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Abstract

Abstract

Materials characterization is a prerequisite for the research and developmeiin thermoelectric
(TE) materials. The key properties to determinea TE material’s performance are the electrical
and thermal conductvities, and the Seebeck coefficienA measurement facility forcombined
thermoelectric measuremens (CTEM)is under developmentthat will allow the three properties
to be measured simultaneouslyon one sample and in one temperature sweeowever, the
contact between the thermoelectric sample and thdacility’s sample holder is crucial for an
accurate measurement. Besiddow thermal and electrical contact resistances, the contact scheme
should remain chemically stable duringseveral measurement cycles ithe CTEM and should be
detachable. To fulfill the CTEM contact requirements, soldexgith melting point s below 200 °C
based on bismuth, indium and/or tin were selected as joint between the metal blocks of the
sample holder and the sampleunder investigation. Especially for the measurement of high
temperature TE materials the contacting method in theCTEM should be adapted fahe required
temperature range, i.e. up to 600 °C. This study specifically focuses on the contact development
for FeSp as a THEmaterial which is chemically and functionallystable up to800 °C and whichhas
been certified asa reference material for Seebeck measuremenp to high temperatures

The quality of the soldered joints was investigated by measuremerns of the temperature
dependent eledrical contact resistance up to 600 °@vhich was determinedunder vacuum with
an in-house built facility. This was doneby a four-point measurementof the resistance between
metal blocks attached from both sidesto the base faces of therismatic sample and subsequent
subtraction of the sampl€s net resistance contribution. Transient changes of the contact
resistance weretraced as anefficient indicator of changes at the contact such as chemical
reactions but also delamination or cracking, disslution or diffusion. After temperature cycling,
the microstructure of the contactcross sectionwas analyzedby scanning electron microscopy
(SEM) ard energy-dispersive Xray spectroscopy (EDX).

Selected contacting schemes are presented within this stydCopper andmolybdenum have been
tested asmaterials of the sample holder blocksDue to its predisposition to diffuse and the lack of
an efficient diffusion barrier, copper was proved unsuitableas a block material for high
temperature operation. On theother hand, molybdenum revealed suitable stability with the
AT T OAAOGBO AT 1T OOEOOAT OBRABROAAI 1 OICI AIAOBAO &ERABGIO i
(Bis2slns1Snie 5) was identified as the best candidate to solder the sample to the blocks due to its
chemical gability with the contact constituents and its low melting point (Tm = 62 °C) making the
sample dismounting after measurement easy. Nevertheless, experiments proved that
molybdenum soldered to FeSiwith FM was not electricallystable for the CTEM operatio due to
the formation of an insulating Si@ nanolayer at the FM/FeSi interface above 370 °C. To inhibit
the insulating effect of the Si@ chromium or titanium were introduced into the assembly either

by coating on the contact surfaces or by dissolutiom the FM.Although the reaction mechanisms



causedby eachof chromium and titanium were different, the consequences were significantly the
same with the inhibition of theformation of SiQ allowing a direct contact between the solder and
the FeSi. Above390 °C, the liquid solder superficially corroded the Fegby a silicon leaching
leading to the formation of a porous FeSi layer on the sample contact surface. The solubility of
silicon in indium is low, inducing a rapid saturation and thus a inhibition of the corrosion. Above
550 °C, silicon dissolved in the soldestarts to react with the additive, i.e. with chromium or
titanium, and the molybdenum blocks The consumption ofsilicon reducedthe silicon contentin
the solder whichallowed further silicon dissolution from the FeSi. Neverthelessall processes go
on in the interface zone between block and sample, i.e. close to the sample surfatece the
thickness of the FeSi porous layer stabilized around 30 um after repeated temperature cycling up
to 600 °C in this way, silicides formation tended to a limit which stabilized the FeSi corrosion.
The TE properties of the FeSi sample were measured before and after exposure at 600 °C. The
comparison revealed thatthe sample properties did not significantlychange.

The contacting scheme formed with the molybdenum blocks soldered to the FeSample with
titanium activated FM is considered as the mosappropriate for the CTEM operation among the
the formation of an SiQ layer at the contactinterfaceis prevented avoiding a strong increase of
the contact resistance during the first heatingycleand following. From a practicalpoint of view,
the use ofan activated solder is economically andechnically more efficient compared to the
application of coating processes.



Zusammenfassung

Zusammenfassung

Die Materialcharakterisierung ist eine Voraussetzung fir die Forschung und Entwicklung
thermoelektrischer (TE) Materialien. Die Schisseleigenschaften zur Bestimmung der Leistung
eines TEMaterials sind die elektrischen und thermischen Leitfahigkeiten sowie der Seebeck
Koeffizient. Derzeit wird eine Messeinrichtung fir kombinierte thermoelektrische Messungen
(CTEM) entwickelt, mit der die drei Eigenschaften gleichzeitig an einer Probe und in einem
Temperaturdurchlauf gemessen werden kdnnen. Der Kontakt zwischen der thermoelektrischen
Probe und dem Probenhalter der Anlage ist jedoch entscheidend flir eine genaue Messung. Neben
niedrigen thermischen und elektrischen Kontaktwiderstéanden sollte das Kontaktschema
wahrend mehrerer Messzyklen im CTEM chemisch stabil bleiben und abnehmbar sein. Um die
Anforderungen an den CTEMKontakt zu erfiillen, wurden Lotmittel mit Schmelzpunkten unter
200 °Cauf Basis von Wismut, Indium und/oder Zinn als Verbindung zwischen den Metallblécken
des Probenhalters und der zu untersuchenden Probe ausgewahlt. Speziell fur die Messung von
Hochtemperatur-TE-Materialien  sollte der CTEMKontakt fir den  geforderten
Temperaturbereich (bis zu 600 °C) angepasst werden. Diese Studie konzentriert sich speziell auf
die Kontaktentwicklung fir FeSj als TEMaterial, das bis mindestens 700 °C stabil ist und als
Referenzmaterial fiir SeebectMessungen mit hohen Temperaturen zertifiert wurde.

Die Qualitat der Lotstellen wurde durch die Messung des temperaturabhéngigen elektrischen
Kontaktwiderstandes bis 600 °C untersucht, der mit einer selbstgebauten Anlage unter Vakuum
bestimmt wurde. Dies geschah durch eine ViePunkt-Messung de Widerstands zwischen den
Metallblocken auf beiden Seiten der Probe und anschlieBender Subtraktion des Netto
Widerstandsbeitrags der Probe. Voriibergehende Anderungen des Kontaktwiderstands waren
effiziente Hilfsmittel, um Veranderungen am Kontakt wie cheiische Reaktionen, Delamination,
Rissbildung, Auflésung oder Diffusion nachzuweisen. Nach dem Temperaturwechsel wurde die
Mikrostruktur des Kontaktquerschnitts mittels Rasterelektronenmikroskopie (SEM) und
energiedispersiver Rontgenspektroskopie (EDX) angsiert.

Ausgewahlte Kontaktierungsschemata werden in dieser Studie vorgestellt. Kupfer und Molybdéan
wurden als Material fiir die Probenhalterblocke getestet. Aufgrund seiner Neigung zur Diffusion
und des Fehlens einer effizienten Diffusionsbarriere erwiesich Kupfer als Blockmaterial fiir den
Hochtemperaturbetrieb als ungeeignet. Molybdén hingegen zeigte eine gute Stabilitat mit den
Kontaktbestandteilen. Unter den anderen Lotmitteln auf Indiumbasis wurde Fieldsches Metall
(FM) (Bis2slns1Snies) als bester kKandidat fuir das Anléten der Probe an die Blocke identifiziert, da
es chemisch stabil mit den Kontaktbestandteilen ist und einen niedrigen Schmelzpunkt(F 62
°C) hat, der die Demontage der Probe nach der Messung erleichtert. Experimente zeigten jedoch,
dass Molybdan, das mit FM auf FeSjelotet wurde, fir den CTEMBetrieb nicht elektrisch stabil
war, da sich ab 370 °C eine isolierende Si®lanolage an der FM/FeSitrenzflache bildete. Um
die isolierende Wirkung des Si® zu hemmen, wurden Chrom oder Titanin die Baugruppe



eingebracht, entweder durch Beschichtung der Kontaktflachen oder durch Auflésung im FM.
Obwohl die Reaktionsmechanismen, die durch Chrom und Titan ausgeldst wurden,
unterschiedlich waren, waren die Folgen im Wesentlichen die gleichen, webdie Hemmung der
Bildung von SiQ einen direkten Kontakt zwischen dem Lot und dem FeSermaoglichte. Oberhalb
von 390 °C korrodierte das flussige Loétmittel das FeSioberflachlich durch eine
Siliziumauslaugung, die zur Bildung einer porésen FeSichichtauf der Kontaktflache der Probe
fuhrte. Die Loslichkeit von Silizium in Indium ist gering, was zu einer schnellen Sattigung und
damit zu einer Unterbrechung der Korrosion fuhrt. Oberhalb von 550 °C beginnt das im Lot
geloste Silizium mit dem Zusatzstoff zueagieren, d. h. mit Chrom oder Titan, und das Molybdan
blockiert. Durch den Verbrauch von Silizium sinkt der Siliziumgehalt im Lotmittel unter die
Loslichkeitsgrenze, was eine weitere Auflésung von Silizium aus dem Fe&imdglicht. Dennoch
blieb die Bildung von Siliziden im Kontaktbereich oberflachlich, da sich die Dicke der porésen
FeSiSchicht nach wiederholten Temperaturwechseln bis 600 °C bei etwa 30 um stabilisierte; auf
diese Weise tendierte die Silizidbildung zu einer Grenze, die die FeRiorrosion stabilisierte. Die
TE-Eigenschaften der Fe%iProbe wurden vor und nach der Exposition bei 600 °C gemessen. Der
Vergleich ergab, dass sich die Eigenschaften der Probe nicht wesentlich veranderten.

Das Kontaktierungsschema mit den Molybdanblocken, die titanaktiviertem FM auf die FeSi-
Probe geldtet wurden, wird unter den vier in dieser Studie entdeckten Betriebsschemata als das
fur den CTEMBetrieb am besten geeignete angesehen. Aufgrund der hohen Reaktivitat des Titans
mit Sauerstoff wird die Bildungeiner SiQ-Schicht an der Kontaktflache verhindert, wodurch ein
starker Anstieg des Kontaktwiderstands wéhrend des ersten Heizzyklus vermieden wird. Dariber
hinaus ist die Verwendung von aktiviertem Lot wirtschaftlich und praktisch effizienter
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Introduction

1 Introduction

Energy is the essence diife. Since time immemorial, humans sought manners to control the
energy inherent in their environment to satisfy their needs. Three hundred years ago,
industrialization pushed the pastgenerationsinto turning to efficient and low-cost energiesfirst,
without considering their long-term consequences.Gobalisation, combined with continuous
demographic growth, has led to increasal energy needs through the proliferation of
overproduction, the expansion ofroboti zation, broader access to travehs well asthe promotion
of large-scaleconsumption.

The recent realsation that the current way of living is detrimental for our environment
(particularly highlighted by the climate change observatios), pushed authorities into changing
their outlook and policies regarding energy consumption. The world of scientific research was
encouraged tofocus and furtherdevelop their exploration of sustainable energies such as solar
panels, hydraulic dams, wind turbines or, in our case, thermoelectric technology.

Thermoelectric technology can helpgo improve the efficiency of energyintensive processes by
waste heat recovery. Based on the solistate Seebeck effect, thermoelectric nterials are doped
semi-conductors able to convert a temperature gradient into electricity and vice versa. Several
communities, such as thenternational Thermoelectric Society, are working togetheworldwide

to understand and improve thermoelectric technobgiesand discover new ones. One of the most
common research topics consistsf improving the thermoelectric material properties to increase
their performance. The material charactergation represents an indispensable step in the material
development process since it enables a progress evaluation. The quality of a thermoelectric
material is quantified through the figure of meritzT, which is defined by its Seebeck coefficiel®
thermal conductivity / and electrical conductivity A. The higher the zT, the better the
thermoelectric material.

To improve the efficiency and the quality of thermoelectric research, thelepartment of
Thermoelectric Materials and Systems (TMS)f the Institute of Materials Research at the German
Aerospace Cerdr (DLR) in CologngGermany) started activities on improvement of theCombined
ThermoElectric Measurement (CTEM) technique a few years a@ased on a previous method and
device developed at Martin Luther University in Hall§Germany), the CTEM techniqueims for
the simultaneous measurement of the Seebeck coefficient, the thermal and -electrical
conductivities, as well as the HarmanzTy value up to 600 °C[1]. The CTEM techniquemay
essentially save time compared to other existing thermoelectric measurementtechniques. It
reducesthe measurement errorand allows for more reliable property comparison than if using
more than onedevicesand measurements on different specimemdividuals and geometries This
measurement technique was already suggested decades ago by I§2e Harman|[3], Stecker and
Teubner [4] at room temperature and below [5]. However, thermoelectric materials find
application at ever higher temperatures; some of them can reaclH000 °C especially for space



applications [6], and require adapted charactersation to evaluatetheir performance.Kolb et al.
recently managed to measure Skutterudite sample propertiesp to 330 °Cusing the CTEM[7],
but still the contact between the sample holder and the sample was unsuitable for higher
temperature measurements.

In the CTEM sample holder, the sample pdacedbetweentwo metal blocksand solderedto them.
The cortacts between the sample and the blocks involve complex specifications. Low thermal and
electrical contact resistances are necessarguring all measuremens to obtain high-accuracy
results. The contacting substances should not affect the sample propertiésrough chemical
interactions or diffusion, and the contacting method should allow for an easy insertion and
extraction of the sample before and after the measurement. Since thermoelectric materials are
usually composed of several chemical elements, a satile contacting schemenust be developed
for eachthermoelectric material class individually.



Theoretical background

2 Theoretical background

2.1 Thermoelectric effects
2.1.1 Seebeck effect

In 1821, Thomas Johann Seebeck discovered thet electrical voltage was generatedvhen a
temperature gradient was applied between the junctions of conductive material$-igure 1a) [8].
Whenwe heat one side o&in electrical conductorto form a temperature gradient thermal energy
moves from the warmer to the coller side of the conductor. Thelectronic heat transfer process
induced by the temperature gradientgenerates the displacement of the electrical charge carrigr
(holes and/ or electrons) within the conductor in the heat flow direction. As shown in theFigure
1a, the charge carrier movement induced by the Seebeck effeggnerates an electrical currentl)
flowing through the closed outer electrical loop If both extremities of a bar shapeconductive
material are mantained at different temperatures (T) and (T +BT), seeFigure 1a, then the ratio
of the thermo-voltage (U) and the temperature difference (BT) defines the Seebeckoefficient (S
of the conductor as shown in the bllowing equation:

y )

DS

Y

2.1.2 Peltier effect

Thirteen years later, in 1834 Jean Peltier foundhat the Seebeck effedhas a reciprocal effect[9].
When electrical conductors are crossed byan electrical current(l), theyare able to absorbheat
on one side ando releaseheat on the other side (Figure 1b). The electrical currentis defined by
the motion of electrical charge carriers; thecurrent flow follows the holesflow and moves in the
opposite direction of theelectrons flow. The Reltier effect generates a globalheat flow (Q) which
comprises the heattransports by the holesand by the electronssimultaneously. As shown in
Figure 1b, in a nonthermostated system, the generated heat flow leads to a temperatr
difference in the bar shape conductor crossed by the currenfhe released heat flow (Qu) is
proportional to the delivered current (I) and the factor of proportionality corresponds to the
Peltier coefficient ( ) of the conductor. For | small enoughto minimise Jule heaing effect
(2.1.5.)), thereleasedheatflow is:

v J0 (2)



2.1.3 Thomson effect

The Thomsoneffect was discovered in 1851 by the British physicist William Thomson (Lord
Kelvin). This effect is defined by the heat producedr absorbedwhen an electrical current passes
through a single conductive material, which is also subjected to a temperature gradient along its
length (Figure 1c) [10]. The amount of heat Qr released o absorbed is expressed by:

0 t Jyy (3)

in which ¢t is the Thomson coefficientFigure 1c illustrates the cases for whichzr < 0or zr > 0;

however, only the Thomson contribution is representedPractically, additional heat release is
observed for both cases due to the Joule heating effe@ 1.5.1) caused by the electrical current.
Depending on the conditions, the Thomson effect or the Joule heat can dominatepractical TE
generators application, he Thomson effecimight exceed the Joule hedtl1]; therefore it should

not be neglected in calculationsespecially for performance estimation of thermoelectric

generators.

Apart from the discovery of the third thermoelectric effect, Thomson also developed the Kelvin
relationships based on reversible thermodynamics. Those relationships revealed a correlation
between the coeffcientsS and 7+:
YOVAT A Yo, 4
oY (4)
Hence one coefficient is enough to deduce the otherln practice, the Seebeck coefficienSis
mostly selecied due to an easy experimental determination.

a)
() o
T T+ AT
p.) T,<0
1 Qr
T+ AT

>0

Figure 1. a) Seebeck effect:An electrical voltage is generated by a temperature gradient along a conductor. b)
Peltier effect: An electrical current flowing through a conductor contained in a closed circuit generates a heat
flow leading, if the system is not thermostated, to a temperature gradient. ¢) Thomson effect: A conductive
material crossed by an electrical current and subjected to a temperature gradient generates heat exchange
(release with zr < 0or absorption with zr> 0).
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2.1.4 Semiconductor physics fundamentals of thermoelectricity

Electrical and thermal energy arelinkedto AEAOCA  AdianOAAAVD@ 8lectrons is per
definitionem equivalent to a technical current flow in the opposite direction. Materials are often
classified according to their electrical conductivity Figure 2). Insulators have very low electrical
conductivity while in metals the conductivity is high. Semiconductorspresent intermediate
conductivity between metals and insulators Insulators generally have high Seebeck coefficient,
but practically the thermoelectric phenomena are exhibited in conducting materials. The
thermoelectric effect of most of metals is rather smallwhereas it is variable for undoped
conductive semiconductors.To efficiently gain the maximum potential of the thermoelectric
effect, semiconductors are dopedby adding or removing elements based on their number of
valenceelectrons.

In solid state physicssolid materials can ke described with the electronic band structure model

(also named band modelfdescribing the energy levels that electrons may havi a solid material

(Figure 2). In this theoretical model, he ranges of allowed energies of electranin a solidare
represented byallowed bands.To define the conductiveability of a material,two allowed energy
bandsare determinant. Thehighestfully filled energeticband isnamA A OEA OOAwhdel AA AAI
the lowest (in energy) empty (or only slighty occupied) bandrepresentsOEA OAT T AOAOGET 1
(Figure 2). The energyrange which separates the valenceand conduction bands represents the
OAAT A, agddrardedd £1 OA E A A kiwhicA Alécthods cannot be located energetlly.
According to the quantumtheory of the electron,at T = 0 Kelectrons fill energy bands from the
lowest energies up tathe Fermi levelwhich is the maximum electron energy at the absolute zero
The electrical conductivity of a solid depends on the ettrons capability to reach the conduction
band or on holes to be generated in the valence banth a metal, the Fermi level is located amid
the partially filled conduction band allowing the electronsddisplacement.On the other hand, he
Fermi level of aninsulator is situated in a band gaparger than 2 eV, hence thgalencebandis full

and it is impossible forelectrons to move toward the conduction band For semiconductors the
Fermi level is also located irthe band gap, but this one has an energeti@iue in the range[0; 2]
eV.Hence, vith thermal excitation, some electronsanacquire enough energy to move from the
valence band to the conduction band, which creates a vacancy in the valence band. The positive
charge located in the valence band corregmds to a holeln aband model, electrors are negative
charge carriers, whereas holes represent positive oneddowever, intrinsic semiconductors
generally present bipolar conduction, i.e. charge carriers of both signs, hence their Seebeck
coefficients partially compensate. Hence to form a thermoelectric material, intrinsic
semiconductors are doped to bring the Fermi level closer to an allowed band (valence or
conduction band).

The incorporation of an electron donor element in the structure of a semicondaior provides an
n-type thermoelectric, since the charge carrie@majority is negative (electrons). Those electron
donor elements provide electrons to the conduction band, seEigure 2. On the other hand, a



semiconductor doped with an electron acceptor elemengives a p-type thermoelectric with a
majority of positive charge carriers (holes). Acceptorsccupya substitution position as well, but

in this case, one valence electron is missing to complete the bond between the subsétatom to

its neighbours. In other words, an electronic state ohigher energy is vacant around the foreign
atom. This vacancy is filled with an electron of a nearby atom and if the electron is moved by
thermal excitation and potentially an electric field, then this transfer corresponds to a hole motion.
P- and ntype configurations present reverseto each other electron distribution among the
valence and the conduction band.

