cevi that have a
characteristic length of less than 1 mm but moenthxm, that combine electrical and
mechanical components and that are fabricated usimiggrated circuit batch-
processing technologieR2]

Nanoelectromechanical systems (NEMS) are madescofremechanical devices
that have critical dimensions from hundreds dowratfew nanometers. By exploring
nanoscale effects, NEMS present interesting anquencharacteristics, which deviate
greatly from their predecessor microelectromechahsystems (MEMS|3]

The graphical interpretation of definitions menBdn above is given
in the Fig. 1. As can be seen in the Fig. 1, tharatteristic length of MEMS is
comparable with the thickness of a human hair. 3inallest man-made devices have
the dimensions of about only ten times greater thaaydrogen atom which causes the
unique characteristics of NEMS devices such asdomahtal frequencies in gigahertz
(microwave) range, force sensitivity at the attotmwlevel, power consumption in tens
of attowatts and extremely high integration leva[s to 13% elements per square
centimeter [3]. In the further reading we will lme@ised only on the field of MEMS.

Voyage to Lilliput
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Fig. 1 — Scaling of miniature devices [2]

2.2 Common features of MEMS

The definition of MEMS gives an austere understagdibout the MEMS sizing but
neglects some important features of MEMS. Accordmd@@] the common features of
MEMS are as follows:

 MEMS involve always the electronic and non-eledqarts (mechanical parts
which could be movable or non-movable) and perféuncttions such as signal
acquisition (sensing), signal processing, actuataisplay and control. The
important role for MEMS is also use in the field dfemical and biochemical
reactions and assays.

e MEMS are systems in the true sense — which mehastypical system features
such as stability, step response, signal-to-nomto,r reliability but also
calibration and packaging have to be considereshguine design process.

-10-



e The important step during the MEMS design is disabelassical “macro”
approach to the systems functions and design. MEMS not simply size-
reduced “macro” systems. The most successful MEMS kmased on new
phenomena which occur at the “micro” level. As aaraples could be given the
ink-jet print heads or thin film magnetic disk head

« Some MEMS could consist of large arrays of micrafaied elements (e.g.
periodical structures of P-N junctions) which cofifdhlly causes that the size of
MEMS is greater than 1 mm.

2.3 Applications of the MEMS

The MEMS technology could be used and useful irfiellls of engineering and
in some fields of medicine, chemistry and biosogsncThe current implementation of
the MEMS technology involves sensors for pressiemaperature, mass flow, velocity,
sound and chemical composition and actuators f@ali and angular motions. MEMS
could be, of course, used as components for desidrbuild of higher complex systems
such as robots, micro heat engines and micro heapg. Applications of MEMS in
biosciences as biosensors and micro reactors nagyaplimportant role. [2]

MEMS are currently used as parts of complex systamaccelerometers for
automobile airbags, keyless entry systems, densgysaiof micromirrors for high-
definition optical displays, scanning electron ragmope tips to image single atoms,
micro heat exchangers for cooling of electronicuts, blood analyzers and pressure
sensors for catheter tips. Micropumps are usedirfkijet printing, environmental
testing and electronic cooling. Potential medicppleations involve systems for
targeted drug delivery and manufacturing of naaditof chemicals. The most relevant
application for the purpose of this thesis is ia field of energy harvesting. The MEMS
energy scavengers could be based on the thermielgiezoelectric, electromagnetic
or electrochemical phenomena. [2]

The application fields for MEMS could be divideddrn/7 main areas as shown
below. This division is based on the MEMS worldwidwrket review from 2009
mentioned in [4]:

» temperature sensors (including thermoelectric geoes)

* magnetic field sensors (micro hall probes)

* microfluidics (ink-jet printers, mass-flow sensdoglab chips)
e pressure sensors (automotive, medical, industrial)

* accelerometers

e optical MEMS (optical switches, displays)

e other MEMS and actuators (micromotors, microturb)ne

This thesis is focused only to the field of MEMS$Hgaologies applied on TEGS.
A comprehensive review of other MEMS is given in425].

-11-



3 Fundamentals of thermoelectricity

The history of theory of thermoelectric generatgomes back to 1821. In this
year T.J. Seebeck found that the heated junctiamvofdifferent electrical conductors
could produce an electromotive force. Seebeck twedlifferent metals which caused
the insignificant amount of produced electricalrgye

Thirteen years after Seebeck made his discovefyerach watchmaker J. Peltier
found the reverse effect. He realized that passdgelectrical current through the
junction of two different conductors could produgesmall heating or cooling effect
dependant on the direction of the passing current.

Very interesting historical notice about SeebecH Beltier is that they didn’t
know that their discoveries are related to the edbRr. The theory of thermoelectricity
has been unified in 1855 by a well-known theoraticW. Thomson (Lord Kelvin) who
applied the thermodynamic theory to the problem famdi out the third thermoelectric
effect which is applied in every homogenous conaluetthe Thomson effect. [6]

3.1 Seebeck effect

The Seebeck effect is based on the diffusion aftedas through the interface
between two different materials — conductors or isenductors. This diffusion is
achieved by applying a heating at the junctionhef thaterials. Heating causes the net
changes in the materials and allows electrons teenfimm material where they have
lower energy into material where the energy of tetets is higher. Because the
electrical current is exactly a flow of electrottss effect of passing electrons from one
material to another makes an electromotive forceltdge) on the terminals of
thermoelectric module. Generated voltage is lineaépendant on the temperature
difference between hot and cold sides of therméeteenodule. The graphical
interpretation is given in the Fig. 2. [6-8]

Voltage value is given as:

U= aAB'(TH _Tc) (3.1)

- oaps differential Seebeck coefficient
- U voltage

- Ty temperature of the hot side

- Tc  temperature of the cold side.

iy | T
H — &
— -type P
_
HEAT input E
EEE— type » Electrical

power
output

Fig. 2 — Seebeck effect [7]
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Although it seems that Seebeck effect could benterfacial phenomenon that is
nondependent on bulk properties of the materiabtty@osite is trueVoltage measured
on the terminals of thermoelectric module is lilgadependent on the Seebeck
coefficient which is a material property:

a. = 3.2
o= A (3.2)

where:
- aps differential Seebeck coefficient
- U voltage
- AT  temperature differencd | — Tc).

