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Summary

Thermoelectric generators (TEGs) are devices that convert a heat flow into electricity.
The efficiency of a thermoelectric generator depends on the thermoelectric properties of the
material, the temperature difference across the device, and is often limited by the thermal
and electrical losses at contacting interfaces. The vast majority of the thermoelectric
research literature focuses on improving the properties of the thermoelectric material.
However, the reliability and thermal stability challenges of incorporating thermoelectric
materials into high-performance devices still represent a key bottleneck. In this work,
fabrication methods for robust, medium-high temperature regime thermoelectric modules
are proposed. To achieve this, different metallization layers, their deposition routes and
several joining techniques that utilized commercial and novel bonding materials were
developed.

Two thermoelectric module assembly approaches were explored. The first one
involved testing conventional, high temperature brazing using materials that works in the
desirable and narrow brazing window temperature range. Although mechanically strong
contacts were formed, extensive growth of the reaction layer at the interconnect —
thermoelectric interface and metallization layer delamination were observed that could
presumably cause a device failure at higher service temperatures. The second approach

involved assembly studies using low-temperature bonding materials and novel
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metallization layers that minimized reaction layer formation and resulted in low electrical
contact resistance performance. This work also demonstrates an implementation of the
Solid-Liquid Interdiffusion (SLID) bonding technique using a novel aluminium-nickel
multilayer system and extensive investigation into the electrical, mechanical and
microstructural properties of contacting interfaces.

Three module prototypes were fabricated using off-the-shelf Mmy(Fe,Co)4Sbiz p-
type (Mm - Mischmetal) and (Ni,Co)Sbs n-type thermoelectric materials with
average zT (zT) of 0.12 and 0.27 respectively, measured between 50 °C and 450
°C. The high-temperature thermoelectric performance of device prototypes was
fully characterized using in-house developed module test system and related to
simulation results from finite element analysis using COMSOL Multiphysics ®
software. The highest performing 7-couple thermoelectric module developed in
this research was featured with Pyax of 608 mW and power density of 695

mW/cm? measured at A7 = 450 °C in open air.
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Chapter 1

Introduction

The growth in world energy demand which is about to increase 28% by 2040
[1] and the consequences associated with natural resources exploitation such as
greenhouse gases emission and global warming, have deepened an interest in
advanced, off-grid energy technologies, e.g. solar power, including photovoltaics
(PV) [2] and thermophotovoltaics (TPV) [3], wind power and fuel cells (FCs)
technology [4], just to name a few. Research on new, transformative energy
technologies particularly in Europe, driven towards low-carbon economy and
sustainable energy systems, is triggered by European legislation to bring
environmental and health benefits i.e. by reducing air pollution. In October 2014,
the European Commission adapted the ‘2030 climate and energy’ framework

setting three key targets to be achieved by 2030 [5] such as:

e Atleast 40% cuts in greenhouse gas emissions (compared to year 1990);
e At least 27% share for renewable energy;

e At least 27% improvement in energy efficiency.

Those goals might be achieved only by intensive work focused on developing

energy technologies to enable higher conversion efficiencies and effective
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pollution controls. With the current level of knowledge and state-of-the-art
technologies, renewable energies cannot utterly replace fossil energy sources but
can significantly reduce carbon footprint and improve the energy conversion
efficiency of a conventional combustion engines.

Over the past few decades, thermoelectricity has gained much interest as an
environmentally sustainable and reliable power generation technology.
Thermoelectric energy conversion devices, particularly thermoelectric generators
(TEGs), can provide direct conversion of heat flux to electricity and have no
moving parts, hence resulting in silent and reliable alternative power system that
have the potential for a very long lifetime. Such devices can be used to improve
the overall efficiency of various systems where significant amount of energy is
wasted as a heat, i.e. exhaust pipes in combustion vehicles [6], jet engines [7] or

in oil & gas pipelines [8].