E,>2eV
E, ~ 0-2 eV

I I
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Figure 2. Electrical conductivity A at room temperature of different material classes (insulators,

semiconductors and metals) with corresponding band schemes. Concepts of conduction band  CB valence band
VB, band gap energy Eg, Fermi level Er, n- and p-type semiconductors are illustrated ; after [12] .

2.1.5 Physicaleffectsinterlinked with thermoelectric effects

The thermoelectric effects take place simultaneously with otheelectrical and thermal effect
which might have an impact on their performanceAlthough not considered as thermoelectric
effects, Joule heat and Fourier heaian significantly impact the thermoelectric performance of a
material. Therefore, the understandng of these effects is important to optimize the thermoelectric
properties.
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2.1.5.1 Joule heating effect

When an electric current flows through a conductor, a heat is generatedecause of the material’s
Ohmic resistance This effect is named the Joule heating arigl also known as Ohmic heating.
J O A0 AEOOO 1 AQgefi@@tadbl Ocordictdrds ppohiond  &é&product of
OEA AT 1 AOA OTRMDBtR tirdeh ahd addtBelsfiuArd of the current passing through.

080 'Y 0o (5)

Unlike the Peltier effect, Joule heating is independent of the direction of the currentn a
microscopic picture, the flow of an electric current accelerates electronsgiving them kinetic
energy. When electrons collide with quasiparticles in the conductor, e.g. phonons, the energy is
transferred from the electrons to the lattice As kinetic energy converts into heat, the conductor is
getting hot.

2.1.5.2 Fourier heatconduction

Thermal conduction is a heat transport mode without macroscopic matin of matter. This heat
transfer is performed gradually from the hot sections to the cold ones via a thermaxcitation of
the charge carriersand the crystal lattice Due totheir temperature, particles have a kinetic energy
and are in a steady vibration& or diffusive motion. They continuously interact and exchange
momentum with their environment. In presence of a temperature gradient, this exchange is no
more symmetric; kinetic energy is flowing directional Fi O O E A @dscdibek thexheat conduction
phenomenonin asolid. In the case of a barshapedsampleheated on one endthe heat transfer Q-
from the hot side to the cold sidés proportional to the temperature differenceBT, to the thermal
conductivity I, thecross-section Aand the lengthl of the sample

. 0 o
o aAYY (6)
a

When a current passesthrough a nonthermostated thermoelectric material, the Peltier effect

generatesa temperature difference. As soon as a temperature gradientfi'med, the heat transfer
accorlET ¢ O1 OEA skitsOThE Beliiér Geatl aAdxthe Fourier heat areoccurring

simultaneously and these heat transfers flow to opposite directions. In other cases, both heat
transfers can flow in the same directioras well, e.g. in TE generatorgl1].



2.2 Thermoelectric materials

Thermoelectric materials are semiconductors thapresent a closerelation between the flow of
electricity and the flow of heat. Asolid-state phenomenon allows thermoelectric materials to
convert a heat flow into electricity or to move calories by applying an electrical current. Hence
thermal energy can be transformed into electrical energy and vice versa.

2.2.1 Thermoelectric properties

The performance of hermoelectric materials is characterised by thefigure of merit zT, which

guantifies the ratio between the heatransfer and the generationof electricity. The higher thezT,

the more performant the material is. The Seebeck coefficiel® the electrical conductivityA and

the thermal conductivity { AOA OEA [ AOAOEAI 60 DPOTI PAOOEAO OEAO ¢
Equation (7) demonstrates that high figure of merit requires the minimisation of the thermal

conductivity, while maximising the Seebeck coefficient and electrical conductivity. A high

electrical conductivity reduces the Joule heating effe¢R.1.5.1), that causes an undesired energy

loss,while a low thermal conductivity allows keeping he heat at the junctions and conserving the

largest temperature gradient possible.

v 3 3Y
y Y29

i ()

2.2.1.1 Seebeck coefficient

The Seebeck coefficien§, also called thermopower, is an intrinsic property of a material related

to its electronic structure. It represents the electricalvoltage generated by a tempeature
difference of 1 K(cf. equation (1)). The lower theelectrical conductivity, the higher the absolute
value of the Seebeck coefficiertL3, 14] (Figure 3). For ntype and ptype semiconductors, the
value is negative and positive respectively. The magnitude ofS varies with material and
temperature. Theabsolute value of theSeebeck coefficient should be higher thag mtm At O +
consider a thermodectric material suitable for applications

The Seebeck coefficient is sensitivand kind of inversely proportional 01T OEA AEAOCA AA
density n contained in the material. Inthe case of metals or highly doped semiconductors, the

relation (8) correlates both quantities. The higher the concentratiom, the lower the coefficientS

in absolute value asillustrated per the green curve inFigure 3.
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p

Yo & JYD : (8)

in which m* is the effective mass of the charge carriers.
2.2.1.2 Electrical conductivity

An electrical field@, applied to a homogeneous isotropic isothermal materiagenerates a current

densityn4 ET OA NOAT OEOEAO AOA AT OO0/)iAiB Adal fdkrulatioE | 6 O 1 A
[15]:

(€]

p , 0 (9

in which the proportionality coefficients A and m represent the electrical conductivity and
resistivity respectively. The electrical conductivity can be described with the simple equation
(10):

. £€200 (10)

in whicheandp OA £ZAO O OEA A1 Ai AT OA1 AEAOGQdpeditelk OEA A

the higher the electrical conductivity A.

2.2.1.3 Power factor

The part 24 of the numerator of thefigure ofmerit zTEO 1T AT AA OPT xAO AAAOI 0o N
the quantity of electrical power produced by amaterial. The power factor represents the

maximum achievable power generation and is quantified in \Bh-1 K2, Figure 3 highlights the

carrier concentration of optimised thermoelectric materials to be n D #-ft020 cm3, which

coincides with the maximum power factor.

Goldsmid [16] showed that the thermoelectric power factor andzT are proportional to the
weighted mobility pEm*/m ¢)32, where me is the free-electron mass. Therefore maximising both
m* and p would improve the thermoelectric figure of merit. However, the task is not
straightforward due to their interplay [17].



2.2.1.4 Thermal conductivity

The thermal conductivity [ is mainly composedof an electronic [ and a lattice (phononic)
contribution [, (scattering in a crystalline solid):

o (11)

The electronic thermal conductivity is directly linked with the electrical conductivity by the
WiedemannFranz law:

I 0 JYg (12)
in which Lo is the Lorenz factor.

The figure of merit equation(7) can be written differently with the equations(11) and (12) of the
thermal conductivity :

“ |
YO O . . vd g
.
OV avm T EATARY 4

In equation (13), thefigure of merit can be optimised by the reduction of the phonon contribution

Jito the thermal conductivity. Thermoelectric material development focuses on selective diffusion
processesof quasiparticlesx EOE A AECCAO Ei PAAO 11 OEA DPEITI1T 06
(PGEQ for semiconductors with glasslike thermal conductivity values and singlecrystal-like

electric conductivity at the same time[18]. In this way, PGEC materials would havguitable

electronic properties and low thermal conductivity values as for amorphous materialS.he PGEC

concept is mainly focused on the crystal structuref the materials [19].
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Figure 3. Influence of the charge carrier density at room temperature on the Seebeck coefficient S, the electrical
conductivity A, the power factor A and the thermal conductivity [ (lattice [1and electronic [e contributions) ;
after [18] .

2.2.2 Thermoelectric chaacterisation with the Combined Thermoelectric
Measurement (CTEM) facility

Material development is the most studied topic in the scope of thermoelectric researchihe
Seebeck coefficient, the electrical and thermal conductivity @material need to be meaured to
evaluate the thermoelectric performance with the figure of meritzT. Charactersation is an
inevitable but also crucial step in the thermoelectric material development process; indeed, the
analysis of the material properties is necessary to confin, discredit, or adjust the material
theories.

Thermoelectric materials charactergation at high temperature can be performed by different
facilities and techniques to determine the figure ofnerit. The Seebeck coefficient and the electrical
conductivity are mostlymonitored simultaneously[20, 21]. The thermal conductivity is generally
determined separately by various methods such as Laser Flash Arsil/(LFA)[22] combined with
Differential Scanning Calorimetry (DSC) for heat capacity measuremeat differential steady-
state methods[23, 24], for instance. There is also a technique to directly measure the figure of
merit of a material by the Harman method3, 25, 26]. Uncertainty on the thermal conductivity
meaairement canbe as low as7/%, whereas itcan bearound 3% for the electrical conductivity
[27]; however, it is important to notice that thosenumbers are often larger The Seebeck
coefficient can present an uncertaintyof 10% in reported cases[20, 21]. Moreover, as samples
nearly always present inhomogeneity, an additional uncertainty of about 5% should be
considered[27], which raises the overall uncertainty of the calculatedigure of merit above25%.
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2.2.3 Combined ThermoElectric Measurement principle

The CTEM is a facility that was designed to simultaneously measure the thermoelecpioperties
andthe figure of merit usingthe Harman method zTy [3], which enables a quick consistency check
of the measurement by comparinghe calculatedzT using the measureds A and [ to the measured
ZTH.

The simultaneous measurements technique provides three main advantages. First, it lowers the
effort and the time by preparing only one sample and by performing only one temperature cycle
in a singlemachine. Second, it reducethe measurement uncertainty by using a single sample,
which ensures the sameample individual andgeometry for electrical and thermal conductivity
measurements. The texture and anisotropy influencare also reduced since measurements are all
performed in the same direction. Third, the comparison between the calculatedT and the

( AOI ATyén@bles verifiable/reliable results by tracing errors.

2.2.3.1 CTEM sample holder

To perform the measurement, the thermoelectric sample is placed between two metal blocks of
equal shape and weightFigure 4) which must present a thermal and electrical conductivity of at
leastone order of magnitude higher thanthe thermoelectric sampleunder investigation. To give
a rough idea, he maximum electricaland thermal conductivity for efficient thermoelectrics are
5x103 3 T Al AT A  p,mespechiviely. Ourréntly, the metal blocks and the sample are
rectangular prisms thatare 16 mm and around 5 mm long, respectively, andave an 8 x 8 mm?
cross section The block and sample might be designed with larger or smaller cr@ssections and
could be cylindrical as well, as lon@s the homogeneousheat and current flow throughout the
sampleare maintained, that form the basis of the TE properties calculation¥ he block and sample
contact faces should match in size to optireé temperature and electrical field homogeneity along
the sample under measurementCylindrical cavities in the holder blocks are used for wiring.A
type E thermocouple made of constantan and chromel is weldéato the holeclosestto the contact
surface of the blocks.Anin-house buildresistanceheateris installed in the second holeThe block
heaters consist of two interlocked ceramic cylinders. The diameter of the inner cylinder is 1 mm
whereas the outer one is 2 mm. A CuNid4#sistancewire (15.6 LI/m) wit h a diameter of 0.20 mm
supplied by BLOCKTransformatoren-Elektronik GmbH in Germany is wound about 10 times
around the smaller cylinder. The position of the interlocked cylindersresistance wireis fixed by
immersing it in a ceramic paste Qurrent leads made of copperare welded to the blocks. Two
additional type E thermocouple probes are welded onto thenvelope of the samplefor 4-point
measurements Ceramic paste is applied to embed each wire contact to reinforce the wiring
fixation.

12
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Thermocouples
Cu wire VA AV

Heater

ot f
Holder block Sample

Figure 4. Sample holder of the Combined ThermoElectric Measurements facility. Left:  Assembly composed of
holder blocks joined to the thermoelectric sample. Right: Photograph of the ~ assembly plugged to the CTEM head
and supported between ceramic screws .

2.2.3.2 Measurement technique

The sample holder assembly is plugged to the CTEMprobe head via screwing clampsand
supported between two ceramic screws, se€igure 4. The wholeCTEMprobe headis placed in a
vacuum chamberin which it is surrounded by a cylindrical ambient heaterallowing for a
homogeneous and adjustable ambient temperature. The temperature is monitored on the
assembly at the thermocouple contact points.By default setting, the facility measures the
thermoelectric properties along a temperature cycleby stepsof 50 °C which cannot exceed 600
°C. At eachtemperature point, a stabilization time of at least one hour i&kept before measuring
the TE properties. Depending on theadual measurement the block heaters are activated either
simultaneously to create a temperature difference between the assembly and the heating chamber
or alternately to generate a temperature gradient along the assemblyThe measurement
principles for the thermoelectric properties are explainedin the following.

2.2.3.2.1 Measurement of electrical conductivity

An alternative currentl is applied through theassemblyvia the copper leads at the backside edges
of the blocks. AC is chosen rather than DC &void formation of a temperature gradient in the
sample due to the Peltier effecf28]. TheACvoltages Uz across the constantan leger U. across
the chromel legsof the thermocouples seeFigure 5, are measured, which consist of the potential
drop over the serial connection ofparts of the blocks, the contacts betweemolder blocks and
sample, and thehermoelectric sample. The block contribution to the voltage is negligible due to
their high conductivity compared to the sample. The contact resistance must be minised to

13



reduce its impact on the result. Sincéhe current I, the lengh |s and the contact areaA: of the
sample are known, the electrical conductivity can be calculated via the equatiéi4).

a O
T e - (14)
!
Y

Figure 5. Schematic of the wired assembly with the positioning of the measuring probes

2.2.3.2.2 Seebeck coefficient and thermal conductivity

Seebeck coefficient and thermal ewluctivity are determined in a commondynamic measuranent
process One of the heaters iswitched on to generate a temperaturalifference o a few K between
both blocks. The gradient generates a thermovoltaggdong the samplevia the Seebeck effect. The
DC thermovoltages U: and Uv are measured seeFigure 5. After switching off the heater, both
thermovoltages are recorded over time. For thaletermination of the Seebeck coefficientS a
mathematical derivation dU:/ dUv is performed [29]. It provides a constant value due to the
straight line formed in the graph U:. vs. Uy seeFigure 6. The Seebeck coefficient of both
thermocouple legsS. and S4 as well asof the thermocouple combination S: are available in the
literature [30] andtwo of these three are necessario solve the equation(15).

Y

Y —ay
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(15)
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For the thermal conductivity determination, the thermovoltage relaxationis evaluatedover time
as plotted in the left graph ofFigure 6. The relaxation cuwve describes an exponential decay
behaviour, which, in a first approximation, represents the discharge of the heatapacity of the
blocks, G,, over the thermal resistance of the sample. The time constagt, extracted froma fit of
the exponential decay, 3 used in the equation(16) to calculate the thermal conductivity of the
sample[2, 4]. The mass and thepecific heat of the blocks (ny, ¢,) and of the sample Kns, ¢s), as
well as their geometry (b: length of the blocks) and the thermal conductivity of the blockg, are
also used for correction terms for the nonideal match of the model The heat capacity of the
sample is estimated by the DulongPetit law.

Y

ada a o cal

ST P @& ol

(16)

Holder blockswith very low thermal resistance andhigh heatcapacity compared to thesample

are required to keep the equation(16) reliable. The materials and geometries of the CTEM safep

holder are selected to keep a deviation from the ideal conditions as small as possible. The terms

in the parentheses are correction factors. The second tertakes into accountOE A O AnorB1 A8 O
vanishing heat capacity. The last term, which counterbalansehe limited thermal conductivity of

the blocks, contairs the unknown thermal conductivity of the sample. Therefore, the equations

(16) and (17) need to be iteratively solval to get the correct thermal conductivity with high
precision.

U 175} .
< 1507 — ; 150} .
= — — Exponential fit . 125} . _
= 100} | & 100} | ]

o = L du,
8 o 75¢ | :
L so0f 50 w .
25 .
of . . . . - Of ¢ . . . . E
0 50 100 150 200 0 25 50 75 100 125

Time (s) U_(uV)

Figure 6. Voltage signals obtained for the Seebeck and thermal conductivity determination. On the left, both
thermovoltages U- and Uv measured via the block thermocouple leads, are recorded during the temperature
gradient decay. On the right, the linear slope of both thermovoltages  dU+/ dUv which consists of a multitude of
single data points , is evaluated for the Seebeck coeffi cient determination [1].

The sample holder is considered as  under adiabatic conditions in equation(16), which is an
acceptable assumption only up to room temperature. At higher temperatures, radiation losses
camot be neglected and arecorrected by an additional experimental quantification. Hence an

extra term, taking the heat lossesinto consideration, is required in the correction factor
parentheses of the equatior{16).
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The time constantz, of the thermal coupling between thesample holder assembly and the

environment is required in the equation (17)." AOAA 11 4 AOAT BOd&@maA 0O00i PO
coupling of a block to its envionment behaves in the same waywhether the entire scheme is

isothermal or a temperature gradient is applied through the sample. Therefore, as an additional
measurement, both blocks are equally heated up via the1 1T Ada@r8to create a temperature

difference between thesample/blocks assemblyand the environment. When the block heaters

are switched off, the temperature difference Thoer Z Tamb iS recorded over time. Aike for z;
determination, the curve describes an exponential decay from which the time constagt can be

extracted.

2.2.3.2.3 Harman figure of merit

The Harman method relies on the equilibrium between Fourier and Peltier hedlow in the
sample. A continuous direct curremhis applied through the scheme via the copper leads at both
ends, which instantaneously formsan Ohmic voltage drop Uy which is recorded between the
thermocouples of the holder blocks The DC current passing through the thermoelectric sample
progressively generates a temperature gradient via the Peltier heatOn the other hand, he
temperature gradient generates an asymptotially increasing thermovoltage Us [32]. After a
couple of minutes, the thermovoltage stabities, since the Peltier effect androurier heat flow
balance each othe[3].The trend of the monitored voltage inversesatfter switching off the current,
seeFigure 7. The Harman figure of meri(zT)~ can be obtained from the equatior{18) with Usin
the stabilised state.

a"y (18)

i
Y,
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Figure 7. Voltage signal over time in the Harman measurement. Evolution of the voltage drop including the
ohmic voltage Uy and the thermovoltage Usafter turning on and off a DC current [1].

2.3 Jining materials description

A contactis a generic term whichcan bebasicallydefined by a touch betweernwo individual parts.
There is a multitude of applications for contacts, therefore many types of contacts exist which
makes classification difficult. Facial contacts can be subdivided into three categoriggh a broad
spectrum: the bonded contactpreventing any motion between the contacted surfacese(g.
soldering, brazing, welding, sintering, adhesive bonding, coatirag screwed surfaces), the surface
contact with both surfaces always touching but which can sl@lone over the other é.g.bearings,
hydraulic systemsor turbines), and the free contact with two surfaces which can be either in static
contact or in sliding contact with inconstant contact surfaced.g.ice skiingor pan/ceramic hob).

If the focus is panted at the process ofjoining only, i.e. the methods to assembg technical
structures, the classification differs andhe investigation field isreduced. In this way, the joining
principles can be divided in three sectionsform- and force-closed jointsand metallurgical joint
[33]. Form-closed connectiors are generally characterized by the use of fasteners such as pins,
rivets or bolts, or by forming shrinkage as for shrink heat tubing. The holding of the parts joint to
each other leans on a positive traction ithe normal direction of the contact(Figure 8a). Theforce-
closed jointsrely on the friction principle. The cohesionon a supportis kept by compressingone
or multiple surfacesin a normal direction. Movements of the joint parts in the perpendicular
direction to the normal forces ishindered by friction forces as long athey are not exceeded by an
external force. In this way, the mechanicalresistanceof the joint mainly depends onthe applied
normal loads (Figure 8b). Finally, metallurgical connections refer to adhesive and cohesive forces
between contacted metallic surfaceslue to valence electrons interactionst the contact interface
(Figure 8c). They are generally estabBhed by soldering, welding or bonding process€84].
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Figure 8. Physical principles describing joining processes: (a) form -closed joint, (b) force -closed joint, (c)
metallurgical joint ; after [34] .

A joint can beconsidered asdetachable ifthe contacted components carbe separated without
damaging them (e.g. screw ortoggle switch). A non-detachable joint imgies that the bonds
between the components are so strong that a destructive technique is necessary to separate them
(e.g. brazing)4 EA  CGcAn@ifionally detachabled ET ET O  Eduxiliiry jdnk@padskak O
especially introduced in the system folbeing destroyed in order to allow a safe extraction othe
components.

2.3.1 Material selection

Material selection for the contact is guided by the specific application. To promote an efficient
conductive contact, the selected contact material needs to be condive. This narrows the choice
down to semiconductors and metals. The materials musalso be adapted to the operating
conditions (temperature, pressure, atmosphere).