Thus a value of the differential Seebeck coefficiera material characteristic of
the junction we define it using Seebeck coefficigiboth two materials:

Opg =0p —0p (3.3)

where:
- apg differentialSeebeck coefficient
- oA Seebeck coefficient of material A
- ag Seebeck coefficient of material B.

Notable thing about the thermoelectric energy cosiva is their efficiency. We
define the efficiency of thermoelectric energy censiwon as the division of energy
supplied to the load and heath flow through thedmie of thermoelectric module [6-8]:

. (3.4)

(Y

-7 efficiency
- Ee electrical energy supplied to the load
- On heath flow through the hot side.

Thermocouple is, in fact, a type of heat engineraj®y between two
temperatures of cold and hot sideTs and Tc. Thus a theoretical efficiency of the
thermoelectric energy conversion is limited by @anot cycle rules [7]:

AT

NcarnoT = ﬁ (3.5)
where:
- NCARNOT theoretical (Carnot cycle) efficiency
- AT temperature difference
- Ty temperature of the hot side.

The real efficiency of thermoelectric conversiomliways lower than theoretical.
Common value of efficiency is about 14 % of Carnefficiency using bulk

-13-



semiconductors around room temperature. In théndurteading will be shown that
efficiency could be expressed using material priogeralues. [8]

3.2 Peltier effect

The Peltier effect is inverse phenomena to the Sdeleffect. The physical
meaning of the Peltier effect is also diffusionebdctrons but in the opposite direction
than in the case of Seebeck effect. The electramdiorce is now the source of
electrons kinetic energy and heating at the jundsca product of electrons movement.
Applications of this effect include cooling in vaus environments. The graphical
interpretation of the Peltier effect is given ir thig. 3. [6-8]

We define the Peltier coefficient witch is givingtd account pumped head and
electrical current supplied to the thermoelectraxdure:

M =|9 (3.6)

where:
- mag  Peltier coefficient
- q heat pumped through the thermoelectric module
- electrical current.

Because the Peltier coefficient is much more diffido measure than the
Seebeck coefficient we use the conversion equatieaach them from known value of
Seebeck coefficient:

The =0T (3.7)
where:

- mag  Peltier coefficient
- apg differential Seebeck coefficient

- T temperature.
T, / T,
£ H
+
HEAT absorbed HEAT rejected —
| )-type. jJ
v Electrical
power
input

Fig. 3 — Peltier effect [7]
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3.3 Other thermoelectric effects

Theory of thermoelectricity deals with three malmermoelectric effects —
Seebeck, Peltier and Thomson. The Thomson effecbeisig applied in every
homogenous conductor which is given along the teatpee gradient and is passed by
an electrical current. The Thomson effect couldnieglected in the wide range of
calculations instead of very precise models. [6, 7]

Applying a magnetic field into problem of thermeetricity could be find
another 2 effects connecting with interaction adrthal, electric and magnetic field.
These effects are called after Nernst and EttinggrauThe Nernst effect is analogy of
Seebeck in magnetic field. Its application is sames$ in the detection of thermal
radiation. The Ettinghausen effect — analogy ofi®e} could be potentially applied in
refrigeration at low temperatures. [6]

3.4 Thermoelectric materials

Although at the beginning of thermoelectric era lie& and Peltier used metal
conductors to demonstrate thermoelectric effeasehmaterials seems disadvantageous
nowadays. Thermoelectric effects in metals arengtyo suppressed by the Joule
heating. The best materials for thermoelectric g@neronversion are heavily doped
semiconductors. [9]

Suitability of material for the thermoelectric egg conversion could be
evaluated using the figure of merit:

ZT=—T (3.8)
Ap
where
- ZT  figure of merit
- o Seebeck coefficient
- 2 thermal conductivity
- p electrical resistivity
- T temperature.

Higher figure of merit indicates the higher suit@piof use the material for
thermoelectric energy conversion. As could be gasibven fromZT expression, ideal
thermoelectric material should have high Seebeéeificeent, low thermal conductivity
and electrical resistance. Increase of the figdreerit is the task for MEMS TEGs.
[6-8]

Materials withZT > 0.5 are called thermoelectric materials. Thentoelectric
materials are conveniently divided into three gwpth respect to the operating
temperatures. This distribution is mentioned in Big 4. Alloys based on bismuth in
combinations with antimony, tellurium and seleniane classified as low-temperature
thermoelectric materials for temperatures of ug36 K. Middle temperature range 450
— 850 K is a domain for lead telluride materialsr the highest temperature range up to
1300 K are used germanium alloys. [7]

As mentioned in 3.1 the efficiency of thermoelectgenerator could be
expressed by bulk properties of used material. &tms are represented by the figure
of meritZT:

-15-
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H

efficiency
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Fig. 4 — Recent thermoelectric materials propefii¢s
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4 Micro Thermoelectric Generators

Implementation of the MEMS technology in TEGs isdx on miniaturization
of thermocouples made of semiconductor thermoéteatraterials using special
thin-film manufacturing technologies. This approaaffects the minimization of
thermal conductivity, prospective maximization déatrical conductivity, increase of
number of thermocouples and last but not leashitji@ power density.

Current technology development in the miniaturaatiof thermoelectric
generators is spread over three main pathways [7]:

* Enhancement of the thermoelectric figure of mé&@N) ZT. This performance
can be significantly enhanced to ZT >> 1 by empigymanostructred materials
such as quantum wells, superlattices, nanowired,reanograins.

* Use of miniaturized designs by adopting technidquesal for MEMS devices.

« The transfer of manufacturing techniques origingtinfrom CMOS
microelectronics to mass production.

ig. 5 Comparison of classical and MEMS TEG [7]

4.1 MEMS TEG Design

Every MEMS TEG is made of a large number of therouples connected
electrically in series and thermally in paralleh€fe are two main approaches to the
MEMS TEG design setup — lateral/lateral and velfrestical. In the case of
Lateral/lateral type is the heat flow or temperatdlifference applied in the same
direction as thermocouples laterally to the sulstrim the case of vertical/vertical type
are the heat flow and thermocouples applied vélfita the substrate. It's also possible
to combine lateral and vertical approach which mlled vertical/lateral type.
Commercially available TEGs are being produced gusiartical/vertical design only.
[7,9-11]

The common MEMS thermoelectric generator has thaimilar geometry as
standard thermoelectric generator. However theangarical difference is a difference
in size. Standard thermoelectric generator sizédcbe about 34 x 30 mm with 4 mm
thickness [12]. On the other hand the size of BipMEMS TEG is about 3.3 x 3.1 mm
with 0.6 mm thickness [13]. Even more significarffestences are in the length of
thermocouples. Thermocouples integrated in a das$EG have a length about 3 mm
when a thin-film layer of miniaturized P-N thermogbes has 7am.