1.1 Motivation

One of the more challenging thermoelectric systems with limited
commercially available solutions are those suitable for energy generation
application at medium-high temperature range (with 7 = 500 °C according to
LeBlanc [9]). The most commonly studied thermoelectric materials intended to
work at these regimes are Skutterudites (CoSbs) [10], Half-Heusler compounds
[11], chalcogenides [12] and silicon-based materials including magnesium silicide
(Mg2Si), silicon germanium (SiGe) and higher-manganese silicides (HMS) [13].
Among those materials, Skutterudite compounds with excellent thermoelectric
performance and reasonably good mechanical features were proven to be
especially useful for the power generation use, including automotive waste heat

recovery [6] and deep space energy generation [14]. However, a major limitation
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to fully realize the potential of new, promising materials, including the
Skutterudites, is the lack of a reliable fabrication and module assembling
technology for thermoelectric generators (TEGs) intended to work at temperatures
higher than 350 °C. The state-of-the-art module assembly comprises labour-
intensive, pick-and-place methodology including soldering, brazing and adhesive
bonding, often limited by low thermal stabilities of joining materials, limited
surface wettability and an extensive, interfacial growth of brittle intermetallic
compounds (IMCs) reducing their reliability in high-temperature operations. For
this reason, commercial, high-temperature thermoelectric modules are not, as yet,
available in the market for general use and it is worthwhile to investigate
feasibility of new, promising materials in the thermoelectric generator (TEG)
system.

To the best of the author’s knowledge, no reliable high-temperature module
assembly technology has been presented yet that could be transferable to low-cost
high-volume, industrial scale manufacturing and meet more demanding service
conditions. The majority of the research presented in the literature focuses on the
principal investigation of interactions between all components of thermoelectric
module and testing of different, sometimes not commercially viable solutions. In
the conventional, bulk thermoelectric module fabrication, semiconductor material
is synthesized starting from the elemental powders and consolidated into bulk by
using well-established technologies. Over past few years, spark plasma sintering
technique has been successfully implemented into fabrication of many functional
materials, due to the possibility of performing in-situ synthesis and consolidation
process in one step as well as it’s fast speed that reduces the grain growth.
Moreover, high pressure and temperature involved in the process (> 50 MPa)

opens a possibility of co-sintering of functional material and metallic foils that



would serve as diffusion barrier and top metallization layer necessary for effective
wetting of solders/brazes. The next step usually involves cutting of thermoelectric
material into the correct shape and joining to metallic electrodes so that
unicouples are electrically connected in series and thermally in parallel. Joining of
thermoelectric modules is attracting increased research interest as it is being
recognized to be an essential step for effective module fabrication and its
successful commercialization. Despite learning from the tremendous efforts in the
electronics industry, the assembly of TEGs is still particularly challenging, and
consequently, thermal-to-electric conversion utilizing these devices has been
realized only in niche applications. Similar to MEMS (micro-electro-mechanical
systems) and IC (integrated circuit) packaging, structural integration alone results
in the most of its fabrication cost and specifically in thermoelectric manufacturing
can make up over 43% of the final module price [15]. It is required that
thermoelectric module is scalable to high-volume industrial assembly processes,
currently limited by ‘hand-made’ labour due to necessity of machining many
dissimilar elements in separate steps. Moreover, the major bottleneck in high-
temperature range TEGs manufacturing is the selection of suitable interconnect,
joining material and metallization layer with matching thermal and mechanical
properties, crucial in medium-high and high temperature operations.

Preliminary experiments and simulations on proposed Skutterudite-based
thermoelectric device have shown promising results of achieving high conversion
efficiency, comparable with commercial, low-temperature modules based on
bismuth telluride (BirTes3). This is particularly important, as thermoelectric
modules that could work at high temperature regime and thus generate more
power per module, are not yet available in the market. Additionally, high material

cost and extreme rarity of Tellurium in the Earth’s crust inevitably influence the
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price of the thermoelectric device, questioning the cost-effectiveness of such
technology. Hence, a prototype of high-temperature thermoelectric module is to
be developed using simple fabrication process that can be implemented into low-

cost, industrial manufacturing technology.

1.2 Objective

The main objective of this study is to develop a thermoelectric generator,
working at desirable, medium-high temperature range with the module hot-side
(Tu) not exceeding 500 °C. In order to achieve this goal, several bonding
techniques and metallization layers must be designed and validated so the effect
of the different assembly conditions on the device performance and their stability
can be investigated. Moreover, different metallization layers that would be stable
over the wide temperature range must be developed using commercially reliable
methods and their electrical and mechanical performance must be properly
characterized. The prototype thermoelectric generator should be developed using
off-the-shelf Mmy(Co,Fe)sSbi> p-type and (Ni,Co)1Sbs n-type thermoelectric

materials that are easily available for high volume manufacturing.