To ensure a suitable stability, phase diagrams of the involved elements are studied to pietdhe
behaviour of the components that are joined in the contact. Reactions forming conductive
interlayers at the interface are favairable for the mechanical, electrical and thermal properties,
but are generally counteracting the feature of detachabilityOn the contrary, reactions forming
gas pockets poresor cracks at the interface will weaken the contact. Mutual solubility of the
components joined is also considered to predict diffusion processes. Strong meiater diffusion
can leavecavities at the boundary interface that are named Kirkendall voids.

Oxidation processes must be taken into consideration for the material selection. Oxygen can be
introduced into the system in different manners. Most often oxygen comes from the atmosphere
surrounding the system. When oxygen is a problenas for high temperature applications, the
system can be placed imvacuum environment. However, oxygen can also be present in the form
of oxides deposited on surfaces or captured in the material. Oxidation of contactriaces is
harmful to contact properties such as adhesion or conductivity; therefore, it is important to
monitor the oxidation behaviour of the selected materials when we want to contact them.
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For the contact material selection, it is necessary to take ¢hcompatibility of the elements with
the operating conditionsinto consideration. For high temperature applications] A O A Gstaté |
and equilibrium vapor pressuremust beconsidered For instance, high temperature associated to
low pressure can significatly influence thethermodynamic equilibrium at the surface depending
on the vapor pressurevalues, seeFigure 9.
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Figure 9. Influence of temperature on vapor pressure of various metals ; after [35] .

Sometimesthe ideal material for an application is too expensive or @aequired component is
chemicallyincompatible with the other contacting materials. To mitigate those problems, coating
technology can be used tdansert a thin conductive layer between the contacéd materials to
prevent chemical and physicalnteractions such ageaction, diffusion or oxidation. Nevertheless,
the coating depositiondesignrequires atailor-made material selectionin relation to the coated
material, also named substrate. Wstrate is a generic term to define aubstanceusually plate-
shapedto which another substance is appliedLayer deposition goes along with internal stress
formation. The residual stress depends on the deposition method and conditiotemperature,
gradients, atmosphere, process parameterssuch as deposition ratg¢, on the postdeposition
treatment and, in particular, on the differences among the coefficients of thermal expansion (CTE)
of the contacted materials. Generally, a highate deposition and rapid cooling afer the coating
step causes high stress. A posteposition annealing can help to reduce the stresg the CTE of
substrate and coaing are close.Mismatch in the CTE of adjacent materials promotes internal
stress formation that often leads to thesubsequert failure of the coating The thicker the layers,
the more sensitive to failuredue to internal stress they areTherefore, the intensity of theinternal
stresswill often determine the limit of the coatingthickness. For high temperature applications
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in particular, the CTEof the contacted materials must be close to each oth¢86]. When the
difference is toohigh, and no other alternative exists then it is possible to coat an additional
buffering interlayer having an intermediate CTE between substrate and thaating.

2.3.2 Adhesion

Adhesion defines theability of molecules or surfaces tatick to each other. The adhesion between
two surfaces can be influenced by mechanical pieeatment, particle diffusion or chemical
reaction. As shown inFigure 11, four types of adhesion are available tform a bonded contact
dispersive, chemical diffusion and mechanical [37]. Multiple types of adhesion can
simultaneouslyoccurin a complex system sucls the CTEMissembly which consistof alayering
sequence Although adhesion is of critical importance for contacting, this property is one of the
least understood.

2.3.2.1 Wetting

Wetting is the ability of a liquid to form an interface with a solid surface. The quality of the

adhesion between the contacted surface and solder relies on a good physical wetting of the

solder to the contacted material. The larger thevetting degree of the liquid solder to the substrate

material, the better the bond between them. The degree of wetting of a liquid solder on a substrate

is quantified by the contact angld between the soldefs surface at the connection poinand the

substrate (Figure 10). The contact angle is related to the surfacenergyAU 91 O1 ¢6,0 ANOA«
which interconnects the liquid-vapor surface energy of the liquid solder Ay, the solidvapor

surface energy of the solid substrateAs,, and the interfacialenergy between the solid substrate

and the liquid solderAg, see equatior(19).

A .|. -@ - ; - (19)
Physically, he wetting anglef can varybetween 180° (no wetting at all) and 0 (perfect wetting).
Mathematically, cos() is thenvaried between -1 and 1, thus ér a good wetting, the ratio of the
equation (19) should be as close as possible to LLe.the theoretical maximum possible value.
Generally, to achieve good wetting it is better to hava smallA;, and a largeAs.. Note that A, and
the surface tensionry, are equal for liquids and have egivalent unit [38].

The surface tension is a macroscopic parameter which originates from moleculaffects. On
average molecules lose half of the cohesive interactionat interfacescompared to theinner part
of the bulk material. Consequently a liquid adapts its shape to minimée the surface energy.
Physically, the surface tension represents the engy needed to increase the area of the outer
surface by one unit (J/m?). Since the surface tension charactees the interface between two
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distinct phases, it can be defined by the cohesion energy divided by the area occupied by a
molecule[39].
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Figure 10. Schematic of the contact angle [ between a liquid material and a solid substrate.

A thin oxide layer onthe surface ofaliquid solder or of the solid substrate is detrimental for the
wetting to the substrate. It reduces the surfacesnergy of the substrate and also prevents intimate
contact between the solder and substrat¢40] .

2.3.2.2 Dispersive adhesion

Figure 11a symbolizes dispersive adhesion where both smooth contact surfaces are ideally
matchingand are held together by van der Wals forces. The dispersive contact presents the most
fragile adhesion due to the weakness of the bond between the contadtsurfaces. In reality
perfectly matching surfaces are practically impossible to obtaipand cavities, especially formed
by the surface roughnesscan weaken the adhesion.

The length of the van der Waals bondsf).45 nm) is longer than those of other molecular forces,
such as covalent .15 nm) or ionic (F9.25 nm) bonds. However, the van der Waals bonddso
present weaker average bonihg energy (F10 kJ/mal), so that these forces only act over very small
distances. When the contacted surfaces are separated by more than a nanoregthen the van der
Waals bonds have a likelihood of 99% to break4l]; therefore, the mechanical stability of
dispersive adhesion is limited. For instancein the cae of a coated substrateresidual stresses
causedby a difference between the CTht the interface of thecontacted materials can generate
cracks. When a crack is initiated, iisually propagates along the junction via the fragile interfacial
bonds and leals to contact delamination.

2.3.2.3 Chemical adhesion

Figure 11b represents two contacted surfaceshat reacted with each other to form an additional
compound layer. The reaction layer generally strengthens the junction and improves the
mechanical properties due to elevated bond energies ofonic (600 kJ/mol), metallic (F260
kJ/mol) or covalent (F550 kJ/mol) bonds that are formed.Although the chemical bondsare
strong, the lengths of the ionic .25 nm) and covalent .15 nm) bondsremain short and
require an intimate proximity between the two contacted surfaces in order to obtain stable bonds
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[41]. However, this rarely happens due to the missing ideal matching surfaces Nevertheless,
chemical reaction may be initiaed at tiny contact points.In this way, areaction layer can form if
transport processes bring the reactants into atomic distance to each other, easiest with a liquid
phase, over the full contact facelhis adhesion type is generally favarable for high thermal and
electrical conductance if the formed layer consists of a conductive intermetallic. For metallic
contacts, a heat treatment in ecordance tophase diagrams is generally needed to initiate the
reaction.

The SolidLiquid Interdiffusion (SLID) bonding technique perfectly illustrates the chemical
adhesion. The SLID process consists in joining two surfaces made ofidentical metal having a
high melting point (such as copper)assisted bya low temperature melting metal (for instance
tin). At a proces temperature above the lowest melting temperature, the metals reagtith each

other to create an interface layerof an intermetallic compound that will have a higher melting
point than the application temperature. To ensure high temperature stability, thdow-melting

metal must be totally consumed by the reactiofd2].

2.3.2.4 Diffusive adhesion

Figure 11c showstwo bonding partners joined by diffusion bonding. The joining technique relies
on solid-state diffusion between two similar or dissimilar material surfaces whichintermix with
each other over time.The diffusion processcan manifest through different forms such as
interstitial, substitutional or grain boundary diffusion. The bond interface by diffusion typically
occurs when the elements of both materials are mobile ansimall, which is often the casefor
compounds with relatively low melting temperature. Diffusive bondingis generally performed by
heating and applying pressure to the material to be weldediffusive adhesion isthe mechanism
involved in a sintering process for instance,when a metallic powder is compresse and heatedat
a temperature slightly below the melting point in order to allow the atomsto diffuse from one
particle to the next to producea mass transport Since diffusive adhesion relies on interaction of
the bound atoms between the two surfaces, thienger the interaction time, the more diffusion is
performed and, therefore, the stronger the adhesion of the contacted surfaces.

2.3.2.5 Mechanical adhesion

Figure 11d shows the interface between two contacted surfaces by mechanical d&eing. The
surface topography must be rougho increase the specific surface area. The mechanical locking is
generally observed in surface coating or in solderingrazing proces®s involving at least one
liquid element. In the second case, the liquidnetal can flow over the substrate and fill the
topographic structures of the substrate, such asoughnessor porosity. Generally, it is considered
as micromechanical adhesion. Thetrength of micromechanical adhesionin particular depends
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on the wetting of thesolder on the substrate. Low viscosity of the solder is also essential to allow
the solder to reach the surface voids.

Figure 11. Schematic of the four types of adhesion mechanisms. (@) Dispersive transition, ( b) compound layer ,
(c) diffusion bond, ( d) mechanical anchoring ; modified, from [43].

2.3.3 Contact resistance

The heatflow and the electricalcurrent are two phenomenathat are mainly interrelated by the
Pdtier effect (cf.2.1.2), in TE materials, but also partly by Wiedemann Franz lawc{.2.2.1.4 in a
given material in specific conditions, i.e. with fixed potential and temperature differencelheir
basic equationsof & T OOEA O8O 1 Ax Al sk théirlahady, séequationéPD)AThd E
heatflow Qcorresponds to the electric currentl, the thermal resistanceR» matches the electrical
resistance R and the temperature difference 3 4is conformed to the electric potential difference
u.
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v (20)

In conductive materials thermal and electrical resistances have a lot in common due to thei
interrelated mechanisms. They both depengbartly on the maoility of the charge carriers (holes
and electrons) in a bulk material. In addition, the electronic contribution of the thermal

conductivity is proportional to the electrical conductvity by the WiedemannFranz law, see
equation (12). The free electrons area dominant factor for heat conduction in metals, but the
lattice contribution, related to the motion of phononscannot be neglected for semiconductors
such as thermoelectric materials, seé&igure 3; therefore, the WiedemannFranz law camot be
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usedstraight-forward to determine the electrical conductivityin a thermoelectric material from
the thermal one,or vice versa

The thermal and electrical contact resistances have similar definitions as well. They quantify the
capability of aheat flux andan electric current to go through a contact interface The thermal and
electrical contact resistances are identifiable by a temperaturdrop 3 4and a voltage dropsU
generatedover a contactinterface, seeFigure 12.

Metal block TE material
%
U
T
AT
distance

Figure 12. Schematic of the potential difference Uand temperature 3 4drops involved by the contact resistance
at the solder/metal and the solder/TE interfaces on a typical CTEM contact comprising a metal block soldered
to a thermoelectric material ,with 3 being the electric potential . On the right, an overview part of the contact
reveal s the presence of air gaps (cavities) in the contact area due to inhomogeneous solder distribution in the
contact area.

2.3.3.1 Cavities

When a junction is formed by pressing two metallic materials together, the real contact area
represents just a small fraction of thefull contact area(joining partners” cross sectionsdue to

contact cavities, seeFigure 13. The fraction between real andfull area depends on several

parameters such as surfacd AAEAT EAAI DOT DAOOE A GardneAsy usfaced | OT C &
roughness and contatpressure.The occurrence ofcavities can also be encountered between two

soldered surfaces, see right micrograph ifrigure 12. Insufficient wetting of the solder or too

viscousa solder could result in a heterogeneous distribution of solderacrossthe contact area. If

a heat or electrical flux is crossing the interface, the conduction is generalbpnstricted at the

contact spots involving a distortion of the flux and thusan increaseof the thermal and electrical

contact resistances.

As far as thermal conduction is concerned, small gdiled gaps at the interface generate gas
conduction rather than gas convection due to the small length scale of the gapmder vacuum
conditions, there is no gas in thepen gaps; therefore, gapconduction can be neglected44]. In
addition, thermal radiation between the two contacted materials is supposed to benegligible for
temperatures below 600 °C[45]. Nevertheless,with the CTEM measurement, nomegligible
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radiation contribution was already reported from 200 °C on[46]; therefore, Kolb developed a
correction factor to compensate measurement errors induced bradiation loss, see equatiotfl17).

Figure 13. Magnified view of two contacted surfaces showing cavities formed between two macroscopic
surfaces as a result of surface roughness. The heat flow is represented by arrowed line s; after [47] .

Cavitation can be also the result of diffusive adhesion. When two distinct caatted materials
diffuse into each other forming a solidstate solution, their intrinsic diffusion coefficients are
different. As a consequence, the diffusion flux of one element is faster than the other which can
generate vacancy supersaturation on one s@of the interface and form local stress states within
the diffusion area. When this phenomenon is ndiimit ed, it can generate nucleation of pores
leading to Kirkendall voids at the interfaceg48].

Whenoutgassing or some oxide reductiomake place in the cotact areaat operation temperature,
gaseousproducts are released[49]. The gas cathen be trapped in voids atthe contact area and
form cavities whichincreasethe contactresistances.

For multiple layers superposition including diffusion barriers, the CTE of the substrate and the
contacted layer should be as close as possible. As explained earlier in the adhesion part, the
internal stresses involved by wo different CTEs between two contacted materials can generate
cracks.On theone hand, the cracks can lead to the delamination of a layer and leave a gap between
the contacted surfacessuch agap will have a similar effect on the contact resistancas other
cavities. On the other hand, when the adhesion is strong enougind the deposited layels brittle ,

the cracks involved by the CTE mismatch can also perpendicularly cross the deposited layéus,
formed channek can allow for undesired interdiffusion.

2.3.3.2 Interlayer formation

In chemical adhesion, reactioa forming (one or more) interlayers generally reduce the contact
resistancedue to strongchemicalbonding between theatoms of thecontactedmaterials, provided
that the interlayer is conductive as well.If the formed interface materials have low electrical
and/or thermal conductivity, then the chemical adhesion is detrimental for the contact
conductivity.

Oxidation is a common contact reaction andts impact on the electrical and thermal contact
resistance is mostly undesired. Usually, oxide materials have low electrcal and thermal
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conductivity; they are mostly considered for insulaion, e. g. silicon oxide SKOA soon as the layer
is coherent, evena thin oxide film can generate high electrical contact resistance. As fas the
thermal contact resistance is concerng, the thicker the oxide layer, the higheits impact [50].

To prevent oxidation, an antioxidation layer can be deposited on materialthat form oxides, or
the materials can be placed in an oxygefiree environment. However, sometimes one othe

contacted materials can contain residual oxygen inside or on itsurface, and when the second
contacted material is subject to oxidationan oxygenfree environment is not sufficient. An anti-

oxidation layer can have two operabnal modes. Either the oxidation protection is a non

penetrable barrier or the selected material plag the role of an oxygen getter, i.e.the oxide

formation energy of the deposited material is lower than the onef the substrate.In the latter

case, thecoatingcan be considered as a sacrificial layer.

2.3.3.3 Kapitza resistance

The Kapitza resistance correspondto the thermal resistance induced by the scattering of energy
carriers (phonons) when they cross an interfae. The differences in thdattice dynamicsbetween
two joined materials with a dispersive transition cancontribute to the thermal contactresistance
due to phonon backscatteing at the interface. This phenomenon is related to the phonogroup
velocity andthe phonon density of states on both sides of the interfac®levertheless Swartz et al.
proved that the Kapitza resistance was negligible compadgo the physical contactimperfection
like cavities[51].

Toremove the Kapitza resistance, the concept of phonon kigescould be individually developed
for any material combinationto reduce the thermal contact resistance. A phonon bridge presents
a transitional spectral density of states and is placed between the contacted matesab improve
the phononsdtransfer through the interface. English et al. already used this technique teduce
the thermal resistance of interfaces for nanostructured materials in which heat transfer is mainly
phonon dependent[52].

2.4 CTEM contact development
2.4.1 CTEM contact description

The CTEM contact corresponds to the joining design used to connect the CTEM holderlptodhe
sample.When required by the sample chemistry and the temperature range of measurement,
functional coatings can be deposited to the blockend sample$contact surfaces to prevent
chemical reactions orundesired diffusion between solder, block ad TE sample. The sequence of
the different contact layers which are pairwise in direct neighbairing contact, forms the
contacting scheme illustrated inFigure 14.
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Solder Metallization s

Holder block TE sample ‘\“%’

Figure 14. Contacting scheme ofthe Combined ThermoElectric Measurements facility (CTEM). Left:  An exploded
view of the assembly shows the different layers that can form the contacting scheme. Right: Photograph of a
typical assembly with partial CTEM cabling embedded in ceramic paste ; modified, from [53].

2.4.2 CTEM contact specifications

For high measurement accuracy, th&€TEM measurement technique requires a wetlefined
soldered contact between the studied thermoelectric material and the holder block$he contact
requirements result from the application objectives and the operating conditionsAccording to
the CTEM measrement conditions, the established contact needs to remain stable during the 24
h measurement which can be performed up to 600 °C under high vacuufs shown in this section,
some interrelated CTEMspecifications present divergencesrequiring innovative slutions and
compromises

2.4.2.1 Mechanical specification

The contactstatus and quality of the holder block/ sample interface should remain constant all
along the measurenent to ensure high accuracy Therefore, the CTEM contact musideally be a
bonded and aform-closed jointcontact.

The contact technology joining the CTEM blocks and theneasured sample must be balanced
between a stable detachable contact requiring dispersive adhesipand an electricaly and

thermally conductive contact generally promoted at bst by a compound layer or diffusive
adhesion. Therefore, lowmelting solders with melting temperatures lower than 200 °C were
selected agnost suitable.

The tribology of the CTEM contact is basic: since the interfaces are appliadd fixed one to
another, friction is not relevant.
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2.4.2.2 Electrical and thermal specification

As a threshold, the thermal and electrical contact resistances should not exceed 10% of the studied
sample resistance. Contact resistanadiverssuch as insulating layers or contaatavities must be
avoided, since voidsincrease both thermal and electrical contactresistance Therefore, good
wettability of the solder on the contacted surfaces is mandatoryto avoid heterogeneous
distribution of the solder in the contact areawhich could generde voids.

If the thermoelectric sample or the metal blocksare equipped with a diffusion barrier,
delamination or cracks of the layer should be avoided to preserve the conductance properties.
When a component of the contact requires a protection layer toe functional, the CTE of the layer

must bechosenclose toOEA OOAOOOAOAS O # 4 %8

2.4.2.3 Chemical specification

Besides the impact on the electrical or thermal contact resistancehemical reactions can be
particularly problematic in the CTEM contactwith respect to thermoelectric characterisation,
because ofpossible changes in the sample”shermoelectric properties. The high-temperature
CTEMconditions combined with the phase transitions of the contacted materialsan influence
the chemical status of the contacthrough reaction, diffusion, dilution, etc. Those phenomena
must be anticipated and judged as acceptab(er not) for the contact components and properties.
Uncontrolled reactions and strong diffusion involving sampl®dr blocksarrev ersible degradation
are disqualifying criteria. Superficial reactions can be tolerated they are stabilised, controlled
and do not affect the inner sample properties or the contact resistancas specified earlier.