17-



Design of vertical/vertical MEMS thermoelectric ngeators has the well
established pattern which can be found in a laxgeber of implementations (Fig. 6).
Common MEMS TEG could be decomposed into the falgwparts [7]:

» Hot side — part of TEG which is attached to the spot withbr temperature,
usually to the heat source.

» Cold side— part of TEG which is attached to the spot witvér temperature,
usually to the heat sink.

» Substrate (wafer)— base plate to which are deposited thermocou§ldsstrate
is usually made of Si. Many technical realizatiaare based on two wafer
principles — hot and cold sides of the TEG module produced at first
separately, one with thin-film of P semiconductarsl other with N, then are
connected together — like two slices of a wafer.

* Thermocouples— thin-film based, deposited by microfabricatieatnologies.
For the P-N thermocouples of commercially availabledules are used low-
temperature thermoelectric materials s and (Bi, Sb)Tes. Thermocouple
footprint is very small. Side lengths are usualgnths to hundreds of
micrometers

» Junctions — conductive connections of P-N thermocouplesctioms could be
realized by heavily doped layers of substrate & ¢bnnection points or by
soldering of thermocouples using metallic solder.

* Insulation — insulates thermocouples from both thermal andtetal point of
view.

* Wire bondable pads— spots for interconnection with superior systeenRCB
or wires.

» Wires — soldered to the wire bondable pads for the easywection to the
superior system. On the commercially available neglusually on request.

Al Cold-side

Heavily doped layer Undoped Si-Substrate
k¥
Hot-side
Fig. 6 — Vertical/vertical MEMS TEG design setup [7

4.2 Methods for Production of Thermoelectric Thin-F iims

Although the geometry of MEMS and standard thelewigc generators is
exactly the same but smaller, the methods of fireduction are quiet different.

Classical thermoelectric generators are usuallgemaf bulk materials using
conventional manufacturing methods. The mostly usethods are growth from the
melt and sintering. Acquired bulk material is thsliced out of the block of bulk
material and placed in the appropriated directmnréaching the maximur@T to the
conducting substrate. This technological step s&ggaged into the manufacturing process

-18-



because the (poly)crystalline materidl is strongly dependant on the direction which
the heat flow passes through. This dependenceviengby different mobility of
electrons in different ways. For the commonly usad-temperature thermoelectric
materials BiTe; and (Bi, Sb)Te; the highZT ~ 1 direction is achieved when the heat
flow is applied perpendicularly to the crystalli@eaxis. When the heat flow is passing
parallel to the C-axis, theT is much lower — aroundT ~ 0.5. The whole phenomenon
is shown in the Fig. 6. [6-7]

From the considerations above could be clearlygmahat the key request for
the microfabrication techniques is possibility fimentation of crystals in the highT
direction. Unfortunately the manipulation at thecroscale is not as simple as at the
macroscale. Generally is very difficult to achiete highZT direction when using
microfabrication techniques. Thus the wide rangenahufacturing techniques which
allows producing MEMS TEGs with chaotically locatpdlycrystals exists. Materials
produced in this way are often called “materialthvéiverageZ T". The maximum figure
of meritZT could achieve about 0.75 in this case.

ZT7~0.5 > A

C-axis

a-axis

Fig. 7 — Crystalline orientation of deposite¢ Bi; [7]

Currently used manufacturing technologies for od@mn of thin-film
thermocouples in the field of MEMS thermoelectrengrators are usually taken over
CMOS technology, microelectronics technology anth-fitm optical technology.
Commonly used manufacturing technologies are lisedw [9]:

e Sputtering — established PVD (Physical Vapour Deposition) hodt for
producing materials with the averagd. Inert sputtering gas is ionized and
accelerated by electric field previously. Molecubéshermoelectric material are
knocked out from the sputtering target after intBoen with accelerated inert
gas. Thermoelectric material is sputtered onto $idstrate consequently
(Fig. 7). Whole process is performed in low-pressemvironment. This method
is used in a mass production by Micropelt GmbH.UResof this method are
shown in the Fig. 8. [4, 14]
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substrate and film growth

Sputtering | [ |
Gas ——— —

— Sputtering Target
Fig. 8 — Sputtering [17]

CVD (Chemical Vapour Deposition) — chemical process adapted from
semiconductor industry. The wafer (substrate) igosed to the one or more
precursors which contains source materials in tedd furnace. Required thin-
film on the surface of substrate is grown after ttteemical reaction of
precursors. Precursors entering the furnace in ghg phase. Often used
precursors in the field of thermoelectric materi@se metalorganics and
hydrides. Technology based on these precursorsalisdcMOCVD (Metal-
Organic Chemical Vapour Deposition). Whole procesgerformed in low-
pressure environment. Method is used by Nextremerrial Solutions, Inc.
Results of this method are shown in the Fig. 81%,16, 18]

—
(a) : Source materials
+ carrier gas
(b) : Substrates

(C) : heater
Fig. 9 — CVD [17]

N
=

Thinning of bulk material — derived from classical Blie; production
technology and adapted to reach a minimal P-N tleigkness. Achievable final
thickness of thermocouple legs is about gd0Owhich causedTyax~ 70 K and
Qmax ~ 80 W.cn?. This method is not commonly used for the massiymcon.
[7]

Electrodeposition - the only thin-film manufacturing technology whicould
achieve the higiZT direction of polycrystals. Electrodepostition &sked on the
electrophoresis principles. Colloidal particles aeposited onto an electrode
after their migration in liquid medium under thefluence of electric field.
Electrodeposition of Bires is a quite difficult topic which is nowadays cedi
out in experimental laboratory conditions (e.g. JPNo device has been
fabricated to date using this technology. [7]
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After the thin-film growth are usually applied tli@alization processes. The
thin film applied on wafer is finalized to the finshape using a pattern transfer. The
desired pattern is firstly transferred from mask thg photo-process to the wafer
surface. Then the chemical or physical processittracting the excess thin-film is
applied. Often used method in the field of microG&Es wet etching. [4, 9]