1.3 Contributions

This thesis brings several contributions to the field of medium-high
temperature regime thermoelectric modules fabrication. First of all, commercially
available thermoelectric materials were investigated in terms of possibilities in
achieving high conversion efficiency thermoelectric modules and their
reproducibility. The fabrication of thermoelectric material was performed by in-

situ synthesis using Spark Plasma Sintering technique. By co-sintering of



metallization material and thermoelectric powders in one step, the manufacturing
process would be shortened reducing the overall module fabrication cost. A few
diffusion barriers and metallization layers that were presented for the first time
were tested along with different joining techniques and their properties were
properly characterized. Moreover, innovative low-temperature joining techniques,
including nano-Ag sintering and Ag flakes adhesive bonding were presented in
the high temperature thermoelectric system for the first time. The Solid-Liquid
Interdiffusion (SLID) technique, implementing novel aluminium-nickel inter-
layered system was successfully employed to bond interconnect (electrode) and
thermoelectric material with resulting contacts characterised with higher than
initial re-melting temperatures. The SLID process investigated in this work led to
joined patent application (‘Thermoelectric module’, UK provisional patent
application no. EP174230753) and can be utilized in other medium-high
temperature range thermoelectric systems. Three thermoelectric module
prototypes where developed using off-the-shelf thermoelectric material and their
high-temperature performance were fully characterized using in-house developed
testing rig. The feasibility of low-volume thermoelectric generator assembly
process was also demonstrated by realizing all manufacturing steps in-house with
available resources. Moreover, numerical modelling was successfully
implemented to predict prototype performance and correlated with the
experimental results to reveal possible discrepancy of fabrication and module

measurement process.



Chapter 2

Fundamentals and the State of the
Art

2.1 Thermoelectricity

The thermoelectric effect, observed by Thomas Johann Seebeck in 1823 and
initially mistaken for thermomagnetism, constitutes of three different physical
effects, namely Seebeck, Peltier and Thomson effect. The former case can be
discussed by referring to the schematic of a simple thermocouple junction as
shown in Figure 2.1-1. Such a thermocouple consists of two electrically
conductive materials (normally metals or semiconductors) depicted as ‘A’ and ‘B’
which are electrically connected in series and thermally in parallel. The Seebeck
effect is attributed to a voltage generated at the materials’ edges (‘a’ and ‘b’)
when the junction is maintained at a temperature difference to the material edges.
The temperature difference denoted as AT is a temperature drop between the hot
side (7x) and the cold side (7¢) and Tc < Tu. The open circuit voltage Voc
generated between ‘a’ and ‘b’ is proportional to the difference in the temperature
(AT) between the hot junction and the reference junction and is given by the

equation 1:



Voc = —aap(Ty — T¢) = —aup - AT 1

Where a5 is the Seebeck coefficient of the thermocouple and Ty and T, are

temperatures on the hot and cold sides, respectively.

Ty

Figure 2.1-1: Schematic diagram of the thermocouple junction.

Later, in 1834, the reverse effect was observed by C. Peltier; when current
was passed through two connected dissimilar materials, heat could be either
generated or removed at both junctions. The Peltier effect occurs when an external
voltage source applied across the junction ‘a’ and ‘b’, and clockwise current /
flows through the conductors, resulting in a rate of heating g occurs at one
junction while a rate of cooling —¢ occurs at the other junction. The ratio of the
electric current / to the heating rate defines the Peltier coefficient m4p of the

thermocouple and is given by the equation 2:

T[Aqu/I 2

In the Thomson effect, heat is absorbed or produced at a rate g as a result of

current / flowing through a portion of a single conductor where there is a



temperature difference AT. The heating rate ¢ is related to / and AT by the

equation 3:

q=p-1-AT 3

Where £ is the Thomson coefficient.

In the literature, the thermoelectric effect is usually denoted as the ‘Seebeck-
Peltier effect’ as these physical phenomena have the same fundamental origin.
The three thermoelectric effects associated respectively with Seebeck, Peltier and
Thomson are gathered together to get a unique description of thermoelectric
phenomena by the Kelvin relations. Equation 4 describes the relationship between
the Seebeck and Peltier effects, and indicates if the materials suitable for

thermoelectric power generation are also suitable for thermoelectric refrigeration.