The use of lowmelting solders means that the measuremens$ mainly performed while the solder
is in the liquid state, which can promote corrosion processes. Unlikecorrosion by aqueous
solutions, known as anelectrochemical process corrosion by liquid metalis considered asa

physicalchemical processwhich does not depend onelectron transfer in the liquid. Instead,

exchangeof matter is expected at the solid/liquid interface by atomic diffusion, dissolution,

oxidation, infiltration , etc.Knowing that solubility of an element in a liquid generally increases
with temperature, the solubilities of the elements in contact with the liquid solder must be
considered regardingthe impact of corrosion

As specified, the contact needs to be detachablghich means that the sample should be easily
extracted after the measirement. Consequently the solder composition is allowed to be slightly
modified during the measurement as long athe sample can be easily removed
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2.4.3 State of the art of the CTEM contact development

Kolb [46] reported on the CTEMcontact development for somethermoelectric materials. The
research focused on the electrical contact resistance, which was evaluated by comparing the
electrical conductivity of the sample measured by the CTENsing the block thermocoupleswith

a reference sample measured by a certified facility. Low-melting solders were selected as
candidates to join the sample to the holder blocks. Most of the experiments were conducted with
Cr-coated Cu holder blocks and galliuabased solders, like Galistan (Gassln21.5Smno) [54] and
GaSn. Depending on the Tileaterial class(Skutterudite, silicide, half-Heusler, etc) and elemental
composition, different contact behaviair was observed, pointing to the necessity of aspecific
contactdevelopment for each TE samplehemistry that shall be measured with the CTEM. Three
main TE materials were investigated by Kolb: cobalt dopediron disilicide, FeSj, undoped
magnesium silicide Mg,Si, and Skutterudite , CoSh. In a firsttest all materials were separately
contacted to Crcoated Cu blocks with Galinstan solder. For FeSthe contact was electrically
efficient at room temperature, butthe solder diffused into the sampleat around 60 °Galtering the
material properties and degradng the electrical contact. The same process was observed for
CoSh, but solder diffusion occurred at higher temperatureof around 330 °C.For Mg.Si, the
contact resistancewas already very high at room temperature due to a bad wetting of the solder
on the TE sample. The heating and the cooling curves were different, which showegragressing
improvement of the electrical contact by solder diffusion likely causing a change in the sample
properties.
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Figure 15. Temperature -dependent measurement s of the electrical conductivity of three distinct

thermoelectric materials directly contacted with Galinstan . (a) FeSg, (b) CoSh and (c) Mg:Si[46] .

To prevent the solder diffusion, Kolb decided to apply a protective layer on the TE samples. After

several diffusion tess combining the gallium solder with anti-diffusion materials, the most

promising candidatesi.e.nickel andtungsten,were applied on samples for measurements in the

CTEM. The solder is able to diffuse tio nickel, but the temperature-dependentdiffusion is slow,

and nickel canconserveOEA OAIl P1 A6 O DOT bA O GHAOentLgh CABAM) AUAO
The reactions between gallium and nickel help to reduce the contact resistan¢e contrast, there

is absolutely no diffusion between the solder and tungsten, which ensusestrong sample

protection.
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Nickel-coated FeSi and M@Si presented suitable electrical contacts up to 400 °C and 300 °C
respectively, which proved the efficiency of the protective coating. At higher temperatuse
gallium strongly reacted with nickel allowing gallium to reach the samples.Several options to
solve the problemshall be discussed hereFirst, thicker Ni coatings should beapplied, but layer
thickness is limited by the deposition technique. Seconds gallium turned out to be a highly
reactive material, galliumfree solders with low melting point should be considered. Third,
another barrier layer could be developed to block the galliunmigration. For W-coated CoSkthe
contact between thebarrier layer and the sampleexhibited high contact resistance due to
delamination of the layer. Tungstenis a \very hard material andhas a low coefficient of linear
thermal expansion(< 5 2106 K1 [55]), whereasthe CTE of the studied thermoelectrics are higher
than 10 0106 K1 [56-58]. In this way, the CTE mismatch between both mat&ls most likely
induced layer delamination. The addition of a titanium adhesion layer between substrate and
tungsten layer could not prevent delamination. Hence, none of the studied solutions was viable
for high temperature measurementsup to 600 °Cwith the CTEM.
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Figure 16. Temperature -dependent measurement of the electrical conductivity of three distinct thermoelectric
materials with a coating. (a) FeSk, electroplated by nickel (b) CoSk, PVD-coated by tungsten and (c) Mg2Siwith

a nickel coating applied by direct sinter -pressing. In (a) and (c), CTEM results agree with the reference [46] .
Herbreteau [59] compared two alternatives to join iron disilicide to copper blocks The
comparative study dealt withconductive pastes (Ni- and Gbased)and graphite foils replacing the
solder. Despite good adhesio, the conductive carbon paste showed specific contact resistance
higher than 10 pLl @2 which is two orders of magnitude above theCTEMrequirement (cf.
2.4.2.2). On the other hand, he electrical contact resistancamonitored with the graphite foils
showed a strong dependenceon the level of conpression of the foils betweenblock and sample.
The influence of theapplied pressure, contact surface treatment and thickness of thggaphite foils
were investigated. The best results were obtained with 0.025 mm thin graphite foils and with a
compression of about 5 MPg whereas surface treatment did not show significant influence.
Nevertheless the specific contact resistances could not be reduced below 400Q! @n? which is
one order of magnitude higher tharrequired. Hence neither the graphite foils nor theconductive
pastes were stated as suitable alternativeto the solder in the contacting scheme of the CTEM
assembly

30



Theoretical background

2.4.4 Applications of liquid low-melting metals

Only few applications involve liquid metals closely connectedto solid metals in the CTEM
temperature range.Two examples, which were scientifially investigated, are presented within
this section.Mostly, chemicalphysical corrosion by the liquid metd is the limiting factor for the

applications.

2.4.4.1 Wave soldering

Wave soldering isa largescale production process which aimsto simultaneously join all
electronic components toa printed circuit board (PCB through a liquid metal wave generated by
a pump system (Figure 17). The wave soldering process idivided into four steps: flux spraying,
preheating, wave soldering, and coolindn the wave solderingstep, the solder is contained ithe
liquid state in the solder reservoirgenerdly made of stainlesssteel. The melting temperature of
the solder should be higher than 175 °C to respect the operating requirementnd lower than
230 °C to avoid PCB and component damafif] .

N
Printed
Circuit
Board

Solder
Reservoir

Figure 17.lllustration of the wave s oldering process; after [61, 62] .

The interaction between the liquid solder and the reservoir material involve corrosion of the
stainlesssteel by the solder in the long term. Afteabout three months of operation, Forstén et al.
stated that the steel reservoir was macroscopically corroded by a Skg-Cu alloy whichprobably
brokedownOEA OOAET 1 AOO OOAAd. Gakéndtb & Al.AtGdiedtRe cor@sion A
rate by varying the solder and stainlessteel composition. They showed that addition of copgr,
indium and bismuth into SnAg solder did not impact the corrosion rate, whereaa Sn-Zn solder
significantly intensified the corrosion process. On the other hand, they found that stainlesteels
containing high amouns of chromium and nickel show better corrosion resistance [63]. For
example a piece of stainlesssteel 304L was immerged intoSn3.5Ag for 2 h at 450 °Cforming a
reaction layer of about 50 umon the 304L alloy. The layer consisted mainly of tinron, and
chromium, with the formation of FeSn phase as well.The nickel, initially contained in 304L,
dissolved into the liquid solder during the heat treatment[64]. To reduce the impact of the
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corrosion process Xiao et al. suggested caag the stainlesssteel pot with a Ti/TiC thin film. The
Ti/TiC deposition improved the corrosion resistance of the pot. Additionally, the thin film showed
hydrophobic characteristics and good tin repellingwhich makescleaning of the pot easierand
reduces the intimate contact between the solder and the pd65].

2.4.4.2 Liquid metal as @olant in advanced nuclear energyexploitation

Advanced nuclear energy systemsuch asaccelerator driven systems (ADS)require coolants
with specific properties. Due to te high working temperatures of these systems, the coolant
should havea broadliquidus range, i.e. lowmelting point and high boiling point. Due to the high
heat fluxin the system, the colant should have ahigh thermal conductivity. Liquid lead-bismuth
eutectic (LBE) alloyis one ofthe candidate coolants for AD$66]. The interactions between the
LBE and the fuelcladding material (stainless-steel) are complex due to thelemandingconditions,
especially theoperating temperature ranging between 300 and 450 °(67].

Several experiments have been performed to evaluate the reactions takg place at the
LBE/stainless-steel interfacebetween 200 and600 °C. Benamati et alinvestigated the behaviar

of the steel AISI 316L in stagnant LBRith saturated oxygenat 400 and 550 °C. fier annealing at
400 °C for 5000 h, a thin oxide layefFe(Fe xCk)20s) was formed onthe surface of thesteel. The
oxide layer protected the steel against corrosion, i.e. against the dissolution of steel alloying
elements into the liquid metal. After annealing at 550 °C f@000 h, the thin oxide layer became
porousallowing the solderto corrode and penetrate several micrometes into the steelspecimen
[68].Indeed, @rrosion in liquid metal leads to dissolution of material constituents, interdiffusion
between the two phases (liquid and solid) and chemical reactions between corrosion products
and impurities [69].

Zhang et alinvestigated the impact of LBE flowing iside steel pipes.They proved that the oxygen
content in LBE influences the physicathemicalinteraction at the solder/pipe interface. In their
study, they stated thatoxidation and mass transfer corrosionoccur simultaneously at the
interface, but thatsteel type,oxygen content, temperature and exposure timgere dominant in
the process It was found that the oxidation initially dominates the processat 550 °C; however
after a certain time, in the order of 2000 h, a turning point is observed and the mass transfer
corrosion process takes the upper hani70]. The turning point was identified by monitoring the
weight loss of the steel samplesiuring annealing while liquid lead and PbBi were flowing
through the steel pipes(Figure 18) [71] . Weight gain isa hint of oxidation, while weight loss is the
consequence of corrosion.
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Figure 18. Weight change of steel pipes crossed by flowing liquid metals with controlled oxygen co ncentration

Go at different tempera tures T over time ; taken from [71] .

Additional analyses allowed Zhang et al. to correlate the oxygen concentration in the solder with
the dominant process depending on temperatureRigure 19). Thatway, theycould identify which
oxygen concentration was necessary to avoidorrosion of the steel pipe. Among other findings,
they showed that pure lead was more corrosive than RBi. They further identified five steps in
the corrosion-oxidation evolution. When theamount of oxygen is too low, only corrosion (C) takes
place. When the oxygen concentration is sufficiently high, only oxidatiai®) occurs, but when it
exceeds a threshold the formed oxide layer crumblesllowing corrosion to be active; this
phenomenon wa named spallation (S)Between pure oxidation (O) and pure corrosion (C),
intermediate processessimultaneously involve both processes (C) and (O). They are latbetl in
the graph as (GO) for corrosion being beyond oxidation, and as (GC) for the inversed
configuration [71].
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Figure 19. Corrosion zoxidation maps depending on oxygen concentration and temperature. Left: Map for  liquid
lead; Right: Map for LBE. The initial oxide layer was 10 um thick. The rat e flow was set at 0.5 m/s ; taken from
[71].
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Schroer et al. structurally investigated he corrosion of pure iron by the LBE at 400 °CThe
solution-based corrosion showed the characteristics of intergranular penetration of LBE which
indicated the consumption of iron along grain boundaries(Figure 20) [72]. As stated by
Gnanasekaran et al., the solubility of thpipe material in the flowing liquid metal is one of the
main parameterswhich rules the corrosionprocess, i.e. the mass transfeanto the liquid metal
[66].

Figure 20. Intergranular corrosion of iron by flowing LBE  (dissolved oxygen: 10 ™ wt.%) after annealing at 400
°C for 13172 h; taken from [72] .

At the liquid solder/steel interface, the corrosion-oxidation balance depends ontime,
temperature, oxygen concentration, liquid flow liquid metal, and steel compositions The great
number of parametersreveals how complexthe liquid metal/solid metal interfaces are.

2.5 Aim of the thesis

The Combined hermoelectric Measurement (CTEM) technologis ledto becomea powerful tool
in the thermoelectric materials and contacting development for thermoelectric modules. The
CTEM technigueallows to improv e the costefficiency ratio, the measurementaccuracy, and the
required time of a complete thermoelectric characterization. In this way,the CTEM technology
would be an idealindustrial instrument to control the quality of thermoelectric material in an
assemblyline.

The contact between the holder blocks of thdacility and the studied sample is essential to

determine accurate properties of the thermoelectric sampleThe subject of the thesis focuses on

the development ofcontacting schemes forcobalt-doped iron disilicide (FeCoSk OOET ¢ &EAIT Ad
metal-based sdders. The strategies to improve the performance of the contact were based on the

materials selection to compose the contacting schemes, the matesatreatment (coating

deposition, solder activation heat treatmen) and the soldering process (solder foil,solder
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spreading). The liquid state of the solderin the CTEM operating conditionss a major challenge
due to its high reactivity with solids increasing with temperature (diffusion, oxidation,

dissolution). The reactions occurring in the contact area antheir consequences should be fully
understood to design the most appropriate contacting schemé&he investigations weremainly

focused on the electrical contact resistance and the chemical stability up to 600 °C The

microstructure of the tested schemeshasbeeninvestigatedin detail to understand the different

reaction mechanisms at the CTEM contact. Combinations o€ommercial and inhouse built

facilities were necessaryto characterise thetested schemesand to compare themwith the CTEM
contact specifcations. One of thein-house built facilities has been adapted and improved to

measure specific contact resistanceover temperature.
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3 Materials and methods

The detachable contact needed for the CTEM operation is material specific due to its complexity
characterized by the coexistence of various states (solid/liquid), high temperatures, combination
of numerous chemical elements, the corrosive effect of liquid solders and the oxidation tendency
of some materials. Thorough investigations are needed to d&mine the impact of each material
involved in the assembly. In this section, the used materials are described in terms of properties
and fabrication techniques. The preparation processes to form the CTEM assembly are described
in detail due to important impact on the performance and handling. Facilities involved in the
investigation are presented with detailed description of the principle.

3.1 Materials of contacting schemes
3.1.1 Thermoelectric material: (Fe,C0)Si

This study is specifically dedicated to the devepment of detachable contacts allowing
measurement in the CTEM facility of thermoelectric cobaktloped iron disilicide. Silicidebased
thermoelectric materials, such as Fegior Mg(Si,Sn), are widely investigated due to their
attractive cost-efficiency ratio and the non-toxicity. In addition, several silicide materials can be
used for power generation applications in the large temperature range of 2QF00 °C. As far as
(Fe,Co)Si is concerned, its thermoelectric performance is quite low AT < 0.25), but its high
stability up to at least 700 °(73, 74] and its certification as a standardreference material for
Seebeck coefficient measuremeri75, 76] (soon expected also for the TE power faot) make it
very interesting for sensor applications and an ideal candidate to test and develop the CTEM
procedure. Therefore, the development of a suitable contacting for this material became attractive
in the scope of the CTEM project.

3.1.1.1 Phase transformaton and doping of FeSi

As shown inFigure 21, the rR-FeSiz Si material system{77] has two phases known as iron disilicide
which are ametallic high-temperature phase ( -Fe;Sk) with a tetragonal crystal structure and a

semi-conductive low-temperature phase (-FeSi) with a band gap of about 0.85 ey78] and an

orthorhombic crystal structure with a density of 4.93 g/cn® [79].
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Figure 21.Binary phase diagram of the Fe zSi system; taken from [80] .

Above about 860°C the fomation takes place preferentially via the peritectoid transformationr
+1 P. On the other handpelow 860 °C,the eutectoid reaction dominatesy © 1 + Si together
with R+ Si© 1 [81]. Forthe rapid conversion of the eutectic into semiconducting -FeSj, heat
treatment at around 800°Cfor 24 hours showed a complete conversio82] . Above 900 °C, FeSi

quickly changes £01 I 1 0O]83] whatBlodldb& avoided to conserve the thermoelectric
properties.

Ther -FeSp semiconductor needs to be doped tomprove its thermoelectric performance.| -FeSp
is commonly doped by addingCoSi [84] as an-type dopant, and FeAk [85] or Mn as ap-type
dopant [86, 87]. In this study, we focus our interest on the ftype (Fe,Co)Si. The solubility of
cobalt in 1 -FeixCaSk is limited to x < 0.1[88]. In previous studies[73, 89], the optimum nominal
composition to obtain the best thermoelectric performance was found to b&eyssC05Sk. The

properties at room temperature that are listed inTable 1 are used as reference values for the
detachable contact development of the (Fe,Co)Si

Table 1. Overview of the relevant propertie s of the (Fe,Co)Sk at room temperature. The symbols £, S [, CTE
represent electrical conductivity, Seebeck coefficient, thermal conductivity, coefficient of thermal expansion,
respectively [58, 90, 91].

Property Unit (Fe,Co)Si
A S/cm 127
S HV/K -165
{ W/(K -m) 6.2
CTE 106 /K 10
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3.1.1.2 Material synthesis

The alloy Fe.9sCo.0sSk was prepared asapowder by gasatomization by the company H.C. Starck
(Goslar, Germany).Besides asmall amount of oxygen (0.05 at.%0), the phase composition
(Feo.ssCm.05Sk) was confirmed by demental analysisusing XRD and Rietveld refinemenf86]. The
presenceof oxygen in the system can significanthaffect the thermoelectric properties of the
material. However, the same powdeand sample preparation processs in[86] were usedfor the
certification process of the Cedoped FeSiasastandard reference material for Seebeck coefficient
measurement [76], indicating that, if oxygen influenced the thermoelectric properties of the
sample, the modification would be the same for all sampleSeveral samples were prepared in the
scope of this study and the measured properties remainetthe same among the samples, which
confirms the very high reproducibility of the preparation. The (Fe,Co)Si samples were hot
pressed from the powder at 1050 °C under an axial pressure of 54 MPa for 30 min in vacuurt@

3 mbar). Subsequently the samplesvere annealed at 850 °C for 24 hHo reach the pure
OAIl EAT 1T Aghasl RAfteChegt treatment, the phase composition was measured similarly as
in[86] andreveA 1 AA wdEAIOARr p8c b-DEAODRA OF & P Aphbsgan®@R7HE A OA |
of residual pure silicon Samples were cut into 8 x 8 x (8) mm?3 square prism shapeo match the
CTEM sample requirements imposed by the parallelepipedal geometry of the useolder blocks.
The density of the obtained samples was measured with the buoyancy methadthe range of
[4.77z4.79] which corresponds to a relative density of [96.8797.1] %. The measured
thermoelectric properties are presented inFigure 22. The electrical conductivity and the Seebeck
coefficient were measured with an irhouse built facility for the High Temperature Seebeck and
electrical conductivity measurement (HFSA) described below in detail. The thermal conductivity
was determined from a combination of thermal diffusivity, measured by a Netzsch LFA 427 laser
flash apparatus, density and specific heat which was calculated from DulefgA OEO6 O | Ax 8
power factor and the figure of meritzT were calculated from the data obtained irFigure 22a, b.
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Figure 22. Measurement results of the e lectrical conductivity (a), Seebeck coefficient (a), thermal conductivity
(b), power factor (c), and thermoelectric figure of merit (d)  as a function of temperature for Feo.05sC.05Si2.

3.1.2 Low Melting Solders

Low melting solders, named also fusible alloys, are metal alloys with melting temperatures below
200 °C. For more compositional staility, the solder is preferentially an eutectic or peritectic alloy,
but they can also present a neaeutectic composition and the liquid phase can then transform
into two or more solid phases[92]. Low melting solders are generally formed of the following
elements: bismuth, cadmium, gallium, indium, lead and tin. For a long time,-Bb alloys were the
most used fusible solders due to their reliability and low pice [93]. However, among national
authorities, the European Union decades ago restricted the use of lead due to its harmful impact
on the environment and heath [94]. Therefore, the development of Pliree fusible alloys is rapidly
expanding.

For the reason of environmental protection and labor safety, investigations were performed with
Pb- and Cdfree solders only. Gacontaining solders were also avoidd due to the high reactivity
of gallium and its classification inside the European Parliament list of critical raw material®5].
Most solders used for this study are based on bismuth, indium and/or tin and are commercially
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available (e.g. Field's metal) or can easily be synthesized. An overview of these solders and some
of their properties is presented inTable 2. All the in-house synthesized and commercial solders
contained a significant amount of oxygerthat was qualitatively detected by EDX analysis (cf.
3.3.5.