Because the wafers with P and N thin-film legs @ften produced separately
(two wafer concept), the last processing step & gloduction of MEMS TEG is a
connection of both — P and N - wafers. The connaatould be made using soldering.

scale [14, 18]

4.3 Outer Parameters

Last paragraphs deal with an internal point ofwan MEMS TEG. It's useful
when thinking about microscale physical processes far further understanding of
MEMS TEG devices. When considering about the us€E® as an electrical power
source for supplying a complex system it's appmeriand concurrently enough to
specify outer parameters of MEMS TEG. The most itgmd parameters from the
“system point of view” are:

« Dimensions— footprint and module thickness. This parametenacessary due
to design of mounting and space requirements.

* Thermal resistance Rt — is required the maximum possible. High thermal
resistance provides a quality thermal separatidrobfind cold side allowing the
high temperature difference according to Fourizve.

* Internal electrical resistance R — is required the minimum possibl&,
negatively affects V-A curves of TEG.

* Net seebeck voltage- represents the generated open circuit voltageope
Kelvin on the terminals of TEG.
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* Open circuit voltage U, — is a property dependant on applied temperature
difference. U, represents voltage on the terminals without loaddesired
temperature.

* Maximum power — is achieved when the load resistance is the samaernal
resistance of TEG. This situation is called “maxmmgpower point”. In this
setting are measured output voltddg:, currently, and powerP,,: applied to
the load.

* Power density Py, /A — represents the electrical power applied to tael Iper
square area of the TEG module.

» Operating temperatures — indicates the spans of temperatures applietheo t
hot and cold side Tg and Tg), maximal temperature differencdT and
exceptionally maximum mean temperatilif@an madn TEG cross section.

4.4 Trade Review

There are only a few existing commercial solutionthe field of MEMS TEGs
and even fewer amount could be bought as a stamel@olution. Concurrently some
build-in solutions kept by worldwide commercial @®nics manufacturers have been
developed. Build-in MEMS TEGs for powering wristefats developed by Seiko and
Citizen might be taken as an example. It seemswitte commercial use of the MEMS
thermoelectric generators is in its infancy. [7:9]

Nevertheless there are some MEMS TEG manufactarerthe world market.
Technologies held by these manufacturers were afeareloped by the principles of
spin-off companies or technology transfer from ensities and scientific institutions to
the commercial sector.

Based on literature and internet search were faiedfollowing companies
interested in the standalone MEMS TEG solutions:

e Micropelt GmbH [20]

* Nextreme Thermal Solutions, Inc. [21]

« Thermo Life® Energy Corp., Inc. [22]

* Hi-Z Technology, Inc. [23]

* Perpetua Power Source Technologies, Inc. [24]

Modules from the first two above-mentioned mantufeers — Nextreme and
Micropelt — are currently easily achievable throwgbridwide electronics components
retailers. Parameters of available modules fronseéhmanufacturers are compared in
Tab. 1 and Tab. 2.

In Tab. 1 are given the temperature non-dependatatslich as geometrical and
thermal parameters. Tab. 2 deals with electricehmpaters dependant on temperature.
As a reference was selected 10 °C temperaturereliife. Data in these tables were
extracted from the manufacturer's datasheets [53273. Data which are not directly

given in datasheets were deducted from graphs. &lla@le items are replaced by “-”.

-22-



Tab. 1 — Commercially available MEMS TEGs propertie

eTEG HV14 eTEG HV37 eTEG HV56 MPG-D651 MPG-D751
(Nextreme) (Nextreme) (Nextreme) (Micropelt) (Micropelt)
Footprint [mm] 1.8x15 3.39x 2.05 3.31x3.12 3.375x 2.5 4233364
Square area 2.7 6.95 10,34 8.44 14.29
[mm-]

Thickness [mm] 0.6 0.56 0.57 1.09 1.09
Th [°C] 25-200 25-200 25-200 200 200
Tc[°C] 0-50 0-50 0-50 - -

AT [°C] 15-200 15-200 10-200 - -

T meanmax [°C] 150 150 150 - -

Number of
thermocouples 18 48 72 286 540
[]

Ry [K/W] 46 21 13.1 22 12.5
R [Q] - 7.4 10.7 185 300
Voﬂjgie[erg\e;'&] 8 175 25 75 140

From Tab. 1 is evident that the thermal resistaotehe smallest module
eTEG HV14 is significantly higher than of largeresn The number of thermocouples in
TEGs produced by Micropelt is much greater whictaldes to achieve the high

Seebeck net voltage but negatively affects thenateesistance of the module.

Tab. 2 — Commercially available MEMS TEGs properoe/T = 10 °C

eTEG HV14 eTEG HV37 eTEG HV56 MPG-D651 MPG-D751
(Nextreme) (Nextreme) (Nextreme) (Micropelt) (Micropelt)
U [V] 0.08 0.18 0.26 0.75 1.25
Pout [MW] - 1 1.5 0.8 15
l out [MA] - 12 12 1.8 2
Uout [V] - 0.09 0.13 0.45 0.75
I [MA] - 24 24 35 3.9
Pou/A [MW/ . 0.14 0.15 0.09 0.1
mm-]

From Tab. 1 could be seen the voltage-currentachars of the examined TEG
modules. The Micropelt modules are constructed &ntanance higher voltages with
lower current consumption. On the other hand th&tidee modules could provide
currents of tenths of milliamperes. Resulting poweatputs of comparable TEGs of
both companies are equal. Comparable TEG moduées®EG HV37 vs. MPG-D651
and eTEG HV56 vs. MPG-D751.
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SN \ = >
Fig. 11 — Micropelt MPG TEG mounted in package vliftx10 mm footprint [28]

For the purposes of models building and firstfieation measurement has been
selected the eTEG HV56 from Nextreme Thermal Sohgti Inc. Module is shown in
the Fig. 12. For the purposes of comfortable mdatmn in the test stand has been
selected the wired version. Datasheet of this T&@ [App. 5].

f—— 1.20 —= 0.25
_ B - i
0.75 *_l-| IDS?
[ T/ —/— *] o,zs—T
3.31
209
rczo
| | | | |
3.07 T
3.12

Fig. 12 — Nextreme Thermal Solutions eTEG HV56 [13]
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5 Measurement of MEMS TEG Performances

For the purposes of measurement on the selecterd MEG module was used
measurement stand briefly described in [29]. ThEgick has been originally intended
for determination of parameters of commonly avaddgteltier modules with footprints
up to 40 x 40 mm. The tested eTEG HV56 dimensiagesnaany times smaller. The
measuring stand has been adapted to accommodataithno TEG.