T[AB:aAB'T 4

Where T is absolute temperature.

dayg _ Ba— PBs
dr T

Where the temperature gradient dT describes at what rate the temperature
changes along the length of a material with 4 and B denoting different positions in
each material. Therefore, the Thomson effect is a generalisation of the Peltier
effect to include changes in the Seebeck coefficient in one material, for example if

the Seebeck coefficient in a material is temperature dependent. While the Seebeck



and Peltier effects are most easily defined and measured for pairs of materials,
other methods can be used to calculate an absolute Seebeck coefficient, allowing a
Peltier and Seebeck coefficient to be defined separately for each material, so that
the properties of any junction can be easily calculated. Therefore, the individual

material’s Seebeck coefficients, @, and ap are defined by:

dpp = Up — Oy 6

2.2 Medium-High Temperature Thermoelectric

Materials

Thermoelectric materials are typically classified by the material structure and
composition, with chalcogenides, clathrates, silicide, skutterudites and oxides
being the most commonly reported in the literature as seen in Figure 2.2-1Figure
2.2-1. In areview by G. J. Snyder et al [16], figure of merit data of state-of-the-art
commercial materials, particularly for thermoelectric power generation use, can
be categorized according to their temperature regimes in which the materials
exhibit highest possible zT value. Such a classification, as a reasonably
practicable approach, allows the prediction of most beneficial material
performance at given temperature ranges and might be classified, according to

Ref. [17], such as:

1. Low temperature (7x = 100 °C and 7T¢ = 20 °C);
2. Medium — low temperature (7y = 250 °C and 7T¢ = 20 °C);
3. Medium — high temperature (7x = 500 °C and 7T¢ = 50 °C);

4. High temperature (7x = 800 °C and T¢ = 50 °C).
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The standard approach to evaluate the performance of thermoelectric material
is to calculate the dimensionless thermoelectric material’s figure of merit z7, as

outlined by equation 7:

Where «, o, and x are the Seebeck coefficient, electrical and total thermal
conductivity, respectively, and T is the absolute temperature. The thermoelectric
power factor (o’c) is a relative measure of the power that a thermoelectric
generator will provide while the z7 is more closely related to the conversion
efficiency. Thermoelectric materials must have a high value of Seebeck
coefficient, a (see equation 7) in order to generate high electrical potential under a
thermal gradient, along with high electrical conductivity, o, needed to facilitate
the movement of electrical carrier. Meanwhile a low thermal conductivity, «, is
desired in order to maintain the temperature drop across the TE element as high as
possible. The total thermal conductivity k = kK, + Kj4; Where k,; and k¢ are
the electronic and lattice contribution to the material conductivity respectively.
Since only x;,; is not a function of carrier concentrations and thus independent of
the other parameters, it is often a focus of improvement to enhance the material
zT. The state-of-the-art materials are characterized with z7 >1, which is necessary
requirement for most technical applications in order to achieve a high conversion
efficiency of the thermoelectric device. The value of z7T for various thermoelectric
materials typically varies considerably as a function of temperature, and for
device operation, an average zT (zT) over the device temperature difference is a

better optimization target [18]. This therefore implies that a material is most



effective for an application where the temperature range includes the temperature

at which the material z7T value peaks.
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Figure 2.2-1: Peak thermoelectric figure of merit (z7) with the temperature at
which the peak occurs and year illustrating important milestones, adapted from

Ref. [19].

Skutterudites are diamagnetic (Co®*, 3d°) narrow band gap (~ 0.2 eV)
semiconductors with high carrier mobility and relatively large effective electron
mass and have been proven to be highly efficient thermoelectric materials in the
medium-high temperature regime [20]. Skutterudites are classified as materials
with phonon-glass electron-crystal (PGEC) open crystallographic structure as
voids in the crystal structure might be filled with atoms of heavy elements, acting
as rattlers and increasing the number of phonon scattering centres, hence reducing
the lattice thermal conductivity significantly to levels seen in amorphous
structures [21]. This behaviour, in combination with low electrical resistivity and
high Seebeck coefficient of doped and/or filled skutterudite makes it a promising
alternative for PbTe-based material replacement. High performance, filled