Table 2. Overview of properties and compositions of the most relevant solders containing bismuth, indium

and/or tin, including the meltingt emperature Tm, liquid -vapor surface energy A w, thermal conductivity [ and
electrical conductivity A [96-101].

unit &EAT A6O  Bin In-Sn Bi-Sn
at.-% INeoBi21Smig Biln IN51SMye Bis3Srsy
Composition cn=51cg=325| cgi=67 cin=50 Csi=58
wt.-%
Csn=16.5 cn=33 Csn= 50 Can=42
|nzBi RPN
: SnOE AlgR:-
In-rich 1 -Ins. .
) xSk Bi-rich phase
Phases at.-% xSk Biln _ _
) In-rich r-Iny. | Snrrich phase
Snrich r-Ing-
xS
xSrk
System - Eutectic Eutectic Eutectic Eutectic
Tm °C 62 109 118 138
K 10-3J/m2 49.6+5.0 - - 391
29.24 (25 °C)
{ W/(K-m) - 34 (23 °C) 19.0 (85 °C)
28.07 (Tm)
A S/cm 19.27103 5.837105 6.67 105 26.370103
Rotometals,
i Rotometals, San| In-house In-house
Supplier - ) _ San Leandro,
Leandro, USA | synthesized| synthesized
USA
Dueto 0 O | x [T A1 OET ¢ OAI PAOAOOOA AT A EOO 11 x OOO&EA:
used.Bi) T OT 1 AAO xAO OAOGOAA ET AT i BAOEOIT O AOAI OF
CTEM contact. IsSn solder was obtained in a fortuitous way after re-O OA AOI AT O 1T £ &EAI /

due to bismuth evaporationvia dynamic vacuum. BiSn solder was tested in the scope of this
project, but it was soon discarded for the Fescontact development due to the low wettability
[101], the higher melting temperature and the insulating Sngbeing the most stable oxide of the
solder[102]. Some solders were mixed with small amount of titanium or chromium for activation;
the details of the doping process are given in the correspondingsults section(cf.4.2.5and4.2.6).
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3.1.3 Holder Blocks

The selection of the block material is also subject to its compatibility to the soldand the sample
material. Originally the CTEM method was referring to copper blocks for the measurement on
bismuth telluride materials below room temperature[103]. At higher temperatures a metal layer,
like Ni-plating, was needed to protect the sample from Cu diffusion. Since nickel reacts with the
low melting solder elements below 150 °G104-106], an alternative was needed. Kolb et gl]
introduced Cr-plated copper blocks in their study; therefore, in the actual study the same blocks
were used, but it turned out that the chromium layer faced issues at high temperature leading to
undesired reactions (cf4.2.1). After unsuccessful search for alternatives to chromium to coat the
copper blocks, molybdenum has been selected as block material due to its high thermal and
electrical conductivity and its low reactivity with the other elements involved in the contact. In
Table 3, the properties of molybdenum and copper are compared.

Table 3. Overview of the relevant properties of the tested blocks: solid -vapor surface energy Asv, thermal

conductivity [, electrical conductivity A, coefficient of thermal expansion CTE and melting temperature  Tm
[107 -110].

Property Unit Mo Cu
Ksv 10-3J/m2 2510 1566
{ WI/(K-m) 138 380
S/cm 1.752105 5.80 - 16
CTE 108 /K 4.8z5.1 17.7
Tm °C 2623 1085

As stated by equation(19), large values othe solid-vapor surface energy are favorable to a good
wetting of the solder on the molybdenum and copper contacsurfaces. Despite a significant
difference between copper and molybdenum regarding the electrical and thermal conductivities,
they remained both suitable for being used as CTEM block. The coefficient of thermal expansion
is of importance with respect to sitable metallization on the contact surface of the block.
Additionally, the melting temperature of molybdenum is significantly higher than that of copper
which confirms a higher chemical stability of molybdenum.

3.1.4 Metallization

Metallization consists in desiting a metallic coating on a surface. Depending on the deposition
technique, the film thickness can vary between a few nanometers to several millimeters. In case
of interfacial incompatibility between the solder and the contact surfaces, e.g. oxidatiam non-
compliant chemical reactions, the use of metallization on the solid contact surfaces can be
necessary to protect the sample, blocks or both. Although many coating materials were tested,
only results with chromium coating are reported here. Two diférent deposition techniques for
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the metallization were independently tested on the blocks and on the FeSisample.
Electrodeposition was used to deposit chromium on the copper and molybdenum blocks, whereas
physical vapor deposition (PVD) was preferred taeoat the FeSisample due to strongcorrosion
caused by the acid electrodeposition solutionTable 4 shows the most relevant properties of
chromium and CrSj with regard to CTEM operation. Properties of Crgare also listed due tahe

formation of this alloy during the experiments.

Table 4. Overview of the properties of chromium, used as coating material, and CrSi

2: solid -vapor surface

energy A sv, thermal conductivity [, electrical conductivity A, coefficient of thermal expansion CTE and melting

temperature Tm[110-113].

Property Unit Cr CrSk
Ksv 10-3J/m2 2006 -
{ WI/(K-m) 69.1 10.1
A S/cm X8x 4 O p8pp2 O
CTE 106 /K 6.278.2 10.5
Tm °C 1830 1490

Chromium has a high solidvapor surface energy which favors a good wetting of liquid solders on
it. The thickness of the chromium coatings used in this study was below 100 um which involved
that the impact of chromium films on the thermal and electrical fluxes is limited. In this way, the
electrical and thermal conductivities are sufficiently high not to affect the CTEM measurement.
Like molybdenum, chromium has a high melting point meaning that is chemically stable.

3.1.4.1 Electrodeposition

Electroplating is based on a charge transfer by ions in an electrolytic solution. The electrolytic
reduction of the ions is induced via an external electric field applied between an anode and a
cathode that are immersed in the electrolytic solution. The electrolytic solution contains ions
which are supposed to reduce on the cathode due to the electrical field which leads to the coating
deposition on the cathode material.

In this case, chromium plating was performedby an external company name#Vissing Hartchrom
GmbHin Germany.Their electrolytic solution is a chromium bath consisting in a mixture of
chromium trioxide (CrQOs) and sulfuric acid H2SQ). In the acid electrolytic solution, the Cr@
transformed into the chromic acid (H.CrQy) according to the following reactions:

#0O (/10 #0O 0 ¢( #0 (21)

The sulfuric acid in the aqueous environment is found in the form of cations*tnd anions SG*
which play the role of a atalyst in the deposition process. In the presence of an electric field,
multiple reactions occur simultaneously at the cathode and at the anode in the electrolytic
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solution. Since the electrodeposition technique was used to coat the CTEM block made diegit
copper or molybdenum, the blocks act as the cathodes where the three following reactions take
place:

- Hydrogen release

¢( cAog (22)
- Chromium plating
W #O @A oxrOT(/ (23)
- Hexavalent chromium reduction
w( #O A Oo#O t(/ (24)

As far as the anode is concerned, a leddsed alloy is used to build the electrode where the two
following reactions take place.

- Oxygen release
c(/ot( A (25)
- Oxidation of the trivalent chromium (Cp+)
#O t( /oW #O OA (26)

The immersed surfaceof the anodemust be at least two times larger than that of the cathode to
allow a sufficient rate of oxidation of the Ci*. Indeed, the concentration of Gr in the solution
must remain below 20 g/l to ensure a reliabé chromium deposition. The company used a lead
based alloy for the anode electrode. The chromium bath concentration, the electrolytic voltage
and current, and the deposition time and temperature were not given by the company for
industrial patent reasons(Figure 23).

- Mo-block
(cathode)

Cr electroplate
AN
CrO,>

Figure 23. Setup of electrodeposition of chromium on a molybdenum holder block acting as the cathode.
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The Faraday# T O1 T 1 AGO 1 Ax AAT AA OORdAtheQdeposked fayefsdeOA OE A
equation (27). To evaluateh, the density of currentj, the molar masavl and the mass densityd of

the deposited material, the time of depositiort, thenumber of electrons transferred inthe redox

reactions z and the Faraday constanf are needed

o))
. ) (27)

3.1.4.2 Physical Vapor Deposition

The physical vapor deposition (PVD) can be divided into two categories: sputtering and
evaporation. The thickness of the deposited layers carary from a few nanometers to several
micrometers. Typical deposition rates are in the range of 10 nanometers per second, but some
techniques such as the electron beam heated sources can allow a deposition rate of several
micrometers per second114]. The PVD technologies can be utilized to deposit a large variety of
metals, alloys, ceramics or compound3he target isadisc of the material to be depsited, whereas

the substrate is the surfacdo be coated.

In PVD processes, the evaporated target material is transported to the substrate in vacuum, in
plasma or in a gas atmosphere. Various PVD techniques are available for coating deposition; the
most common techniques are magnetron sputterind115], electron beam evaporation[116],
cathodic arc vapor deposition[117], and thermal evaporaton [118].

Magnetron sputtering was used to sputter chromium, whereas electron beamvaporation is
mostly recommended for ferromagnetic materials deposition such as iron or cobalt.

In magnetron sputtering, additionally to the electrical field a magnetic field is applied to the target
parallel to its surface. The negative high voltage taacts positive ions to the target surface. The
impact of the ions transfers large kinetic energy which ejects the atoms from the target surface.
Besides sputtering of target atoms, the electric field causes the emission of secondary electrons
from the target surface. The high electron density obtained in the plasma formed above the
target’s surface increases the target sputtering rate and thus the deposition rate on the substrate
[119], seeFigure 24 right.

In the electron beam PVD, the target material is bombarded with aneatron beam which causes
the evaporation of the target material into the vacuum of the chamber. The vaporized atoms move
through the vacuum to the substrate where they condendd20], seeFigure 24 left.
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Figure 24. Schematic views of an electron beam physical vapor deposition (left) and of a magnetron sputtering
PVD (right) [119, 120] .

3.2 Mounting of the assembly

The mounting of the sample holder assembly is a complicated and crucial step. A misalignment of

OEA AOOAI AT UBO PAOOO 10 AT ETATIPI AOA AT OAOCET ¢ 1
significant errors in the CTEM measurement due to reductioof the effective contact cross section

and/or too high electrical and thermal contact resistances. Two different joining techniqueand

the wiring of the assembly are reported in this section. Indeed, the direct wiring of the
chromel/constantan thermocouples on the FeSisample failed at high temperatures and had to

be modified.

3.2.1 Solder foil process

For this preparation process a piece of the solder material is flattened to a foil of around 200 pm
thickness with a hand operated roll mill. The foil is then cuwith a laser cutter into squareshape

pads of 8x 8 mm2 to match the contact cross section. Subsequently, the contacting parts (blocks,

solder pads, sample) were placed on top of each other. Before installation, the contact surfaces of

the blocks and sarple were ground with SiC abrasive papers up to the grit sizgf P4000(5

pm particle size). During heating of this assembly, the solder foil melts and wets the surfaces of

the contact partners. The main drawbacks of this method are the high initial contag¢sistance,

the uncontrolled spreading of the solder on the contact surfaces and the excess solder which can

flow outside of the contact and cause an electrical bypass between the blocks. To improve the
wettability of the solder on the contact surfaces, & tested commercial fluxes on the contact
OO0OEAAAO AAEI OA PEIETC OEA AOOAT Al UBO Al Al A1 008
Al AAOOEAAT AUDPAOGO POT Al Al xAO EIT OAT OEZEZEAAN OEAO/
performed without the use of soldering flux.

46



Materials and methods

3.2.2 Pre-soldering process

To counteract the drawbacks faced with the solder foil process (¢3.2.1), a new protocol based
on a mechanical spreading of the solder has been developdthe pre-soldering process consists

in dropping off an amount of solder onto the contact surfaces of the sample and the blocks. The
system is heated by a hot plate in air at a temperature slightly above the solder’s melting point.
When the solder melts, the adhesiwo of the solder is obviously low involving a low wetting of the
solder on the contact surfaceRigure 25 ). The solder is then softly spread with a thin tip on the
overall contact surface to mechanically assist the wetting of theokler on the surface, se&igure

25 . The tip was first made of steel, but because of the risk of solder contamination we changed
for a molybdenum tip. Later in the project we opted for a wooden tip to avoid damaging the thin
metal layer deposited by PVD. Contamination of the contact region by abrasives from the tip has
never been recorded; however, we suspect that spreading of the liquid solder in air might increase
the oxygen content of the solderAs shown inFigure25 and , few tip rotations are enough to
significantly improve the wetting behavior of the solder on the contact surface. The spreading of
the solder is completed when the overall surface is covered.

® @ ® O] ®

Solder foil

TE material

Room Temperature: T>T,: Mechanical spreading After few tip ~ Spreading ends
Solder foil is placed on Melted solder of the solder with a rotations: when the overall
contact surface shows low wetting thin tip good wetting surface is covered

Figure 25. Pre-soldering tec hnique detailed for the solder spreading on a TE sample .

When all contact surfaces are praoldered, the sample is aligned between the blocks. The
assembly is placed vertically between two graphite dies equipped with ceramic rods to ensure the
alignment of the assembly. A piece of weight is placed on the top as a mechanical load and the
parts are pre-assembled by melting the solder using a hot air guriF{gure 26 left). The assembly

is then cooled down and forms a unique and compaahit with resilient contacts. The excess of
solder (Figure 26 right) that flows out of the contact area on the sides of the assembly is removed
with a thin blade to avoid the formation of an electrical bypass as observed with thelsler foils
process (cf.3.2.1). As a result, the presoldering process reduced significantly the initial electrical
contact resistance compared to the solder foil process and made solder distribution more uniform
on the contactsurfaces allowing for a more controlled wetting of the contact cross section.
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BN-coated
Graphite die

Heat-gun

Assembly

Figure 26. Left: Pre-formed assembly being pre -soldered with the hot air gun while placed between the loaded
graphite dies. Right: Contacted assemb ly after soldering. Excess of solder visible by small droplets aside the
contact zones.

3.3 Characterization methods
3.3.1 Contact Resistance l+8itu monitoring facility (CoRIS)

Contact resistance can be observed in many applications with designs using very differen
approaches; therefore, the evaluation of contact resistance does not have standard protocols or
commercial measurement devices. In the field of thermoelectrics, the knowledge of contact
resistance is crucial especially between thermoelectric legs and ekeodes in thermoelectric
modules. Mostly, the microprobe technique[121, 122] is used but, usually, only room
temperature measurement is possible withthis technigue. Therefore, an irhouse built facility,
named O#1 1 OAAO OABEO®AT AA E Gicorts), as AdeA Hdveiofed in the
framework of this project to monitor the electrical contact resistance over temperature between
the holder blodks and the thermoelectric sample in the CTEM assembly.

3.3.1.1 Wiring of the assembly for the CoRIS

The blocks and sample are wired by laser welding using a LSW 4002 Baasel Lasertech facility. The
wiring of the assembly for the measurement in the CoRIS is basedtbe CTEM wiring (cf2.2.3.1).
Similar to the CTEM, type E thermocouples (chromel/constantan) are connected to the blocks in
the holes close to the sample. Copper leads, as current probes for theaint resistance
measurement,are attached onto the blocks on both ends of the assemblifigure 27 middle).
Dissimilar to the CTEM, tungsten probes were selected to wire the sample due to their low
reactivity below 600 °C Figure 27); indeed, direct wiring of the chromel/constantan
thermocouples on the FeSisample faced reactions damaging the wiring connection at high
temperature. Since tungsten wires are hard and bend with difficulty, cables of only few
millimeters are attached to thesample and constantan wires are used to extend the connection to
the connector array in the measurement facility Figure 27 left). The sample wiring configuration
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was especially developed for the CoRIS and does not suit the CTEduirements. As shown in
Figure 27 (middle), wiring connections are secured against breakoff by high temperature
resistant cement(CC high temp cement) purchased from OMEGBeckenpfronn, Germany).

m
M :

Constantan
/ —

Figure 27. Wiring of the CoRIS assembly allowing for the current supply, voltage and temperature
measurements. Left: laser welded constantan (Cu esoNiso) and tungsten leads that are connected to the sample
on the tungsten side. Middle: Overview of the assembly and the position of the wiring that is fixed with ceramic
cement. Right: Zoom on the welding location of the tungsten sample probes. The large size of the contact p oints
gives rise to the expectation of a high positioning error in conductivity measurement.

3.3.1.2 CARIS measurement principle

The assembly composed of the TE sample soldered between metal blocks, is vertically installed
between two graphite dies that are precisely aligned by three ceramic rod§igure 28) and that
are interlocked to resistive heaters at the top and bottom. The graphite dies are coated by boron
nitride spray, while a thin ALO; plate is placed between the assembly and the graphite dies to
ensure electrical insulation.A radiation shielding made of molybdenum foilds installed around
the setup [heatersz graphite dies z assembly] to reduce the heat loss from the heaters by
radiation. Thermocouples and signal leads attached to the holder blocks and the TE sample
(Figure 27) are used for temperature and resistance reading during the measurement, which can
AA PAOA&EI Oi AA Ob O1 ¢ nn -4inbar) Gbtaifell Gith BhE @Ebin@tidnioOD i
rotary pump and a turbomolecular pump. The electrical resistance is obtained by apbint
measurement. The measurement current is supplied through the assembly by two external wires
and the voltage is measured by independent probes located at the samplelime between the
current probes. This setup allows for a zeraurrent voltage readng so that the measurement
remains insensitive to the resistance of the voltage probes and their contacts.
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Graphite die

Temperature
controller

Heater

Figure 28. Left: sample holder placed in the CoRIS vacuum chamber between the heaters. T he alignment of the
assembly is preserved with three ceramic rods (one is hidden behind the assembly). Right: schematic of the

setup and wiring.

Temperature and resistance are measured repeatedly during temperature cycling which is
divided in three phases heating, holding at top temperature and cooling. Although heating rate
and holding time are adjusted by a process control software, the cooling phase can only proceed
either passively or ramp down at slow rate. Heating is controlled via the thermocouplat the
bottom heater which induces a significant difference between the sample’s and the set
temperature in the facility, therefore the sample temperature is monitored by the average of the
block thermocouples (TG & TG).

To evaluate the contact resistace, an AC current of about 90 mA with a frequency of 121.21 Hz

or 777.7 Hz is applied via the copper leads at both ends of the assembly. The frequencies were

chosen high enough to prevent undesired spurious thermovoltages due to the Peltier effect and

still low enough to suppress capacitive and inductive effects. As the measured resistance is

typically in the milliohm range, the measured voltage is around a few microvolts; therefore loek

in amplifiers are implemented to suppress the influence of noise, sudike from the power line

and other sources. The applied current is precisely measured via the reference resistandges

outside the vacuum chamber by a voltage measuremehker. The sample resistancds and the

resistance Rag between positons A and B&@ OEA Al 1T AEO08 OEAOI T AT O6P1 AO
measured with a 4point setup each, seé&igure 28.

vy ohxE@E T (28)

The assembly is assumed to be symmatr thus, the total resistanceRag comprises three
contributions: the block resistance Raiock, two contact resistances R. and the sample resistance
Re.

Y cY <Y Y (29)
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The contribution of the metal blocks tothe overall resistancecan be neglected (cf2.4.2). The
sample resistance is monitored eithein-situ using the sample probess.in, or separatelyRsex, from

the electrical conductivity Asobtained with the HT-SA facility described below (cf.3.3.3) on a bar
shaped sample cut from the same disc as the sample for the CoRIS measurement. Hence, the
contact resistance can be expressed as

Y —hxEQE -3 1 & -0 (30)

The Rein is calculated with the length of the samplés that is measured before mounting, whereas
the distance between the sample probek, needs a specific protocol to be preciselgietermined.
The distancely is first estimated in the microscope, see right picture ofFigure 27. However, due
to the expanded welding spot, it is not possible to obtain the exaeffective probedistance via a
visual measuranent. Therefore, the electrical conductivityArr of the sample to be contacted is
previously measured at room temperature via a separate iine four-point probe system using
spring-loaded tungsten carbide needles as probes with a spacing of 1 nit23] shown in Figure
29. ArTis calculated via the equatior(31) using the geometric correction factorG:[124, 125], the
spacing between the probess, and the voltage U and the current | obtained by the 4point
measurement.

0
¢ J O'Y"O (31)
Artis used as a room temperature reference to determine the real distan¢ewith the equation
(32) before starting the CoRIS measurement.

Y
a oD 3, (32)

Sample

Figure 29. Four-point probe syst em used to measure the electrical conductivity of a sample at room
temperature.
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To make the results comparable from an assembly to another, the contact resistanBe is
multiplied by the contact areaA: to obtain the specific contact resistances, generaly given in
FALIGAT

Y 06 (33)

The sample wiring allowing the Rsin determination, was lately established and was not
implemented for all schemes studiedTherefore, all the specific contact resistances obtained with
the CoRIS were calculated with thdsex option (equation (30)). Nevertheless for the schemes
concerned,the Rsin values were usedmainly to evaluate the evolution of thein-situ electrical
conductivity Asin of the sample(equation (34)) in order to checkwhether the specific contacting
solution had an influence on the sample properties or not

, = (34)

3.3.1.3 Uncertainty evaluation

The absolute uncertainty was evaluated for the specific contact resistance obtained with the CoRIS
facility. For the calculation we considered the equatior§35) which relies on the use of theRs.ex
values, seeequation (30) .

Y D o (35)

C C (o)
We consider the valuesRag, A, Is and As with the respective uncertainties 3Rag, 3Ac, 31s and 3As.
3M is calculated via the partialderivatives of m compared tox; = Rag, X2 = A, X3 = lsand x4 = As.