5.1 Test Stand Description

The temperature difference is maintained by twitigrecoolers. First peltier
cooler is used as a heater placed at the bottdesb&tand. Another one which operates
in cooling mode is attached on the top to the Isedt which is then cooled by fan.
Contact between the tested thermoelectric geneaairpeltier modules is ensured by
aluminum plates in which are mounted temperatuns@s. Test stand is insulated from
surrounding environment by the cork container. s stand is shown in the Fig. 13.

Modification of the test stand consists of newhiled holes for MEMS TEG
wires and insulation of unused contact surface gnaaminum plates by paper layer.
The contact thermal resistance minimization is medcusing plastic fastening straps
around the container and heat sink. Straps proyitle necessary contact pressure
between the surfaces.

Whole system is feedback controlled via MATLAB/Siink. The interface
with computer is realized by Humusoft MF624 cardalihallows to measure on high
sampling frequencies.

Unfortunately the time-response of the measuritgnds is very slow.
Maintenance of temperature is based on hysterdsishveauses the large ripple in hot
and cold side temperatures. The ripple is alse@cedtl in the temperatrure difference
and output voltage on TEG. Slow time response atlse slow temperature ramp at
the beginning of measurement. Error was eliminatedisuse of this ramp in evaluated
data. Temperature differencéTge) ripple was eliminated by use of mean values for
measured temperaturdT) and voltage. Typical raw data could be foundhim FEig. 14.

—B2.0
il
58
56
54
52
50
—4a
—46
—44
—42
~4a
38
—36
—34
—32
3
28
2k
24

=210
iz

260417012 14:37:59

Fig. 13 — Test stand viewed in the visible and pecsra during measurement process
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The cold side temperature ofc=35°C was maintained during whole

Fig. 14 — Raw data from measuring stand

t[s]
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measurement process. The hot side temperature etasits respect to the required
temperature difference in each measurement.

5.2 Open Circuit Voltage

The open circuit voltage measurement was made lgirbg setting the

temperatures of cold and hot sides in control saféwthus by the setting of required
temperature difference. Measured data are listéthin 3. Dependence of open circuit
voltage Uy On increasing temperature differend® should be linear. The measured
data are linearly fitted in the Fig. 15 to illug&ahis relationship.

Tab. 3 — Open circuit voltadé,. measurement

AT [°C] AT [°C] Uoc [V]

5 6.2 0.157
10 11.0 0.241
15 16.5 0.362
20 20.0 0.403
25 26.2 0.522
30 30.9 0.591
35 35.2 0.675
40 40.4 0.764
45 45.3 0.878
50 49.9 0.962
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5.3 Operation with Matched Load

In the next step were measured the matched loainggers of TEG — voltage
U, currentl. and powelP,. Because the internal resistance hasn’t beerdstdéirmined
by measurement, the value from Tab. 2 was usedhandearby load resistance of @0
was applied. Measured data are listed in Tab. é.viltageU, is the only one directly
measured electrical parameter. Another data afeedeusing Ohm’s law. The voltage
is again linearly fitted and shown in the Fig. Fsom this measurement was also
obtained the power output dependence on temperdifieeence. This dependence is
guadratic approximated by the polynomial fit of @ed order.

Tab. 4 — Operation nearby matched load

AT [°C] AT [°C] R [Q] UL [V] | [MA] PL [mMW]
5 7.1 0.104 10.4 1.082
10 11.0 0.145 14.5 2.103
15 15.7 0.167 16.7 2.789
20 21.3 0.239 23.9 5.712
25 26.0 10 0.287 28.7 8.237
30 30.7 0.334 33.4 11.156
35 35.3 0.379 37.9 14.364
40 40.1 0.426 42.6 18.148
45 44.8 0.471 47.1 22.184
50 49.6 0.518 51.8 26.832
1,0 H
U,.=i0.0194 AT _4
U] :

0.9 1

0.8 -

0,7 A

0,6

0,3 1

0,4 A

03 1

0.2 -

0.1 1

0,0 i
5 AT [°C]

T T
0 5 10 15 20 25 30 35 40 4 50

| —#—Uoc =f(AT) —8— UL = fAT) — — —Linear fit of "Uoc = f{AT)" — — —Linear fit of "UL = AT)"|

Fig. 15 — The temperature dependences of opentonatageU,. and voltagé/, on
the loadR_ = 10Q2
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| —&—PL = f(AT) — — —Polynomial fit of "PL = fAT)" |

Fig. 16 — Power output when operating nearby matébed R = 10Q)

5.4 Internal Resistance

Internal resistance of any power supply could Xgressed as function of open
circuit voltage, lower voltage in a loaded statd bad resistance:

—_ UOC(AT) —_ kOC
=R G 1) e
where:
- R internal resistance
- R load resistance
- Uod4T) open circuit voltage as a function of temperatufieince
- U4 voltage on the load as a function of temperatifferdnce
- Koc slope of the open circuit voltage linear fit
- ke slope of the linear fit of voltage on the load.

For our purposes we consider that the internaktease is a constant in our
temperature span. The data from previous measutenmsgrown in Fig. 15 are
substituted to the computation:

Kk 0.0194
=R |-=-1|=10 -1|= 8131Q 5.2
R RL(kL j (0.0107 j &2
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The internal resistance of eTEG HV56 was also oreas directly using
ohmmeter integrated in digital multimeter. Compamisf results is given in Tab. 5.