skutterudites have a structural-chemical formula of EPyT4Xi2, where the filler
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atom ‘EP’ being usually an electropositive element enclosed by an icosahedral
cage structure formed by tilted pnictogen octahedral (eight per formula unit, made
of atoms ‘X’) each centred by a transition metal atom ‘T’ [20] and are the most
commonly reported in the literature [22]. In the recent years, different
compositions and processing techniques for skutterudite-based materials have
been reported leading to development of materials with outstanding high
temperature performance. As seen in Figure 2.2-2, the highest reported zT value
of 1.3 was achieved for p-type DDosoFez7Co013Sbi1sSno2 (DD stands for
didymium, 95 at% Nd and 5 at% Pr) and that of 1.8 for n-type (Sr,Ba,Yb)Co04Sbi2
+ 9.1 wt% Ino.4Co4Sbi12 materials [23]. These high zT skutterudites have leg
efficiencies over 14% and almost 18% in the temperature range of 300 - 800 K
respectively and can be achieved by introducing severe plastic deformations

(SPD) via high-pressure torsion (HPT) consolidation technique.
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Figure 2.2-2: Summary of zT peak values for reported (a) n-type doped
and/or filled Skutterudites and (b) p-type doped and/or filled Skutterudites

depending on the year of publication and operation temperature adapted from Ref.

[21].
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2.3 Electrical and Thermal Contact Interface

Thermoelectric material-metal interconnect contacts provide an electrical and
thermal connection by allowing the passage of electrical current and heat flux
across the contacting interfaces. Semiconductor—metal interconnects are at the
core of solid-state device performance due to sensitivity to resistance in the
electron flow and heat flux, and hence might lead to reduced conversion
efficiency of the prototype device (as depicted in Figure 2.3-1a). In the
conventional thermoelectric contacts, metal electrodes are joined to the
semiconductor elements to provide the permanent interconnection either by the
mechanical (i.e. using compression springs [24]) or chemical (i.e. solid-state

diffusion bonding [25] or brazing [26]) methods of bonding.

Ceramic Hot sink
Thermoelectric substrate Interconnect (IC)
leg Substrate Joining Material
IC Wetting layer
[ Diffusion Barrier
z Adhesion Layer
=) .
= N-Type P-Type TE Material
"
o
=
Interconnect (IC) —
Substrate
Cold sink
v
(a) (b)

Figure 2.3-1: Schematic illustration of (a) 7-coupled thermoelectric prototype
module and (b) side-view of the module in the generation mode presenting two
unicouples made of p- and n-type thermoelectric material (TE) presenting the heat
flow (Q) across the unicouple.

In order to achieve high performance of thermoelectric device, fabrication of

robust electrical contacts is needed, especially at the module hot-side as they



usually suffer from more intensive thermal stresses induced during the high
temperature service. A ceramic substrate is normally used to provide electrical
insulation and is typically made of alumina (Al>O3) or aluminium nitride (AIN) to
simplify module construction. The metallic interconnect and n- and p-type
thermoelectric that make up the device have a coefficient of thermal expansion
(CTE) that differs substantially from the ceramic substrate, so that temperature
changes, during the fabrication and service, result in undesirable stresses at
contacting interfaces. Moreover, other potential degradation mechanisms, such as
thermally-driven interdiffusion at metal/thermoelectric interfaces over time can
lead to catastrophic failures in thermoelectric device. Due to enhanced reactivity
of all metals at higher temperature, a presumed chemical reaction between
thermoelectric and joining material leads to the formation of interfacial reaction
layer at the connections, usually consisting of brittle intermetallic compounds
(IMCs) which can cause crack propagation and result in high electrical contact
resistances. Therefore, additional metallization is often required, to act as a high-
temperature diffusion barrier between semiconductor and a braze. The
metallization layer can also significantly improve the wettability behaviour of
molten joining material over the thermoelectric and may help with relieving
residual thermal stresses at the interface induced at high temperature operation. In
general, when the properties of the metallization layer, joining material and
thermoelectric are considerably different, intermediate sublayers within
thermoelectric metallization needs to be introduced. The characteristics of these
sublayer materials, particularly in terms of matching their coefficients of thermal
expansion, are between those of the substrate and top metallization layer that, in
turn, intended performance within required ranges of mechanical loads are