§ T KR R R R
y” —:y(.u) ,—yY — 0 —C)/O( —:y,, 36
o % 5 Ta T, (36)
Hence
v Syv g P ¥
C C ¢9 19 " (37)

The sample dimensions were measured with a digital caliper having an uncertainty of0d mm.
The contact area@:is calculated by multiplying the edges of the square surface, hence, for a typical
sample with edges of 0.8 cm, the calculated absolute uncertainty is 0.00162cihe uncertainty

of the HT-SA facility (cf. 3.3.3), providing As, corresponds to 5%[20]. The error of the lockin
amplifier used to monitor Usg and | is indicated at 1% by the supplier[126]. In this way, the
uncertainty of the resistanceRag is calculated at 1.5%with the partial derivative method used
above Considering the followinguncertainties, we can then calculates-m: from equation (37).
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YY Y O@iphy Y0 mdinpAdh Ya mainmpAih Y, , O®tuv (39
For typical room temperature valuesof

Y o@puAlh 6 mWAih a mAIh , pcHPAih (39)

we obtain for the specific contact resistance and its uncertainty

" pX®AIAT ATR  wsAIRA | (40)

The uncertainty isthen about 50%, which is quite large; however, the value remains relevant since
the specific contact resistance should be below th€ETEM limit, which was setas an order of

magnitudeto 10% of the sample resistancgi.e. in the range of [0;85] pL! ¢m? at 23 Cfor a sample

contact surface of 8 8 mmz2 and a length of 5 mmThe main contribution of the error is mainly

located on theRag and As measurements, so the relative error imn becomes much smaller for
higher m values.

3.3.2 Potential & Seebeck Microprobe (P8)

The Potential & Seebeck Microprobe facility aims at measuring the Seebeck coefficient spatially
resolved to evaluate the sample’s functional homogeneity or local distribution of the
thermoelectric properties of an inhomogeneous bulk materig]127]. It has been developed as well

to measure the local distribution ofthe electrical potential in a sample and, by extension, to
estimate the electrical contact resistance. The setup consists of a conductive sample holder and a
moveable probe which can contact the sample at precisely controlled scan positiorSigure 30
left).

In the Seebeck scanning mode, the heated metal probe tip is positioned onto the surface of a
sample. The heat flow between the tip and the sample induces a local temperature difference
inside the sample near the tip. The restihg thermoelectric voltage is used to determine the local
Seebeck coefficient of the sample at the tip position. The threimensional micropositioning
system of the probe allows twaedimensional mapping of the Seebeck coefficient on the surface of
the sanple.

The electrical potential at the sample surface can be monitored simultaneously to the Seebeck
scan. An electrical current is applied to the sample via the coppbrackets of thesample holder.
One canassume a homogeneous electrical currerfield through a homogeneoussample of
prismatic geometry. Ohmic voltage is recorded between a fixed reference electrode (attached to
one of the copper brackets of the sample holder) and the probe tig-igure 30 left). The tip is
moved by Inear stages allowing for the scan of the change of the electrical potential along the
sample. The method can be used to evaluate the electrical conductivity of the sample and the
contact resistance between two contacted parts as long as a homogeneous ritisition of the
current density over the cross section of the assembly holds. Indeed, where the line scan crosses
the interface, the recorded potential dropUsop (Figure 30 right) allows the calculation of the
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specific contact resstance m: using the applied currentl and the interface contact areaA., see
equation (41).

.Y D 41
el “

The Seebeck scan is used in this case to detect the positiontad potential drop at the contact.
Indeed, as shown inFigure 30 (right), the Seebeck coefficients of the contacted materials are
significantly different. As a result, an abrupt change in the Seebeck profile is monitored at the
interface.
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Figure 30. Potential & Seebeck Microprobe (PSM) facility. Left: Photograph of a sample/block assembly placed

in the PSM sample holder below the movable microprobe tip. Top right: Zoom on a contact cross section wher e
a PSM measurement occurred. The diagram shows a line scan of the electrical potential and Seebeck coefficient
and the potential drop Udrop at the contact.

3.3.3 High Temperature Seebeck coefficient and electrical conductivity
measurement (HTFSA

The HT-SA acility aims at measuring simultaneously the Seebeck coefficient and the electrical
conductivity on parallelepiped or cylindrical TE samples from room temperature up to 700 °C
[20]. The measurement of the properties is done at different teperatures after stabilizing the set
temperatures of a tube furnace that surrounds the sample holder contained in a heliufilled
recipient.

The electrical conductivityA is measured via a fouprobe in-line arrangement similar to the setup
of Figure 29. The shieldings of the thermocouples, sd@gure 31, are used to apply an alternative
current | through the sample, wheeas the two tungsten carbide probes in between the
thermocouples monitor the resulting ohmic voltageUs. The electrical conductivity of the sample
is then determined by equation(31) with Us and|.
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Furnace
©
Gradient @ y Thermocouple
heater
s s s
TE sample

Figure 31. Schematic of the HT-SA facility’s sample holder placed in a furnace. A four -pointin -line setup is used

for A measurement. Two gradient heaters are used, one at a time, to generate a temperature gradient along the
sample for the Seebeck coefficient determination. Orange blocks containing the gradient heaters and signal

leads represents the ceramic structure of the facility ; after [20] .

For the determination of the Seebeck coefficienthe measurement is performed intwo similar
steps. The heater 1 is switched on and generates a temperature gradient across the sample
forming a thermo-voltage monitored between the thermocoupls leadsin Figure 31. This type N
thermocouples are made of Nisil andNicrosil; in this way, two thermo-voltages are measured via
the Nisil leads Useen) and via the Nicrosil leads (Usees). Simultaneously, theemperatures T: and

T, are monitored by both thermocouples and are averaged to provide the average sample
temperature T. The Seebeck coefficienis then calculated with the equation(15), i.e. with the
same method as in the CTEM (&.2.3.2.9.

3.3.4 Scanning Electron Microscopy (SEM)

The SEM principles a nondestructive technique used to observe and analyze the microstructure
of various materials including metals and semiconductors.

The principle relies on the generation of an electron beam emitted from an electron gun that is
equipped with a field emission cathode in our case. Electrons from the heated filament cathode
are accelerated via a positively charged anode. The electron beam energy can be adjusted between
0.2 keV and 40 keV. Electromagnetic lenses allow the electron beam to focus on a spatbout

0.4 nm to 5 nm on the studied sample. The larger the energy, the smaller is the focus. Before
reaching the sample surface, the electron beam passes through scan coils which allows the control
the beam deflection, so that the scanning pattern can @vide an imaging function. The interaction
between the primary electrons and the sample generates the emission of secondary electrons, the
reflection of high-energy electrons and the emission of electromagnetic radiatioji28] .
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The secondary electros have a lower energy than the primary ones; therefore, they are attracted
and accelerated by an electrical grid until the electrons are sufficiently energetic to be detected by
a scintillator which emits flashes of light in reply. The flashes are then cerded and converted
into an electrical signal by a photomultiplier. The measured electrical signal is transformed into a
two-dimensional intensity distribution so that the studied sample surface can be observed on a
video display. The brightness of the gihal varies according to the number of secondary electrons
that reach the detector. When the primary electrons hit the sample surface with an angle of
incidence, in contrast with perpendicular impact, then the interaction volume is increased and
leads to igher amount of emitted secondary electrons. Therefore, edges and inclined surfaces are
brought out brighter than horizontal surfaces resulting in images with a threedimensional
rendering.

The backscattered electrons are primary electrons reflected omé sample. Based on the fact that
heavy elements backscatter more electrons than light ones, the heavy ones appear consequently
brighter in the image. The backscattered electron analysis is used to image contrast of areas with
different chemical compositians. The electrical grid used to attract the secondary electrons is not
appropriate to detect high energy electrons, therefore a dedicated detector is positioned
surrounding the electron beam tunnel in order to maximize the solid angle of collectidi29].

Electron
beam Electron gun
Backscattered .
Accelerating electrons Incident

anode beam
Magnetic Secondary
lens electrons

To display

Backscattered

electron detector
X-rays
Secondary

Sample electron detector

Stage
Figure 32. Left: Schematic of the Scanning Electron Microscopy (SEM) setup ; after [129] . Right: interactions
between sample and electron beam in the scanned area.
In this study, aZEISS Ultra 55 was the machine used for highsolution imaging of different

scanned areas as represented Figure 33. Image scans were performed at an accelerating voltage
of 15 keV and at a work distance of 8.5 £ 1.0 mm in higtacuum (105 mbar).

Depending on the investigated area, seEigure 33, different procedures have been used for
sample preparation. For the superficial cross section analysis, the contact area of the assembly is
ground to remove a surface layer of several microeters and polished down to 0.05 pum diameter
Al>O; particles. The superficial analysis allows for observing the conta status before applying
modifications by the dismounting process.

56



Materials and methods

After detaching the sample from the blocks on a hot plate, the contact status is inevitably modified
due to the liquid state of the solder; indeed, some contact components can be mechaltycmoved

or damaged. However, dismounting is mandatory to observe the block and sample contact
surfaces. Finally, the detached sample can be cut in the middle to investigate the inner cross
section of the sample contact area far from the envelope surfacé the assembly which can be
altered by the excess of solder that can flow from the contact area to the side face of the sample
and could, e.g., bypass a barrier coating.

Block contact area

Superficial cross section Inner cross section
Scanned ar?a P Sample contactarea | .

N

Figure 33. Schematic of the different investigated areas of the assembly by Scanning Electron Microscopy (SEM).

3.3.5 Energy-Dispersive Xray spectroscopy (EDX)

The absorption of primary electrons by the sample in the SEM generates secondary electrons as
mentioned in the previous section. The emission of the sendary electron from an inner shell
creates an electron hole. An electron from an outer shell, that is of higher energy, fills the vacant
position in a relaxation process. The energy difference between the two shells is released in the
form of characterigic X-rays, seeFigure 32. The Xray energy that is emitted by the sample is
element-specific allowing for chemical composition analysis of the investigated sample. The X
rays can be quantified via an energyispersive spectrometerdirectly incorporated into the SEM.
The detector is made of a kdoped silicon semiconductor crystal which converts the photon
energy into an electrical signal through a series of ionizations. The electrdwle pairs, produced

by the ionization, are accadrated by a bias voltage of several hundred volts and generate current
pulses that are proportional to the photon energy. For instance, an electrdmle pair is created in
silicon for every 3.76 eV of received Xadiation [130]. The spatial resolution of the energy
dispersive spectrometer depends on the acceleration voltage and is typically about 2 pm in
diameter at 15 keV.

The SEM facility wasequipped with the Oxford Aztec EDX system with beam control to perform
the compositional analysis of the microstructure (line scan and mapping).
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4 Results

The development of suitable contacting schemes for the CTEM measurement is a matesjacific
task. Forthe various classes of thermoelectric materials different approaches for contacting are
necessary, because of the specific interactions of the components of the contact. Nevertheless,
analyses on one thermoelectric material can also guide the developmdat others. In this section,

the investigation process to establish suitable contacts for Gaoped iron disilicide is described in
detail. The results of thermoelectric measurements and microstructural studies are presented and
analyzed within a systematicorder of relevant interrelated findings. The structure of this section

is based on the most relevant tested schemes which are characterized in detail in terms of
electrical contact resistance and chemical stability during temperature cycles.

4.1 Chemical conpatibility

Although liquid metals are especially chemically reactive, low melting solders turned out to be the

most suitable joint option for the CTEM operation. In a preliminary test, the chemical reaction
AAOxAAT &EAI AGO | AOAIT amditherddelectridmaferials faEakaRebliIFGr | AOAI
this, a heat treatment on samples with one plane, sold@overed surface was performed. A typical

CTEM measurement is planned to reach 600 °C in a vacuum environment and to last about 24 h;
therefore, the sameD AOAT AOAOO xAOA OAO &£ O OEA EAAO OOAAODI
the mirror finished surface of the samples with a soldering iron. The samples were pieces of
chromium, molybdenum, nickel, tungsten and iron disilicide, to evaluate the necessitf a

diffusion barrier. Nickel was previously used as a diffusion barrier for Feginaterial for long term

application [91]. Chromium was used[46] as a plating on copper blocks to prevent copper

migration into a CTEM sample up to 400 °C. Molybdenum and tungsten fulfil the thermal and

electrical requirements to be used as holder blocks.

Cr (Fe,Co)Si, Mo Ni w
- o

A

Figure 348 &EAT A8 O 1 AOAT OB Gchrnlctoripieced bAf@e\(h) andl Biftlr (WD ideingheated up to

600 °C for 24 h in a vacuum.

After the heat treatment, the cross section of each s®le of Figure 34 was investigated in the

SEM. Molybdenum, tungsten and (Fe,Co)&iaterials did not show chemical interactions with the

AT AT AT 60 T £/ OEA &EAI A8O 1 AOAT xEOEET OEA 3%- OA
remained flat and no contamination was observed neither in the solder nor in the samples. On

the other hand, the results on the nickel sample presented interdiffusion at the interface with the
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compound with the stoichiometry Ni(In,Sn). The remaining solder was modified by the nickel

diffusion and its stoichiometry changed to IagNisoSrp1, while bismuth was not detected anymore.

Since InNi and NiSn compainds are more stable than the alloy Bin-Sn, we would expect to

detect pure bismuth phase when nickel finished consuming the indium and tin from the solder.

However, the heat treatment was performed in alynamic vacuum, i.e. with the vacuum pump

running continuously, and the vapor pressure of pure bismuth at 500 °C is about-2@nbar [131],

which led very likely to a complete evaporation of bismuth after the performed heat treatment.

The chromium sample did not form any intemetallic compound with the solder elements.

(T xAOAOh AEOI T EOI Ol ECEOI U AEOOI T OAA ET OEA &EAI
i TOPETTTcU T £/ OEA AT 1 OAAO OOOAAAA OOCCAOOEIT ¢ OEA
suitable in the CEM contacting schemes.

4.2 Schemes investigation

Six Schemes, consisting of CTEIKe assemblies for (Fe,Co)gisamples, were investigated with
various combinations of block materials, solders and coatings. The list of the schemes described
in the following chapter is detailed inTable5. The research was mainly focused on the electrical
contact characterization as well as on the chemical and thermal stability. The specific contact
resistance of each assembly was then evaluated in tH@oRIS during a temperature cycle
performed in vacuum and subsequently investigated in the SEM to trace any change of the contact
during the measurement. EDX analyses were conducted to reveal chemical interactions which
could influence the contact or the saple properties.

Table 5. Description of the studied contacting schemes.

Schemes F1 F2 F3 F4 F5 F6
Holder block Cu Mo Mo Mo Mo Mo
Holder block
_ Cr - Cr - - -
coating
Cr- Ti-
FM and . .
Solder FM FM Biln FM activated activated
FM FM
Sanple
"P - - - Cr - -
coating
Sample (Fe,Co)Si

Cobalt-doped iron disilicide is chemically stable up to at least 700 °(58], thus the properties of
bulk (Fe,Co)Si should not be affected by temperature cycles up to 600 °C. The upper limit of the
acceptable electrical contact resistance is based on the electrical resistance & thermoelectric
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sample under investigation. To keep the contribution of the contact resistance on a measurement
of the electrical conductivity limited and mainly correctable, we defined that the contact
resistance should not exceed 10% of the sample retasce to be suitable for the CTEM.

4.2.1 Scheme F1: Groated Cu blocks soldered witiFMto (Fe,Co)Si sample

#EOI T EOI AT A EOIT AEOEI EAEAA xAOA DOl OAA AEAI EAA
onmt J#8 #EOIT 1 EOI xAO AAO AktalUherkf&r€) @ 5l pt Ahickgalvihic OEA & E
AT AGET ¢ xAO Abpbpl EAA O1 OEA #O0 Al T AE O DPOAOGAT O
chromium coating on copper blocks was already used in previous experiments and was stated as

an efficient copper diffuson barrier up to 400 °C under the CTEM conditiongl6].

Three distinct assemblies were mounted within the scheme F1. The contact surfaces of the FeSi
samples were ground with SiC abrasive papers down to the gritze P4000 (5-um particle size).

The copper blocks were galvanically coated with chromium and subsequently stored in air for
several weeks before assembling. The thickness of the chromium coating was about 25 pm. The
assemblies were prepared for the CoRI&dility by means of the solder foil process (c8.2.1) with

a load pressure of about 1 MPa. For each of them a measurement of the specific contact resistance
was performed during temperature cycles. The heating rate was loweredhe holding time and

the maximum temperature were increased from assembly 1 to 3. Cycling parameters are given in
Table6.

Table 6. Parameter values of the CoRIS measurement for three assemblies of the sch eme F1.

Assembly # 1 2 3

Solder foilprocess n n n

CoRIS measurement n n n

Cycle # 1 2 3 4 1 2 3 1 2 3

Heating rate (K/min) 15 15 1
Maximum temperature (°C) 450 510 550 600

Holding time (h) 2 2 5

PSM measurement - - n -

The results of the contactesistivity measurements of assembly 1, 2 and 3 are presentediigure

35, Figure 36 and Figure 37, respectively. As shown inFigure 35 and the following graphs

reporting the specific contact resistance in function of temperature, the CTEM limit, i.e. 10% of the
temperature-dependent specific resistance of the (Fe,Co)Siample, is represented by a black line

1 AAAT T AA O4EOAOGET I Ad anceivaldes tiabafeAcEoBEbeldwithe hrashdld OA OE G
line match the CTEM contact requirement.
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Figure 35. Specific contact resistance of scheme F1, assembly 1, measured over four temperature cycles in the
CoRIS facility. Left: Complete overview. Right: Zoom on the results obtained following the holding phase of cycle
1.

The specific contact resistance shows a similar trend during the first heating period for each
assembly. The measurements started for each with a specific contaesistance larger than30,000

A ngm?2 because of the initial solidsolid contact which implies locally restricted point contacts due

to microroughness of the contact surfaces. During the first heating period, the specific contact
resistance underwent threesuccessive drops (A, B and C) at specific temperatures which can vary
between the assembliesTa B @ ¢Te B #ip Y TN Tchp " Y X JTH ) Thexfirsttesidtahce
AAAOAAOGA 1T AAOOOAA AO OEA 1 A1 GETi Cc OAI pAOyaGdOOA 1
increase in the effective contact surface since the liquid solder can fill the micro cavities of the two

01 1 EAOG] OOOEAAAOS8 4EA OOEI | EECEMghE AdAdbi A OAT (
thin oxide layers formed on the contact surfags of the blocks and the sample during their storage

or their manipulation. FeSj material is known to form a nanolayer of Si@on a free surface even

at room temperature [132], whereas chromium oxides are also able to form in air at room
temperature [133]. In addition, the blocks were stored for several months before use and were

not ground before assembly because of the risk of damaging the chromium coating.
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Figure 36. Specific contact resistance of scheme F1, assembly 2, measured over temperature in the CoRIS during
three temperature cycles. Left: Complete overview. Right: Zoom of the curves from the cooling phase of cycle 1
compared to a room temperature value measured by the PSM afte r the three cycles.
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CrG&is commonly found in chromium electroplating films[134], despite its lower stability
compared to CgOs, and has a melting point of 193 °€135]. We assume thaCrG; is covering the
chromium surface in the experimentand that the melting of the chromium oxide layerand its
dissolution into the liquid solder should allow for a better contact. This could explain the observed
decrease of the specific contact resistance arouri@ in the heating curve of the cycle 1, sdeégure
35, Figure 36 and Figure 37. Another explanation, that may hold simultaneously, would be related
to the observed cracks on the chromium coatingRigure 39) caused by the large CTE difference
between Cr and Cu. This would allow the reaction between copper, tin and indium which
particularly forms a stable CulnsSn compound already from 11C0C [136], improving the
electrical contact. Nevertheless, the cracking might be still weak at the formatiorrperature of
CuwlInsSn,thus this temperature should notmark a prominent onset of this resistance decrease
The number and width of cracks as well as the diffusion rate will increase with temperature.
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Figure 37. Specific contact resistance measured over temperature in the CoRIS during the three temperature

cycles on the assembly 3. Left: Complete overview of the measurement. Right: Zoom on the results from the
cooling phase of cycle 1.

The third resistance drop, C, observed irhe first heating curves, drastically improves the contact
OAOGEOOAT AA AT A Al 1T xAA £ O AOGOAAI EOE&n Quridg OPDAAE /
the holding phases of the first cycle with the scheme F1 was observed that with higher maximum
temperature lower specific contact resistance is obtained. The microstructure of the contact cross
section indicated that several chemical reactions, in particular formation of metallic alloys, are
most likely the origin of the resistance decrease, séégure 38. VVoid was observed at the interface
becausethe observed face was nosufficiently abraded during the grinding stepresulting in
images too close from the envelope.
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Figure 38. Contact section close to the envelope surface of F1, assembly 2 after three temperature cycles up to
510 °C. Left: Backscattered electron micrograph of the polished section. Right: Seebeck scan by the PSM over
one contact of the assembly.