Tab. 5 — The internal resistance of eTEG HV56

Ri[] — acquired from | R; [2] — measured directly] R; [€2] — extracted of
voltage measurement by ohmmeter datasheet characteristics

8.131 10.2+ 0.4 10.7

Internal resistanc® value directly measured by ohmmeter was seleciethea
reference for the further use. Internal resistaeeehed from open circuit and matched
load voltage measurements is strongly influencedhbgisurement error. Error is given
mainly by unknown values of contact resistances.
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6 Modeling of MEMS TEG

There are several ways to describe a MEMS thewrent@ generator. All of the
ways are based on equivalent circuit which is thmpkfied model of real TEG. The full
equivalent circuit is mentioned in chapter 6.3. 8otescribed modeling methods are
based on further simplification of equivalent citcu

There are no MATLAB/Simulink models of TEG in awable literature. The
only described Simulink model is [30] which is n@tmodel in a true sense. The
majority of existing models are implemented in SP[31-33].

Models described in this thesis were implementellATLAB/Simulink which
is advantageous for the further use.

6.1 Simplified Model

The simplified model of TEG is an ideal approaoh inhitial drafts of TEG
system. Thermal part of TEG is completely removethis case. The equation (3.1) is
used for the relation between temperature diffexearad electrical part of TEG. Model
is described in Fig. 17. [8]

U; S
1
| I |
Ri
Upe = aA TT R. TUL

Fig. 17 — Simplified model of TEG (electrical paguivalent circuit)

Current through TEG with load is given as:

| :Uoc - Na(TH _TC)

R (R+R)

(6.1)

I current
Uoc open circuit voltage
R total resistance
N number of thermocouples
o Seebeck coefficient
- Ty temperature of the hot side
Tc temperature of the cold side
R internal resistance
R load resistance.

Voltage on the load is given as:

U, =U L=Na(TH—TC)( R

“R+R) R+R) (6:2)
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- TH
- TC

voltage on load

open circuit voltage
internal resistance

load resistance.

number of thermocouples
Seebeck coefficient
temperature of the hot side

temperature of the cold side.

Power on the load is a simple product of the previariables (6.2) and (6.1):

power on load
voltage on load
current.

P.=U_I

(6.3)

Simulation was carried using MATLAB [App. 1]. Useédput parameters are
listed in Tab. 6. The results of simulation usimgified model are listed in Tab. 7.

Tab. 6 — Input parameters to simplified model

Parameter Value
Number of thermocouplds 72
Seebeck coefficient 382uV/IK
Temperature of the hot sidg {45, 85, 135} °C
Temperature of the cold side 35°C
Internal resistanci, 10.2Q

Load resistancB_

10.2Q (matched load

P

Tab. 7 — Results from simplified model

AT [°C] Uoc [V] U [V] | [MA] P [mW]
10 0.275 0.138 13.482 1.854
50 1.375 0.688 67.412 46.379
100 2.750 1.375 134.824 185.383
6.2 Analytical Model of MEMS TEG with Contact Resis  tances

Analytical model with contact resistances is prdpale most used model when
dimensioning the TEG system. Model deals with stialigeometry of TEG module
shown in Fig. 18. Model provides the calculationadif variables with matched load.

[7, 34]
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Fig. 18 — geometry of TEG model with contact resises [7]

Voltage on matched load is given as:

U, = Na(TH _Tc)
- I 6.4
1+2r TC (6-4)
where:
- N number of thermocouples
- o Seebeck coefficient
- Ty temperature of the hot side
- Tc temperature of the cold side
- r thermal contact parameter
- e wafer thickness
- thermoelement length.
Current through TEG with matched load is given as:
- Aa(T, -T.)
I .
2p(n+ I)(1+ 2r ch (6-5)
where:
- A thermocouple area
-« Seebeck coefficient
- Ty temperature of the hot side
- Tc temperature of the cold side
- p electrical resistivity of thermocouples material
- thermal contact parameter
-n electrical contact parameter
- e wafer thickness

- thermoelement length.
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Power on the matched load is a simple producteptievious variables as usual:

aABZ AN (TH B TC )2

i ? 6.6
2,0(n+|)(1+ 2r||°j (6.6)
where:
- A thermocouple area
- o Seebeck coefficient
- N number of thermocouples
- Ty temperature of the hot side
- Tc temperature of the cold side
- p electrical resistivity of thermocouples material
- thermal contact parameter
-n electrical contact parameter
- e wafer thickness

- thermoelement length.

If needed, efficiency of TEG operating with matchiedd could be expressed as

follows:
S
TH
n= 2 (6.7)
B ]
I 2 T, ZT, N1 +2rl,
where:
- Ty temperature of the hot side
- Tc temperature of the cold side
- r thermal contact parameter
- n electrical contact parameter
- e thermocouple length
- wafer thickness
- ZTy figure of merit (referenced to the hot side).

Simulation was carried using MATLAB [App. 2]. Useédput parameters are
listed in Tab. 8. The results of simulation usimgified model are listed in Tab. 9.
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Tab. 8 — Input parameters to analytical model wahtact resistances

Parameter Value
Number of thermocouplds 72
Seebeck coefficient 382uV/K
Temperature of the hot sidg {45, 85, 135} °C
Temperature of the cold side 35°C
Thermocouple length 0.07 mm
Wafer thickness$ 0.25 mm
Thermoelement area 0.0446.10 m?
Electrical resistivity of tcs material 1.6535. 10 m
Thermal contact parameter 0.2
Electrical contact parameter 0.1 mm
Figure of meriZ 0.75 °C*
Tab. 9 — Results from analytical model with contasistances
AT [°C] U [V] | [MA] P [mW] 1 [%]
10 0.113 12.479 1.413 1.877
50 0.566 62.393 35.318 5.639
100 1.133 124.786 141.398 7.524

6.3 Equivalent Circuit

The equivalent circuit is made up of thermal aretiical part. Both parts are
connected together by the Seebeck effect equadidn. (Topology of full MEMS TEG
model is given in the Fig. 19. The dashed line dragpart of equivalent circuit
represents the transient behavior of MEMS TEG. Jdi&l line drawn parts are applied

in both transient- and steady-state.