achieved. The metallization layer may often act as a stress relieving buffer as
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usually ductile material can easily develop plastic deformation at higher
temperature and pressure. The proper choice of the sublayer materials is an
extremely difficult task and may require multilayer coatings comprising from 3 to
5 layers can provide an optimal performance characteristic. Figure 2.3-1b presents
a schematic structure of thermoelectric module with multi-layered metallization
typically associated with thermoelectric unicouples intended to work in the
medium-high and high temperature regimes. In the multi-layer metallization
systems, three different layers are often found to be reported and are divided,
depending on the purpose they serve, to ‘adhesion layer’, ‘diffusion layer’ and
‘wetting layer’ accordingly. The first layer to be directly in contact with the
substrate, referred as ‘adhesion layer’, improves the adhesion between the
thermoelectric material and ‘diffusion barrier’. The high reactivity of the
‘adhesion layer’ at high temperatures allows two chemically inert interfaces to be
joined, due to the chemical reaction that layer undergoes with contacting
materials. This solution is a common practice, as the ‘diffusion barrier’ is not
expected to significantly chemically interact with thermoelectric material and a
stable intermediate phase (such as intermetallic compound or solid-solution) is
normally needed to sustain a continuous mechanical interface. Additionally,
chemically inert ‘diffusion barrier’ which usually comprises one of the refractory
metals or amorphous material, often exhibit limited weldability, so that additional
top ‘wetting layer’ is needed. Noble metals such as gold, silver and their alloys are
widely used as a top metallization layer due to the excellent surface wettability
and high-temperature, anti-oxidation protection.

In summary, the preferred thermoelectric — interconnect junctions, including

all metallization stacks, must meet following requirements:



1.

The contact electrical resistance (R:.) at the semiconductor—metal
interconnect should be at least less than 30 % of the total TE leg resistance
(assuming no thermal contact resistances; R, 7= 0), in order to maintain > 80
% of the theoretical material efficiency in the working device, according to
Ref. [27]. This is determined partly by the thickness and -electrical
conductivity of the metallization stack, but often more significantly by
additional interface effects from the boundaries between the layers,
especially the interface to the thermoelectric semiconductor. This is at least
partly determined by the electronic work function of the metal (¢h») and the
electron affinity (ysc) of thermoelectric semiconductors and has to be taken in

to consideration with the heavily-doped thermoelectric materials [28].

The thermal contact resistance (R.7) at the contacting interfaces should be
less than 20 % of the thermal resistance of the thermoelectric leg (assuming
no electrical contact resistances), in order for the efficiency not to decrease

more than 20 % in the working device [27];

Contact interfaces must accommodate thermo-mechanical mismatch and
residual stresses resulting from differences in coefficients of thermal
expansion, Young’s modulus and yielding stress of all stacking elements.
This is especially crucial requirement at the hot side of thermoelectric
module. If the difference in the physical properties between thermoelectric
material and metal interconnect is significant, there is a need for multi-

layered metallization;

High-temperature stability at the module working conditions, including
oxidation resistance and lack of extensive chemical interaction or

interdiffusion between contacting stack elements;
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5. Good adhesion with the interconnect material in needed so that fabricated
high quality, mechanically strong bond can withstand moderate shear and
compressive stresses (1 MPa) as well as stresses arising from high vertical

thermal gradients (approx. 100 - 200 °C/mm).

2.4 Thermoelectric Generator for Medium—High

Temperature Regime Applications

A conventional thermoelectric module consists of highly doped narrow band
gap semiconductor thermocouples with two types of materials, one with an excess
of p-type charge carriers and one with an excess of n-fype carriers, connected
thermally in parallel and electrically in series. Thermoelectric solid-state devices,
depending on the target application, can work either in the cooling or generation
mode. In the power generation mode, a temperature difference applied across the
thermoelectric generator (TEG) module generates a voltage, allowing extraction
of electrical power driven by the Seebeck effect (equation 1). In a thermoelectric
cooler (TEC) module, as opposed to TEG, heat is pumped by the Peltier effect
when electrical power is applied to the thermoelectric module. Figure 2.3-1a,b
shows a schematic diagram illustrating conventional, 7-couple thermoelectric
module and basic principle of the Seebeck effect in the thermoelectric generator
(TEG). Although both types of thermoelectric module can be used in the cooling
or power generation mode, this chapter describes in detail features of
thermoelectric generator only, as it is a scope of this research.