After the first heating period the contactstatus seems to stabilize for assemblies 2 and 3, i.e. for
temperatures higher than 510 °C. The specific contact resistance measured during the following

cycles is similar to that during cooling of cycle 1. During the holding phase, the contact resistance

remains mainly constant. Nevertheless, a significant difference in the contact resistance values is
OEOEAI A AAOxAAT OEA AOOAI Al EAO x(&séemblyi2) andi2000 OAI O,
A m82Kdssembly 3). This might arise from the different maximuntemperatures, unintended

differences in the wetting of the solderuncertainty of the reference electrical conductivityof the

sample (cf3.3.1.3,AT A1 O A T EOGATECI i AT O T £ OGEA AOOGAI AT UBO
resistance seems to stabilize only after the cycle 2 and fits with the stabilized contact resistance

of the assembly 3.

After the temperature cycles in the CoRIS, the mechanical adhesion was different for the three
assemblies. The assembly 1 was not detaable by hand force and was detached carefully on a hot
plate to avoid damage to the contacting elements. In contrast, assembly 3 showed brittle contact
adhesion which easily broke during the extraction from the CoRIS. The adhesion of the assembly
2 showedan intermediate mechanical stability. Indeed, one side was detached by the mechanical
stress during the grinding process whereas the other side remained contacted and allowed the
observation of the contact microstructure inFigure 38. Probably, this will not indicate a large
degree of asymmetry, as mechanical load during handling of the assembly will be much smaller
after one block has fallen offThe microstructure of the detached assemblies 1 and 3 was analyzed
after the CoRIS masurement, sed~igure 39 and Figure 40.
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Figure 39. Microstructure of the assembly 1 after four temperature cycles up to 450 °C. Left: Backscattered
electron micrograph of th e contact cross section after detachment. Right: Secondary electron micrographs of a
top view of one of the chromium coated copper blocks after detachment.

The SEM analysis revealed various reactions that occurred during the heat treatment applied to
the assemblies, indicating mainly two reaction mechanisms. The first mechanism is initiated by
chromium dissolution in the solder. Traces of Cr as well as of silicon, less than 2 at.%, are found in
the solder remaining after the cycling. The chromium dissolvedn the solder corrodes the FeSi
surface by binding the siliconto formCrs8 % OAT OET OCE OEA OI 1 OAEI EOU |
metal is not reported in literature, Raman et al. stated that indium is able wubstantially dissolve
chromium [137]. This canexplain the chromium-driven corrosion of FeSi below 450 °C since
CrSk was found in the assembly 1. Crgformation is reported to begin between300 and 400 °C
[138] which may explain the resistance decrease in a first heating period. CrSis
thermodynamically more stable than FeSj because of its lower formation enthalpy 0f26 kJ/mol
compared to-24.3 kJ/mol (FeSj) [139]. The disparity in the temperatures at whiclhe resistance
drop is detected can be attributed to the initial chromium oxide layer covering the chromium
coating or the different heating rates. The chromium oxide thickness before measurement was
not monitored, but when the heating rate was reduced, #resistance drop C occurred at lower
temperature, around 370 °C, which suggests that the reaction at the origin of the drop C is initiated
at least at 370 °C and is then driven by the reaction kinetics. The silicon loss from the Eas8iface
results in the formation of a porous FeSi layer. Since FeSi ¢ =-31.8 kJ/mol[139]) is more stable
than the CrSj, it is not reduced by the chromium, other than FegiThe emerging FeSi porosity
caused by the volume redutton due to Si dissolution was filled by the solder allowing for the
reaction to proceed to a depth of 30 um during three holding phases at 600 °C of 5 hours each
(assembly 3). The 30 um seems to be an upper limit for the formation of the FeSi layer insthi
scheme that is reached when the chromium contained in the solder between the formed Gr8id

the sample was completely consumed. This assumption relies on the formation of a continuous
CrSk layer acting as a diffusion barrier. With a typical sample tkkness of 5 mm two highly
conducting reaction layers of 30 um each would hardly affect the results of a CTEM measurement.
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Cu diffusion

Figure 40. Micrographs of the sample contact cross section of the assembly 3 after three temperature cycles up
to 600 °C.

The other mechanism is initiated by the cracking of the chromium coating on the copper blocks.
The CTE mismatch between the chromium coating and the copper substrafEaple 3 and Table
4), caused cracks in the coating, sdéigure 39. Theinfiltration of liquid solder through the cracks
formed channelsAA Ox AAT AT DDA O alldwiAg ti& EniyratibrooOthel cdpeAinto the
&EAT A6 O \icd é@#sad whidhiled to the dissolution of copper into the solderand to the
formation of CuIn-Sn compounds About 2 at.% of copper was constantly detected in the solder
after temperature cycling This amount might be the solubility limit at a lower temperaturewhere
diffusion becomes inefficient; solubility might be higher at holding temperature The copper
migration into the solder was most likely the reason for the contact resistance drop B at 180 °C
(Figure 37) by forming stronger and more condutive bonds between the block and the solder. As
shown in Figure 39, the Culn-Sn reaction led to the formation ofCuw1ln,Sn which is formed from

400 °Con [140].4 EA OET AT A ET AEOI 1100 1T &£ OEA &EAI ABO
composition into Biln for assemblies 2 and 3 changing the melting point of the solder to 110 °C.
' AREOET T AT T UR "E)T EO PAOOEAOI AOI U AOEOOI A xEAO

explains the change in the contact resistance trend of the assembly 3Higure 37 showing then a

sharp resistance drop between room temperature andp (110 °C) which is attributed to cracks

£ O AA ET OEA OiI1EAEZEAA O1T1 AAO8 4EA ATl DBl OEOQOEI
assembly 1 with a maximunmtemperature of 450 °C.

4EA AT DPAO AEOOT 1 OAA EIT QuEdthednfithaiedisdldr in the@drdus OAAAE A
FeSi. In the micrograph of the assembly F{gure 39), the reactions of copper with indium and tin
ofthe & EAI A6O | AOAT AOA OEOEAI A8 &1 O OEA AOGAI Al EA
sample via the formation of Cig Si compounds up to 500 pm deep from the contact surface, see

Figure40. The Ci Si phase diagranil141] shows the formation ofCwSi at 467 °C with a formation

enthalpy of -24.4 kJ/mol which is slightly lower compared to FeSiallowing the formation of the

copper silicide to the detriment of the FeSi The CySi can be bserved in the micrograph of

assembly 2 inFigure 38, whereas CwSi:compound forms from 570 °C o1j141] and was observed

in the microstructure of the assembly 3 irFigure 40.
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Figure 41. Phase diagram of the Copper z Silicon system ; taken from [141] .

As shown by the Seebeck scan on the cross section of the contactigure 38, the copper
contamination affected the FeSQisample properties with a modification of the Seebeck coefficient
250 um deep in the sample for the assembly 2. Niizeki et al. showed that copper was-tye
dopant for FeSi[142], which explains the low Seebeck coefficient of the sampleZp; -60] pV/K)

at the solder/FeSp interface (Figure 38), i.e. in the region concerned by the copper diffusion. The
potential drop at the contact was also measured within the same PSM measurement and a lower
contact resistance valueat room temperature than that of the CoRIS was monitored={gure 36)
which suggests a significant impact of the copper contamination on the global electrical
conductivity of the sample that is used to determine the contact resistae (cf.3.3.1.2. Hence, the
contact resistanceis actually lower than measuredBut the doping effect kills the use of copper
without aworking diffusion barrier.

As a result, the stabilized specific contact resistance measuredth the CoRIS was close to the
threshold or even lower. However, the electrical contact could not be considered as suitable due
to an uncertainty evaluated at23%. In addition, the copper contamination of the sample caused
significant changes of the samlp properties, which would be critical for a characterization
measurement in the CTEM. Therefore, the scheme F1 was considered as unsuitable for the CTEM
operations.

Several attempts were performed to avoid the copper contamination, such as thinner chroamn
and alternative coatings with cobalt, molybdenum or iron, but the coating failure still remained,
which constantly led to copper contamination in the sample. Therefore, it appeared more
promising to change the block material.
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4.2.2 Scheme F2: Mo blocks solded with FMto (Fe,Co)Si sample

"EOAT OEA C¢iTA AEAI EAAI OOAAEI T £ 1TT1UAAAT OI
with copper, molybdenum blocks were used in the scheme F2. Five assemblies were prepared
with the scheme F2. Relevant paramets of this assemblies are given ifable7.

Table 7. Parameters of the five assemblies of scheme F2.

Assembly # 4 5 6 7 8
Pre-soldering
- n n n n
process
Solder foll N
process -
Ground with | Ground with { Ground with
Contact _ i 4000 SiC 4000 SiC 4000 SiC
Cleaned with | Cleaned with
surface paper and paper and paper and
ethanol ethanol _ _ _
pre-treatment cleaned with | cleaned with | cleanad with
ethanol ethanol ethanol
CoRIS
n n n n n
measurement - - - - -
Cycle # 1 1 1 1 1
Heating rate 1 K/min 5 K/min 5 K/min 5 K/min 5 K/min
Holding time 10h 1h 1h 1lh 20 min
Maximum
560 °C 540 °C 490 °C 580 °C 420 °C
temperature
Cooling time 8h 8h 8h 8h 8h

Only one emperature cycle was performed for each assembly in the CoRIS. Two different methods

were applied to treat the contact surfaces of the holder blocks and the sample before installation.

On one hand, contact surfaces of the assemblies 4 and 5 wgreund with SiC paper of grit size

P4000 and stored for several days in air. The assembly 4 was installed in the CoRIS facility

similarly to the assemblies of scheme F1 (c4.2.1), i.e. using solder foils (cf3.2.1), whereas the

assembly 5 was joined with the presoldering process (cf3.2.2) to improve the initial wetting of

OEA O1T1AAO 11 OEA AI 1T OAAO OOOZEAAAROG8 2ECEO AAA&E OA
were cleaned with ethanol. The contact surfaces of the assemblies 6, 7 and 8 wgreund with

SiC paper of grit size P4000 and then cleaned in ethanol in an ultrasonic bath just a few minutes

before mounting the assembly with the presoldering process.
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For the assembly 4, the electrical contact resistivity starts with a steep drop from 800,000 to
p T Tt h 11 Tt TR frommmdrA femperature to 62 °C(Ta) which corresponds to the melting point of
the solder, sedrigure 42, similar to the observaton on scheme F1. Despite the resistance decrease,
the specific contact resistance values are far too high to establish good electrical contact which
might be explained by the presence of oxide layers on the FeSample (SiQ) and/or on the
molybdenum blodks (MoQ) before the installation. Above the melting point of the solder up to
onnm J#h A DPOT COAOOEOA AAAOAAOAzisicaise®iiy A diskibutiod A A O
homogenization of the solder over the contact area supported by a decrease of thecaisity with
increasing temperature[143]. A plateau between 300 °C ante (415 °C) is observed followed by
ATl ET AOAAOGA O®durldg theyhoiding phase) &/A60 °C which is attributed to the
growth of the oxide initially present on the sample contact area.
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Figure 42. Specific contact resistance measured over temperature in the CoRIS during the temperature cycle

on the assembly 4. Left: Complete overview of the measurement. Right: Focus on the results from 200 °C in the
heating phase.

For the assemblies 5, 6, 7 and 8igure 43), the pre-soldering process allowed establishing a
contact resistance below the threshold already at the beginning of the measurement, i.e. lower
than 10 % of the sample resistance. The spreading of the solder over the contact surface using a
thin molybdenum tip allowed removing the deposited oxygen from the contact surfaces that can
form oxide layers already at room temperature. Even a few nanometers thick oxide layer on the
substrate degrades the wetting by the applied solder due to the low sfaice energy of oxides such
as for SiQ (64.7 x 103J/m2[144]). Comparing among the assemblies 5, 6, 7 andRdure 43), the
disparity between the initial specific contact resistances at room temperature might be a result of
the oxidization status of the contact suiaces. The assembly 44gure 42) presented a much higher
initial contact resistance due to the solder foils process which leads to a bad wetting of the contact
surfaces when the solder melts.
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Figure 43. Specific contact resistance measured over temperature in the CoRIS during a temperature cycle on
the assemblies 5, 6, 7 and 8. Dashed lines are used to spot relevant temperatures in the measurement.

4EA &EAT A8O 1 AOAT OI 1 AA Oveferé £ 2@ Ee@ttnénEreviealetthe OE A
presence of around 13at.% of oxygen. At 190 °CTp) or even at lower temperature, a thin oxide
layer can form on the liquid surface of the sold€fl45, 146] which could be the reason for a slight
increase in the contact resistance for the assemblies 5, 6, 7 and 8 of Higure 43. Due to a lower
oxide formation energy[102], the indium oxide InO;s rules the oxide formation of the solder and
prevents oxidation of tin and bismuth, sed-igure 44. The electrical conductivity of InO; depends

on the conditions of its formation. Stankiewicz demonstrated that 180; was amorphous when
formed at low pressure (4x104 mbar) and presented an electrical conductivity of 18S/cm [147].
This could be a reason why the high oxide content of our solder did not impair the electrical
contact conductance. Formation of Is0; rather than other oxides was confirmed in SEM
micrographs obtained after the cycling of the assembly 7, sdeéigure 46. Ricci et al.[148]
investigated the effect of temperature on the sdace tension of the liquid indium in the indiumz
oxygen system. Usually the surface tension of liquid metals constantly increases with
temperature, however Ricci demonstrated that the surface tension slope of the liquid indium is
inversed at 370 °C. Accaling to equation (19) of the wetting angle, the lower the surface tension
of the liquid solder the better the wetting, hence the lower the contact resistance is. This could
explain why the specific contact resistane of the assemblies 5, 6, 7 and 8 decreases from ca. 370
°C (Te) on. The decrease of the surface tension of liquid indium is most likely induced by the@
reduction which, according to Jenko et a[49] and Ricci et al[148], might release volatile InO.
The oxide reduction was slow but introduced free oxygen molecules in the contact area.
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From around 415 °C, the contact resistance steeply increased for all assemblies. For the assembly

8, the heating was stopped around 415 °C which allowed the specific contact resistance to remain

below the threshold. The temperatureTe corresponds to the transition temperature for the

mechanism change of the silicon oxide formation. Khalilov et 41.50] discovered that below the

transition temperature the oxidation of silicon was mainly superficial with weak bonds between

the SiQ molecules, whereas above about 700 K the oxidation mechanism becomes diffusive

resulting in a dense and sbng SiQ layer which would cause in our case the steep increase of the

contact resistance.

During the holding phase at maximum temperature the electrical resistivity for the assemblies 4

AT A v OOAAEI EUAA2aABND &0 Mgure45)t @n the génikakry, the electrical

resistivity of the assemblies 6 and 7 shows increasing values even after about one hour of holding

at high temperature indicating an ongoing evolution of the contact status. The rate of the contact

resistance increase during the holding phaseAOEAA AAOx AAT OEA AOOAI Al EAC
£l O OEA AOCOGAIAIU ¢ A0 twm J# AT A ogmnm ALIDAI OTE
temperature the silicon oxidation is faster which might explain the difference between both
assemblies. Forthe assemblyi8 OEA ET 1 AET ¢ PEAOA AO 1puv J# DOAOA
which is far slower than for the previous assemblies. However, the oxidation process is already

initiated at this temperature; the specific contact resistance is expected to reach the CTEM

threshold after a holding time of three hours at 415 °CHigure 43).
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Figure 45. Specific contact resistance evolution over time of the assemblies 5, 6 and 7 during the holding phase

of the temperature cyc le.

The obtained cooling curves for all assemblies present similar exponential trends. Except for the
assemblies 4 and 5 which reached the stabilized contact status, the values of the specific contact
resistance vary between the assemblies due to differemrogress of degradation during heating
and holding. The missing of any substantial trend of reduction of the contact resistance during the
cooling phase indicates that the degradation mechanisms acting during heating are not reversible.

Fe( 95C0( o551,

Fe( 95C0¢ 551,

Figure 46. Backscattered images of the contact area cross section of the assembly 7 close to the envelope surface
after the temperature cycle in the CoRIS. Left: Complete overview of the contact area. Middle and right: Zoom
images of the contact between solder and sample on two representative areas of the contact status consisting
of intercalated mixed oxides and a gap between FeSi 2and solder.

Arima et al.[151] investigated SiQ growth on FeSj under dry air at 900 °C for 2 h. The silica layer
grew to a thickness of about 80 nm on the silicide material. Due to a lower temperatuand a
limited amount of oxygen in our measurement system, the thickness of the silica is expected to be
thinner which is below the spatial resolution of the used EDX of about 2 um. Indeed, the supposed
SiQ layer formed on FeSi was not detectable in theSEM, sed-igure 46. A recurrent gap was
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nevertheless detected between the solder and the sample which can be the consequence of
insufficient wetting of the solder caused by the low surface tension of the formed sili¢a44] on

the FeSi sample. The silica formation wuld prevent as well silicon dilution in the solder; in fact,
almost no traces of elemental silicon were found in the solder. The remaining oxide detected close
to the sample contact surface is mainly k©;. The presence of FegSimixed with In»0;, see midde
micrograph of Figure 46, can be explained by the limited spatial resolution of the EDX. The indium
oxide reduction above 370 °C is a slow process; therefore, remains of the@aare still detected
after the temperature cycleIndium might also oxidize again during cooling if some oxygen is still
dissolved in the solder.

Additional experiments were performed to provide evidence that the contact resistance evolution

is mainly located at the FeSisolder interface. The molybdenum bocks were not expected to

oxidize due to a higher formation energy of Mo®than of SiQ [102]; however, the separate
characteristics of the contact between the blocks and the solder was investigatech éxperimental

setup consisting of two molybdenum blocks contacted witi& E A métad allowed to confirm that

OEA 1171 UAAAT Oi T&EAT AGO 1 AOCAT ET OAOEAAA xAO 110 ¢
The measured specific contact resistance was lowv 1 ALIDAT 6 AT A AT 1T OOAT O 1T ¢
to 540 °C, sedigure47.

In addition, the assembly 6 was gently dismantled on a hot plate at 70 °C after the CoRIS
measurement. The Mo blocks were immediately soldered to each othertvithe remaining solder.

The room temperature measurement of the specific contact resistance in the CoRIS provided a

OAT OA T £ tnn ALUDAI 6 x EE A Einitalspegificcobtéci rdsistdnce@) fodi AT O x E
temperature of the Mo/FM interface, sed-igure 47. The blocks were then gently detached and the

sample was reinstalled between the blocks with the remaining solder. The specific contact
OAOEOOAT AA AO OiTi OAIi PAOAOOOA xAO I AADORA AAT C
of the temperature cycle inFigure 43. The implication of the FeSisolder interface as the location

of the observed increase of the contact resistance in the scheme F2 is thus confirmed.
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Figure 47. Left: Specific contact resistance measured over temperature in the CoRIS between two molybdenum o .
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especially, in the absence of copper and chromium (scheme F), the oxide layer formed on the
sample protected the FeSifrom solder corrosion. Additionally, the assembly was subsequently
easily detached on a hot plate at the solder melting temperature. However, the formation of the
silicon oxide layer on the FeSifrom 415 °C is detrimental for theCTEM application due to the
resulting high electrical contact resistance. Despite a measurement performed in vacuum, oxygen
was introduced in the system via the solder which contains already approg3 at.% of oxygen
after delivery. The scheme F2 could besed as an intermediate solution for characterization
measurement up to 400 °C. However, the FeSnaterial is stable up to 700 °C and the CTEM aims
for characterization measurement up to 600 °C, therefore the scheme F2 cannot be a suitable final
solution for the CTEM contacting.

4.2.3 Scheme F3: GcoatedMo blocks soldered withFM or Biln to (Fe,Co)Si

In the scheme F1, the chromium coating applied on the copper blocks was reacting with the silicon
of the FeSi sample which seemed to prevent the silicon ogation observed in the scheme F2.
Therefore, a chromium coating was implemented on the molybdenum blocks within the scheme
F2 giving, in this way, the scheme F3 which consists then of a (Fe,Co¥aimple soldered to
chromium-coated molybdenum blocks. The @vanic coating applied on the molybdenum blocks
was about 20 pum thick. The chromiurrcoated blocks were heat treated up to 1100 °C for 10 min
in a vacuum before being used in the CoRIS experiments improve the coating adhesion by
diffusion bonding andto release the internal stress between the block and the coating which can
cause a chromium delamination. Chromium and molybdenum have a significant difference in the
coefficient of thermal expansion (CTEWwhich increases with temperature, seerigure 48. The
potential cracks of the chromium coating involved by the CTE difference between the coating and
the molybdenum substrate would not be as problematic as in scheme FH4.2.1), since
molybdenum showed an mert chemical behavior with the solder elements and the sample in the
scheme F2. The chromium is used to react with the silicon of the Fg&i prevent the insulating
SiQ formation rather than playing the role of a diffusion barrier.
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Figure 48. Coefficient of thermal expansion of chromium compared to that of molybdenum  [152, 153] .