Thermal part
i SO
| T
I
; Rwafer
| 0
i Cuater 222522 Cresl2225000
:ATout 4 AT ths
|
' 0
! Cuvater 222220 Cresl2722301:
| --E-- --E-- Rwafer
|
. L

(Jjoule/ 2

|

|

|

|

|
QpelH/ 2 |
(Djoule/ 2 |
|

|

|

|

A}AT=> ; Uoc=aATT

Electrical part

Fig. 19 — TEG equivalent circuit
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The heat flux through the cold side caused by #ladP effect is given as:

QpeIC = NTC l a (68)
where:
- Qpelc heat flow through the cold side
- N number of thermocouples
- Tc temperature of the cold side
- | current
- o Seebeck coefficient.

The heat flux through the hot side caused by thigePeffect is given as:

QpeIH = NTH Ia (69)
where:
- Qpe heat flow through the hot side
- N number of thermocouples
- Ty temperature of the hot side
- | current
- o Seebeck coefficient.

Joule heating in the TEG is applied according to:
Qjoule = Ri I ? (610)

where:
- Qjoute Joule heating

R internal resistance
- current.

Elemental equations which describe each thernmastesmces and heat masses
were compiled by blocks in the Simscape toolboXVIXTLAB/Simulink. Elemental
equations are ensured by simply assigning of natand geometry parameters into
function blocks. Used input parameters are listedab. 8. The results of simulation
using simplified model are listed in Tab. 9.

Both steady-state [App. 3] and dynamic [App. 4] misdbased on equivalent
circuit were implemented. Step-response of dynanadel is shown in Fig. 20.
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Tab. 10 — Input parameters to model based on elguiveircuit

Parameter Value
Number of thermocouplds 72
Seebeck coefficient 382uV/K
Internal resistanck, 10.2Q
Load resistanc® 10.2Q (matched load)
Temperature of the hot sidg {45, 85, 135} °C
Temperature of the cold side 35°C
Thermocouple length 0.07 mm
Wafer thickness$ 0.25 mm
contact area of TEG 6.4163 mm
Electrical resistivity of tcs material 1.6535.1M
Si thermal conductivity (wafer) 130 W/(m.K)
Bi,Te; thermal conductivity (tcs) 0.8815 W/(m.K)
Si specific heat (wafer) 700
Bi,Te; specific heat (tcs) 160
Tcs mass 3.735 m(g
Wafer mass 3.459 mg
Tab. 11 — Results from model based on equivalectiti
ATou [°C] Ugc [V] U [V] | [MA] P [mW]
10 0.262 0.130 12.781 1.665
50 1.312 0.651 63.784 41.552
100 2.623 1.302 127.731 166.269
Uz = i) - temperature step response
07 T T T T
: : : : Uz = fit)
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] N I .............. ............... e ............. ................ T 4
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Fig. 20 —Ty step response of dynamic MEMS TEG model
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7 Comparison of Results of Used Methods

All the results acquired by measurement, modedimg) manufacturers datasheets
are listed below. The maximal deviation betweensuesd and datasheet value is in the
case of open circuitoltage U, on temperature difference 50 °C — 19.8 %. The
measured data exceed the model and measured d&bav demperature differences.
This imbalance is given by problems with maintagnithe temperature on low
temperature differences. The real temperature washrhigher than set — for example
in Tab. 4. Measured data are also loaded by efranknown contact resistances. True
temperatures on the surfaces of MEMS TEG coulda'dlbserved due to this problem.

All the models could be much more precise if ughmginput data directly given
by manufacturer. For the purposes of these modele wsed traceable or generally
known data.

Tab. 12 — Comparison of measured, datasheet andlmexiilts of eTEG HV56 — open
circuit voltage

Uoc [V] - Uoc [V] - Uoc [V] -
Uoc [V] - simplified Simulink analytical Uoc [V] -
AT [°C] measured model model model datasheet
10 0.241 0.275 0.262 - 0.26
50 0.962 1.375 1.312 - 1.2
100 - 2.750 2.623 - 2.5
Tab. 13 — Comparison of results — eTEG HV56 — galtan matched load
UL [V]- U [V]- UL [V]-
U [V]- simplified Simulink analytical U [V] -
AT [°C] measured model model model datasheet
10 0.145 0.138 0.130 0.113 0.13
50 0.518 0.688 0.651 0.566 0.6
100 - 1.375 1.302 1.133 1.25
Tab. 14 — Comparison of results — eTEG HV56 — curtlerough matched load
I [mA] - I [mA] - I [mA] -
L [mA] - simplified Simulink analytical L [mA] -
AT [°C] measured model model model datasheet
10 14.5 13.5 12.8 12.5 12
50 51.8 67.4 63.8 62.4 60
100 - 134.8 127.7 124.8 105
Tab. 15 — Comparison of results — eTEG HV56 — pawematched load
P [mW] - P [mW] - P [mW] -
PL [mW] - | simplified Simulink analytical | P. [mW] -
AT [°C] measured model model model datasheet
10 2.103 1.854 1.665 1.413 15
50 26.830 46.379 41.552 35.318 36
100 - 185.383 166.269 141.398 130
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8 TEGs in Aircraft-specific Applications

Application of TEGs as the energy harvesting systemaerospace applications
is quite a new theme which has not yet been discugsmany scientific journals apart
form example [35-37]. Only functional samples oteaft-specific TEGs were made by
EADS [35].

The possible application of MEMS TEG in aircrafesfic field is their use for
powering the autonomous sensor nodes (ASN) foctstral health monitoring (SHM)
and powering the wireless sensors in general. Impewison with other energy
harvesting technologies the main advantages forutieeof TEGs in aviation are no
movable parts which represent low demands on maante. The important point is
also the presence of ideal conditions for thernm&rgy harvesting onboard — natural
heat gradient on the surface of aircraft. Othersssiof heat gradient — engine, engine
exhaust and heat from passengers — could be &kso irato an account.

Preliminary analysis of TEGs use in aircraft shoviledt 0.5% or more fuel
reduction is achievable. [38]

8.1 Existing Solutions

Only one experimentally tested TEG energy harmgssystem for aircraft-
specific field is described in [35]. The TEG is ilmented into fuselage. The suitable
temperature difference along the TEG is maintainsthg phase-change material
(PCM) within whole range of aircraft operating eloge. The PCM is used for heat
storage. Phase change energy is applied when theahtemperature difference along
the TEG is small — during take off-and landing.t8gsis described in the Fig. 21.