By assuming no thermal and electrical parasitic losses at the contacting
interfaces within the thermoelectric generator, a thermoelectric module acts as a

voltage source producing a voltage equal to the open-circuit voltage (Voc) and a



series resistance accounting for the internal electrical resistance of the

thermoelectric module (R7ec k), which are given by:

VOC = N(an - Ocp)(TH - TC) 8

Rrpge = N(Rn + Ry, + Repor)i + R(Cold)i) 9

Where N is the number of series-connected thermocouples, a,, o, are the
Seebeck coefficient of the n-fype and p-type semiconductors, respectively, and Ty

and Tc are temperatures on the hot and cold side of TEG, respectively. R, and R,
are the electrical resistances of the thermoelectric legs, calculated from O_LA, where

L, 0 and A are length, electrical conductivity and cross-sectional area of
thermoelectric element, respectively, and Ry and Rcosyi are the electrical
resistances of hot and cold interconnections. To simplify further calculations,
Rioni and  Ricoyi Will not be further considered as Ni(P) plated copper
interconnects that are normally used are characterized with significantly higher
electrical conductivity than thermoelectric elements are their influence is

negligible. The electrical circuit of a TEG is shown in Figure 2.4-1.

Figure 2.4-1: Electrical resistance network of the thermoelectric generator.
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The output power (Pour) of thermoelectric generator is given by:

V5cR,  N?a*(Ty —T()*R,
z2 = 2
(RTEG,E + RL) (RTEG,E + RL)

10

Poyur =

Where R; is module load resistance.
If a load resistance R; attached to the output of the TEG is set equal to the
resistance of the thermoelectric module, R, = Rrecre, the maximum power

delivered to the load is:

Vozc _ NZQZ(TH - Tc)z

11
4RrEG E 4RrEG E

Pyax =

The efficiency of the TEG is the ratio between the energy supplied to the load
and the heat energy absorbed at the hot junction. The maximum conversion

efficiency (ymax) of the thermoelectric process, occurring at slightly higher load

resistance R, = /1 + ZT, is derived to be equal to:

AT N1+2T-1
77MAX=_X—
Ty 1+ZT+£—C

H

12

Where Tis the average absolute temperature of the hot and cold junctions, i.e.

, and Z is the figure of merit of the thermoelectric module defined as:

Z=— 13



Where o, k and p are the Seebeck coefficient, thermal conductivity and
electrical resistivity of the thermoelectric module, respectively, and T is the

average absolute temperature given by:

Ty + T,
HTC 14

~
Il

However, a number of secondary effects directly influences the performance
of thermoelectric modules. That includes convective and radiative heat losses
from the thermoelectric leg to air along with thermal and electrical contact
resistances at contacting interfaces and strongly influence the conversion
efficiency of the thermoelectric generator. The thermal contact resistance (R )
and electrical contact resistance (Rc), in particular, are important characteristics of
these contacts and are usually taken into account as an integral part of the overall
circuit resistance of the thermoelectric device. Moreover, thermal contact
resistance at the interfaces, reduces the temperature span across the leg and metal
interconnect, leading to module efficiency reduction. According to Ref. [29], with
thermal and electrical contact resistances taken into consideration, the conversion

efficiency of the thermoelectric generator can be delivered by:

AT 1
n==
Ty <1+2Rc,r)2 (z_lﬂ 4 1+2RC/RL€) 15
Rl,T 2 TH ZTH 1+ ZRC,T/RI,T

Where R is the resistance given in Ohms, / denotes leg and subscripts e or T

denotes the electrical or thermal resistance, respectively.
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2.4.1 Bulk Thermoelectric Module Fabrication

Conventional, bulk-based thermoelectric module fabrication is based on many
individual steps as presented in Figure 2.4-2. Thermoelectric material is normally
synthesized by simple metallurgical route and consolidated into bulk material
using i.e. hot-pressing or Spark Plasma Sintering or in-situ synthesized by Spark
Plasma Sintering technique which can combine the two mechanisms in one
processing step. Bulk material is thereafter subjected to coating with a suitable
metallization layer normally involving wet or dry deposition methods and
machining to rectangular-shaped thermoelectric legs. Good quality cut can be
difficult to achieve, as metallization layer can delaminate from the thermoelectric
material, owing to the nature of weak mechanical bonding. Joining material, if it
is in the paste form, is normally dispersed on the conductive strips, such as copper
clads, using dispensing screen or stencil printing process and along with
thermoelectric legs assembled into functional structures. The state-of-the-art
module joining comprises pick-and-place methodology with soldering [30],
brazing [31] and pure metal sintering [32] used for electrical contacts fabrication
where the interfacial bonding is triggered by chemical reaction between two
materials being in physical contact and depends on the nature of the diffusion of
the joining material. As-prepared assembly is thereafter subjected to a high-
temperature firing process, i.e. furnace brazing, normally performed in an inert
gas, such as argon or nitrogen, to avoid thermoelectric material and braze

oxidation.
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Figure 2.4-2: Sequential steps in the single stage, bulk-based thermoelectric

module fabrication process.