Three assemblies were studied to evaluate the scheme F3. The measurement details and histories

of the assemblies 910 and 11 are presented in thelable 8. To evaluate the influence of the tin

Al 1 OAET AA ET OEA &EAI A8O0 1 AOGAI 11 OEA Aii1 OAAO A
011 AAOAA xEOE &EAI A0 1 AOAIlthe assemBliésAdadd 11.65nde nadT 1 AAC
significant difference related to the solders was detected, we decided to include the three
assemblies in the same scheme. The assembly 10 went through four temperature cycles; cycle 1

was performed in the CoRIS facilitywhereas the three following were performed in the CTEM

with typical measurement temperature profiles.

Table 8. Overview of the three assemblies under investigation for the scheme F3.

Assembly # 9 10 11
solder &EAT A6 O Biln Biln
measured in CoRIS CoRIS CTEM CoRIS
Cycle # 1 2 1 2 3 4 1 | 2
Heating rate
. 4 5 4 1 0.5 5
(K/min)
Holding time 30 min 1h | 2h 4h 2h \ 1h
Maximum
550 600 550 500 600 600
temperature (°C)
PSM measurement - n - n -

The contact resistance measurementver temperature of the assembly 9, and the assemblies 10
and 11 are shown inFigure 49 and Figure 50, respectively. The variation between the three
assemblies in the initial specific contact resistance vaés at room temperature was most likely
caused by the difference in the oxide layer formed on the blocks or the samples at room
temperature; especially since the chromiurrcoated molybdenum blocks were not ground before
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soldering in order not to damage or emove the coating. Nevertheless, the three assemblies

showed a notable peak in the specific contact resistance at 470 °G)(during the first heating.
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Figure 49. Specific contact resistance measured over temperature in the CoR IS during two successive
temperature cycles on the assembly 9 compared with the Potential -Seebeck-Measurement (PSM) after the
CoRIS measurement. Left: Complete overview of the measurement. Right: Focus on the res ults obtained below
XxXu ALIDAI 638

To identify which component(s) in the scheme contributed to the resistance peak formatighlock
pairs of chromium and FeSih OAOBPAAOEOATI Uh xAOA Ol thek Bodtaci
resistances over temperature weranonitored in the CoRISOnly one temperature cycle was set
for each of the pairwise soldered blocks with a heating rate of about 4.5 K/min and a cheur
holding period above550 °C(Figure 51).

xEOE

As shown inFigure 47, the contact resistanceof the soldered molybdenum blocks remained

around 50 A LI O2Anithe whole temperature range, not showing any significant peak behavior,

whereas the contact resistanceof the soldered chromium blocks (Figure 51) revealed two

resistance peaks during the heating phase. The smaller peakoand 190 °C {Tp) could be

attributed to residual Cr; AT T OAT ET AOET T AO OEA &EAI Adei@ ati AOAT T+
197 °C[154], the melting of the residual insulating oxide would decrease the contact resistance.

A more significant resistance peak was monitored at 390 °A,j similar to the resistance peak

monitored at 470 °C for the assemblies of the scheme E3l AEAAOQOET ¢ OEAmdéd O | EOQI
interaction asone ofthe major instigators in the resistancepeak of the assembles 9, 10 and 11
(Figure 49 and Figure 50). On the other hand, the contact resistance measured between the
soldered FeSi samples(Figure 51) showed a similar resistance evolution as for the assemblies 6

and 7 of the scheme F2Higure 43) which confirmed that the FeSi¥f & EAT A6 O 1 AOAI
generates an irreversible contact resistace increase during the first heating without contribution

of Mo or Cr.
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Figure 50. Specific contact resistance measured over temperature in the CoRIS during the temperature cycles

on the assembly 10 and 11. Left: Complete over view of the measurements. Right: Focus on the results obtained
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In the scheme F3, the FM solder is in contact with the chromium coating on one side and with the
FeSj sample on the other side. However, the contact resistance measured foethssemblies of
the scheme F3 Figure 49 and Figure 50) is much smaller than an addition of the contact
resistances of the Cr/FM and the Fe8FM interfaces (Figure 51). Therefore,we conclude that

ET OAOAAOQGET 1O AAOxAAT AEOT, lifld@hcad the Edniadt GeSistahicd OAT A
evolution over temperature. The peak temperature for the chromiuni& E A imétdl Dterface
(Figure 51) was monitored at 390 °C i.e.80 K lower than that observed for the assembles of
scheme F3 Figure 49 and Figure 50), suggesting that the Fegsamplemight have interacted with

the components of the scheme F3 on top of the chroE O1 7T & EAT A8 O I.FndifpactET OAOA
of both elements composing the Fegisample on the resistance peak temperature has been
evaluated separately by measuring the temperaturglependent contact resistance of a Cr/FM/Si
contact, and a Cr/FM/Fe contactpoth contacts were prepared with the presoldering process
(3.2.2). Thecontact resistance measurements revealeglresistancepeak temperatureclose to 390

°C forCr/FM/Fe and at 470 °Cfor Cr/FM/Si (Figure 52) which indicatesthat interactions in the
Cr-SikFM system regulate the resistance peak temperature during the first heating of the
assemblies designed with the scheme FBue to a relatively low electrical conductivity of silicon,
the silicon resigance contribution, i.e. between the thermocouple and the contact, was subtracted
from the recorded resistance. Nevertheless, the resistance value remains secondary here; indeed,
the experiment focused on the peak behavior of the resistance.
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Figure 51. Left: Specific contact resistance measured over temperature between two chromium blocks (Cr  -FM-
Cr) and two (Fe,Co)Siz blocks (FeSi-FM-FeSeQh AT OE O1T 1 AAOAA xEOE &EAI A8O 1 AOAT
line scan of the crossseAOET 1 1T £ OEA AEOI 1 EOI T&EAI AGO 1 AOAT ET OAOEAAA A4
In scheme F3, the insertion of chromium at the solder interface strongly affects the contact
resistance behavior. The contact resistance trend over temperature was found reproducible
between the assemblies 9, 10 and 11Higure 49 and Figure 50). The contact resistance at room
temperature was below the threshold and decreased slightly up to 190 °Ad). Above this
temperature, as in scheme F2we assume that a thin oxide layer started to form on the surface of
the liquid solder (Tp) [145, 146, 155]which resulted in an increase of the contact resistanc&Ve
consider that the indium oxide regulates thesolder oxidation [156], due to a lower formation
energy than those of tin and bismuth oxides. The resistance increase is seemingly intensified by
the indium oxide reduction occurring above 370 °C, see details in the sectidr2.2 In the scheme
F3, the fact that the solder is in direct contact with the chromium and FeSurfaces, which are
both oxygen getters [42, 157], led to a steeper increase of the contact resistance due to the
formation of chromium oxide CepO; and of silicon oxide SiQ (see section4.2.2). The CpOs
formation is also known to be accelerated above 350 {C58], therefore the resistance increase is
onsetting at lower temperature than in scheme F2Kigure 43), i.e. 350 °C instead of 415 °C. The
oxygen contained in the solder and released by the indium oxide redueh allowed the oxidation

of the contact surfacesBenamati et al. showed that liquid BPb solder saturated with oxygen was
the source of surface oxidation of plunged steels from 300 °C {#8], which supports that oxygen
was provided by the FM solder in our experiments
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Figure 52. Specific contact resistance measured over temperature between chromium and silicon (Cr/FM/Si),

and between chromium and iron (Cr/FM/Fe). The grey symbols represent the holding period.

Around 470 °C (), the resistance trend is inversed. The specific contact resistance steeply drops
to values below the threshold befoe reaching the holding temperature. The stability of metal

I JEAAO EO DPAOOI U OAI AGAA O1 OEA AmY]BatkroughAAOOT
[160] stated that CpQ; starts to reduce below 500 °C at ®mbar, which corresponds to the CoRIS
vacuum condition, explaining in part the decrease of the contact resistance. The chromium oxide
reduction is maybe not the only mechanism responsible for such a sudden and steep resistance
decrease. Indeed, the oxideeduction is a slow process; for instance, nanecale iron oxides
required about 30 min to be completely reduced in pure hydrogen which is a more reducing
atmosphere than vacuuni161]. Additionally, as the interacting surface to the dynamic vacuum is
very small and as the distance of transportation from the inner of the contact is long, the process
would probably take a long time.

The specific contact resistances at the Higst points of the 470 °Gpeaks for the three assemblies
were monitored between 400 and 900 |l ¢ A ivhich are values above the threshold. The
discrepancy between the values was probably induced by the uncontrolled oxygen content in the
contact interfaces irtroduced by the pre-soldering process. The increase of the resistance peak is
correlated to the oxidation of the contact surfaces by the oxygen contained in the solder. The
turning point at 470 °C indicates that the oxidation was replaced by a reduction pcess which is
analyzed in the following.

As mentioned in the theoretical background section (cf2.4.4.2, oxidation and mass transfer

corrosion are in competition at solder/ metal interface. Below the temperature of the idation-

corrosion turning point, oxidation dominates the process, whereas above this temperaturéhe

mass transfer corrosiontakes the upper handinducing severe corrosion of the solid metal

samples [70]. In the case of liquid metal/solid metal interfaces, the liquid metal corrosion

generally proceeds via dissolution or formation of compounds and depends on experimental

factors such as solidiquid compositions and temperature [162]. As shown inFigure 51, the

oxidation-AT OOT OET 1 OOOTEIC DPIET O AO OEA &EAI AGO 1 A0,
around 390 °C which involves that chromium dissolves in the solder above this temperature. The

corrosion of the chromium coating was confirmed by the microstructte investigation after
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measurement which revealed a porous chromium layer at the chromium/Biln interface, see
Figure 54c. There is only little information about chromium solubility in literature, but Raman
stated that indium, which represents about 50 wt.% of our solders, dissolved chromium
OO0DOOD OE OFE[137]] HdweweA the eesistance peak at 390 °C, indicating the oxidation
corrosion turning point of the chromium/solder interface (Figure 51), was not detected for the
assemblies of scheme F3. Instead, the contact resistance continued to increase above 390 °C due
to the FeSi sample whose contact surfag was still oxidizing (Figure 51). For the assemblies of
scheme F3the resistancepeak monitored around 470 °C(Tg) in the first heating curves figure

49 and Figure 50) indicates the turning point from which the corrosion dominated the oxidation

at the solder/FeSp interface. Nevertheless, no oxidationcorrosion turning point was detected in

the contact resistance measurements of the assembliesswheme F2 ¢f. 4.2.2) which contained a
solder/FeSk, interface too. From the comparison to scheme F3 we can deduce that the product of
the chromium corrosion, which flowed in the liquid solder from 390 °C on, could reach the
solder/FeSk interface and caused the reduction of the silicon oxide on the FeSurfaceabove470

°C on.The oxide reduction allowed the solder to establish the electrical contact with the bare FeSi
sample which explains the steep decrease of the contact resistance abov® 4T Eigure 49 and
Figure 50). The contact status of the three assemblies was not stabilized at the end of their first
heating phase; indeed, the following holding phases showed a continuous decrease ef tbntact
resistance. As far as the assembly 9 is concerned, the specific contact resistance decreased by
AAT OO0 p ALIDAT 6 PAO 1T ET OOA8 sftadsemit Dsh@vedEalmed® | £ OE
AAAOAAOA OAOGA 1T £ APDPOI @8 o /minlivashionitdrdd khithe sesoBdA OA A O 1
half. The holding phaseof assembly 11lrevealed a slow and constant decreasete below 0.1
ALIDAI o Bibgebhugntly the specific contact resistanceof the three assemblies mainly
stabilizesA A1 T x v 11 Figuid £9Arid &iguje 50).

The PSMspecific contact resistancaneasured after cycling forthe assemblies QFigure 49) and

10 (Figure 53) were approx.50 ALID A o0 AgitHe E&&RCSI medsurement within the accuracy
limits. The match between the CoRIS and the PSM values strengthens the conclusion that the
contact status was stabilized after the first holding phase. As shown Figure 53, the Seebeck
mapping revealed asharp transition between the sample and the blocicompared to the one
measured with scheme F1FKigure 38). The coating scheme of F3 did not influence the Seebeck
coefficient values of the sample. In the right giph of Figure 53, the line scans of the electrical
potential and the Seebeck coefficient across the contact revealed that the contact resistance, i.e.
the potential drop, was mainly locatedat the block/FM interface. Formerly in the scheme F2, the
main contact resistance contribution was located mainly at the FM/FeSnterface indicating that

the implementation of chromium in the scheme F&npacted the electrical property of the contact
The scan in the solder area gave a significenegative Seebeck coefficient. However, the tip of the
PSM has a radius of about 50 um and the solder is highly ductile. Therefore, the tip could dig into
the ductile solder and the lateral surface of the needle could touch tleelge of thesampleor of the
block which would lead to an overestimation of the Seebeck coefficient for the solder
measurement points.
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Figure 53. Potential and Seebeck scanning Measurement (PSM) over the cross section of the assembly 10 after

four temp erature cycles. Left: Seebeck mapping at the contact area. Right: Seebeck and potential measurement

of a single scan line with a micrograph showing the position X on the assembly cross section.

The microstructure of the contact cross section of the assdsties 10 and 11 was analyzed after
temperature cycling (Figure 54 and Figure 56). Despite two additional temperature cycles with
longer holding phases of assembly 10 compared 11, the contact microstructurase similar for
both assemblies. Significant modifications were generated by the applied heat treatments.
Initially, the contact consisted of an interdependent layering of chromium (coating30 pm thick)
and Biln (solder) between the molybdenum block andthe (Fe,Co)Si sample. After the
temperature cycling the molybdenum block remained intact and was protected by the chromium
coating which has been divided into two joint chromium layers: a 13 pum thick dense layer on the
block side and a 9 um thick porousalyer on the solder side Figure 54c). The solder kept the same
stoichiometry but traces of chromium and silicon were detected (max. 2 at.%). An additional -Cr
Si layer was formed in the solder volumeRigure 54b, d). Despite avarped shape of the GiSi layer

in the solder volume, it showed a quite constant thickness of around 11 um. In the contact area,
some cavities were also revealed at locations where the solder was expecté&igure 54a). At the
sample interface, a porous FeSi layer of [20; 30] um was formed and seems to be induced by silicon
loss from the FeSi. The porosity of the FeSi layer formed at the FeSiample was filled by the
solder (Figure 54b, e).

81



E Mo block
e i o e i e

Fe.95C0¢,0551;

Figure 54. Backscattered micrographs of the cross section of the contact area of the assembly 10 after four
temperature cycles. a) Overview of the contact area. b) Zoom on a representative area showing the layers of the
contact. ¢) Zoom on the porous chromium layer caused by chromium dissolution. d) Zoom on the Cr  -Si belt
formed in the liquid solder during the temperature cycle. e) Zoom on the porous FeSi layer formed on the
sample contact surface due to silicon loss . The open porosity is infiltrated by the solder.

As mentioned earlier, chromium corrosion was initiated during the first heating cycle above 390
°C. The dissolved chromium could then reach the FeSample covered byan oxide layer which
acts as a corrosion protetion; seescheme F2 4.2.2) for more details about the oxide nature and
formation. Above 470 °C, the active chromium couldreak the oxide layer allowing the solder to
corrode the bare FeSisample. The formationof the porous FeSi layer suggests an intergranular
corraosion by silicon dissolution. The low solubility of silicon in liquid indium, i.e. 0.06 at.% at 600
°C[163], indicates that solubility of silicon into the indiumbased solders should be similarly low.
However, giventhe thickness of the FeSi layer, we can assume th&Si sample lost more silicon
than solder could contain This was induced by the formation of the G8i layer which consumed
the dissolved silicon leading to unsaturated solder and additional silicon délution from the
FeSp sample. Similarly, despite a lack of exact numbers on the solubility limit of chromium in
liquid indium in literature, we can assume that the significant amount of chromiurgorrosion from
the block coatingwas due to the CiSi reacton. Therefore, the formation of the porous chromium
and FeSi layers was induced by the formation of the &i layer.The CrSilayer was found mainly
in the middle of the solder zone Figure 56a, b). However, at a few locations thCrSilayer was in
touch with either the sample Figure 56c¢) or the chromium (Figure 56d) contact surfaces. e Ck
Sicompounds havea lower density (4.9 gcm3 for CrSik and 6.4 gcm3 for Cr3Si[55]) than that of
so EA &EAIT A8 @md[14Z))ai roon redperptur€ however the relation is inversed at
higher temperature below 600 °C Figure 55). Sedimentation phenomenon, led by mvitational
forces, could explain the waving shape of the CkSi layer. Indeed, the CtSilayer was found
sometimesat the sample/solder interfaceor at the block coating/solder interface.
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It seems that theCr and Sicorrosion processswas slowed or even bbcked when the CtSi layer
was covering the sample or the block coating surfaces; indeed, the thickness of the porous FeSi
layer was three times smaller inFigure 56c¢ than in Figure 56a and the porous chronium layer
was not found in Figure 56d. The CtSi layer was in direct contact to the sample and block
interfaces at some locations, apparentlympairing interactions between the solder and the
chromium (at the block) or between thesolder and the silicon (at the sample).
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materials [55, 143] .

Despite a higher enthalpy of formation than that of Crgj-30.1 kJ/mol), the CrSi belt mainly

consisted of the CrSiphase(-26 kJ/mol) [139]. Nevertheless, a chromium rich phase was also

observed at the grain boundaries of the formed CrgiFigure 54d). Although the Crrich phase was

smaller than the detector resolution limit (b2 um), the scans indicate that the intergranular

compound corresponded to the CrSi phase. As shownhigure 54d, the CkSibelt is richer in CrSi

on the side facing the chromium coating.

Cr coating

Figure 56. Micrographs of the contact cross section of assembly 11 after temperature cycling. a) Backscattered
image of a representative area. b) Secondary Electro n (SE) image of the scanned area in a). c) Backscattered
image of a local area at the sample/ solder interface. d) Backscattered image of a local area at the solder/coating
interface .

Without being in direct contact, chromium and silicon were abletoreadd E OT OCE OEA 1 ENOE.
metal solder below 600 °C. Aetter understanding of theinteractions leading to theformation of
the CrSi belt in the contact area of the scheme R@as required.
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Therefore,we studied the microstructure of thesoldered chromium-silicon assembly Figure 57)
which was temperature cycled in the CoRIS up to 590 °C for one hotrigure 52). As shown in the
Figure 57a,sincethe chromium waslocatedbelow the silicon during the heat treatment, the GSi
reaction occurring above 400 °G164] was found on the chromium sidevhich could indicate that
gravitational forces might compete with the diffusion motion into the liquid metal at such high
temperature. In this way, the dissolved silicon could reach the chromium face and form-Sr
compounds. As shown irFigure 57b, before reacting with chromium, silicon diffusedalong the
chromium surface. The interface to the bulk chromium looks quite pronounced. Hence, it could be
that silicon diffusion is going along there and that the columns are growing from this interface
that is slowly moving into the chromium bulk.As shownin Figure 58, the solubility limit of silicon

in chromium is about 0.5 at.% at 470 °C and 1.3 at.% at 600 °C.

Via the solder, the chromium contact surface could be supplied with silicon which led to the
formation of the CrSi conpound on its surfaceat high temperature. Later on, during the cooling
phase,the CTE mismatch between CfFigure 48) and CrSi (Table 4) intensified bellow 400 °C
leading to irregular detaching of CrSilayer from Cr(Figure 57a). Bellow 400 °C, Crgis supposed
to float (Figure 55); therefore, when the layer cracksthe partially detached parts tend torise in
the liquid solder giving the irregular shape b the formed CrSi (Figure 57¢). As shown inFigure
57b, the Sicontaminated chromium showed the premise of the delamination process since breaks
in the pure chromium could be detected locally.

Figure 57. Micrographs of the cross section of the contact area of a chromium block soldered to a silicon block
xEOE &EAIT A0 1 AOAT AEOAO T1TA OAI DAOAOOOA AUATI A Ob OI
b) Two disti nct layers seen above the chromium. ¢) Zoom on one area showing a complete cross section. d)
Zoom on the chromium block in direct contact with a  dense layer of CrSiz followed by an intermittent layering

of solder and CrSiz. €) Zoom on the silicon side separated from the formed CrSi 2 by the solder. SiC grains are
remaining from the grinding process. f) Zoom on a scattered part of the formed CrSi 2 containing Cr 3Si
compounds.
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