Outside Fuselage Inside Fusclage
Airspeed and Temperature

TEG
PCM

— Isolation

Fig. 21 — Aircraft-specific thermoelectric generateodule with PCM containment [35]

8.2 Thermal Energy Harvesting Possibilities

Typical power consumption of ultra-low-power AS8Ishown in the Tab. 16.
TEGs are sufficient to ensure this power consumptiRower management of MEMS
TEG module could be optimized using special endrgwesting electronics. Typical
energy harvesting electronics is capable to opefia input sources as low as
30 mV. [39]
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Tab. 16 — Typical power consumption of ultra-lowams ASN [36]

Status Current consumption [mA] Power consumption W]
Sensor sampling 0.16 0.53
Sensor switching 4.7 15.70
Sensor on 0.76 2.50
Transmission 14.95 49.30
Node idle 0.07 0.20
Average 0.87 2.9

There are many achievable technical objects watigel surface temperature
gradient onboard of aircraft. As an example cowddserved objects in the Fig. 22 and
Fig. 23. — Fuel pump control unit and control doit TJ100 turbine engine. Sharp edges
of objects are evident from these pictures takeinfrared spectra. Edges between two
very different colors on IR images are associatél large temperature differences. On
the mentioned pictures are the temperature diftmemgreater than 10 °C between two
surrounding objects — temperature gradients. Tredignts are large enough to
powering the ASN mentioned above.

Temperature of TEG operation has to be in the ragygranteed by TEG
manufacturer. The temperature span on the fusetagiace is given by aircraft
operating envelope. Typical values are -50 °C t0 %5. When placing TEG to some
another heat gradient source the individual coongihave to be taken into account.

—a5.0

Fig. 23 — CPSJ control unit for TJ100 turbine erd#l]
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Conclusion

MEMS thermoelectric generators are an area wlgathanging very rapidly in
the laboratory environment. On the other hand, aibthe things which have been
developed in laboratories are turned into a pradg soon as possible. There are a few
existing MEMS TEG modules on the market. These resdwere described in
chapter 4. Unfortunately there is a lack of reatdhabformation about their design.
Information about particular technologies used ianofacturing of commercially
available MEMS TEGs was found after a long sedfcin.the purposes of this work the
Nextreme eTEG HV56 was selected.

Results of measurement on the real MEMS TEG moalddisted in chapter 5.
Measurement on the real MEMS TEG module was maimdy great help for broad
understanding of thermoelectric generators. Thecb@asction of module was also
verified. Results of measurement are not very featisry due to used measurement
stand originally made for classical TEG. Maximumperature differences of 50 °C
were achieved. This temperature difference is figeht for the purposes of
verification of MEMS TEG for the aircraft-specifidield applications. The
measurement-related problems were also the tenuperaipple and inaccurate
temperature regulation.

Simulations of MEMS TEG were carried out on thrgpes of models.
Simulation of MEMS TEG was a quite difficult taskhe analytical model of TEG with
contact resistances and model based on equivatenitseem to be relatively accurate
models. Maximum deviation between datasheet andlated results are up to 20 %.
The simplified model of TEG is an ideal approachifitial drafts of TEG. The model
based on equivalent circuit could simulate bothasyic- and steady-state of MEMS
TEG. The biggest problem when building the modeés van insufficient amount of
input data given by manufacturer. Models would b@eraccurate with verified input
date directly given by manufacturer.

MEMS TEG seems to be the ideal power sources farctsiral health
monitoring and powering the autonomous sensor nodbseard of aircraft. In chapter 8
was shown that onboard of aircraft exist suitaldatigradient sources. The only one
existing solution from EADS was also described e same chapter. The biggest
problem with MEMS TEGs for use in aircraft-specifield is expected in the area of
airworthiness.

There are many application-related problems witeM& TEGs which are
beyond the scope of this thesis. The topics fah&rrdiscussion could be for example
mounting, durability and reliability, selection ofnergy harvesting electronics,
co-simulation with surrounding systems or airwardss-related questions.
Investigation of these problems should be the ahextension of this work and the task
for a future.
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List of Symbols

o
oA
oaB
A

Ee
I

I
IOUt

ISC

Koc

ke
I

lc
n
N

n
"ICARNOT

Tc
Tmean,max
ATSet
AT
ATmax
ATout

U

UL
UL(4T)
Uoc
UoddT)
Uout

T

ZTH

TAB

Seebeck coefficient

Seebeck coefficient of material A
Seebeck coefficient of material B
thermocouple area

electrical energy supplied to the load
electrical current

electrical current through load

electrical current through matched load
short-circuit current

slope of the open circuit voltage linear fit
slope of the linear fit of voltage on the load
wafer thickness

thermocouple length

electrical contact parameter

number of thermocouples

efficiency

theoretical (Carnot cycle) efficiency
power on load

power on matched load

power density

heat pumped through the thermoelectric module
heath flow through the hot side

Joule heating

maximum heat flow

heat flow through the cold side

heat flow through the hot side

thermal contact parameter

internal resistance

load resistance

total resistance

thermal resistance

temperature

temperature of the hot side

temperature of the cold side

maximum mean temperature

set temperature difference

temperature difference

maximum temperature difference

outer temperature difference

voltage

voltage on load

voltage on the load as a function of temperatifferdnce
open circuit voltage

open circuit voltage as a function of temperatlifierence
voltage on matched load

figure of merit

figure of merit (referenced to the hot side)
Peltier coefficient
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ASN
B|2Te3
CMOS
CvD
EADS
FOM
JPL
MEMS
MOCVD
NEMS
PCB
PCM
P-N
PVD
SHM
Si

tcs
TEG

thermal conductivity
electrical resistivity

Autonomous Sensor Node

Bismuth telluride

Complementary Metal-Oxide—Semiconductor
Chemical Vapour Deposition

European Aeronautic Defence and Space Comidany
figure of merit

Jet Propulsion Laboratory
MicroElectroMechanical System
Metal-Organic Chemical Vapour Deposition
NanoElectroMechanical System

Printed Circuit Board

Phase-Change Material

P-type - N-type semiconductor

Physical Vapour Deposition

Structural Health Monitoring

Silicon

thermocouples

ThermoElectric Generator
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