2.4.2 Overview of Joining Technologies for Skutterudites

Modules

Designing a suitable metallization and bonding technique for CoSbs - based
materials is made difficult by the complex reactivity of its individual components.
Antimony (Sb), to a large extent, reacts with most metals to form antimonide
intermetallic compounds with a wide range of stoichiometries, with some of these
compounds being mechanically brittle at room temperature. Although, a selection
of metals forming antimonides of a high melting point could be employed to form
a necessary reaction bond, it is difficult to limit the reactivity of antimony such
that the metal electrode would not be completely consumed at a nominal operating
temperature of up to 500° C through extensive interdiffusion. For that reason,
thermoelectric device having improved thermo-mechanical and thermo-chemical
properties without compromising the thermoelectric power and efficiency is
needed, and a method of making such a device. The suitability of all chosen
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thermoelectric composition, metallization layers along with interconnect and
joining material are normally tested by meaning of diffusion bonded couples,
isothermally aged at desirable service temperature or subjected to thermal cycling
over extended period of time. Although this technique provides a useful
information about the formation of reaction layer, chemical kinetics and high-
temperature stability, in most cases serves only an informational purpose as it
cannot be easily transferred to low-cost, industrial module assembly, i.e. due to
the difficulties of co-sintering of all module elements in one process step using
hot pressing or spark plasma sintering technique. Table 2.4-1 summarizes the
metallization layers, contact materials and performance of contacting interfaces
for published skutterudite thermoelectric materials. The majority of the
implementations use copper as conductive interconnect due to its high electrical
conductivity and the fact that they are commercially available as directly bonded
copper (DBC) alumina substrates. Elemental copper is proven to easily diffuse
and poison the braze at elevated temperatures and to avoid it, it is usually coated
with protection layer, normally Ni-P amorphous alloys by simple electroless
process [33], providing necessary anti-diffusion protection. Nickel plated copper
clad along with brazes from Ag-Cu family are possibly the most commonly
reported combination used in the fabrication of medium-high temperature range
thermoelectric devices. This is caused by the suitability of Ag-Cu filler metal for
lower temperature brazing (eutectic equilibrium at 779 °C [34]) and its good

wettability on Ni surfaces.



Table 2.4-1: Comparison of published advanced of metallization layer for skutterudites including chosen thermoelectric

material, Rc and reaction layers formed at the contacting interfaces.

Joined materials

Characterisation of contacts

Substrate Interconnect, braze Metallization Re ) Identified reaction Ref.
(n€2-cm”) layers
Segmented
CoSbs-based (n-type) No metallization;
Nb / CuzsAgr2 Pd and Pd7Ag3o alloy ~5 Not specified [35], [36]
Segmented in between segments
CeFe4Sbi2 (p-type) g
Cu / AgzoCusoSnio Nia 6.4 Not specified
Cu/ AgasCur2 Ni? 5.8 -
CoSbs (p-type) [37], [38]
Cu / Ag30CugoSnig Mo? 14.6 Not specified
Cu/ Ag30Cus0Snio CrgoSiao® - Not specified
Cov - CoSb,, CoSb;
CoSbs (p-type) n/a, AgeoCuso NiP - NisSby, (Co,Ni)Sb; [39]
Ti* - TiSb, TiSbz, TiCoSb

@ Dry deposition method
> Wet deposition method
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Table 2.4-1 (Continued)
Doped CoSbs (n-type)

CeFes4—CoxSbi2 (p-type)

CoSbs (not specified)

Ing.4Co4Sb12 (n-type)

CoSbs (p-type)

CoSbs (p-type)

CoSbs (p-type)

CoSbs (p-type)

Heavily-doped CoSbs (n-type)

Ybo.36C04Sb12 (n-type)

Ti

Mo

Cu / Agz0Cus0Snio
Cu / Agz0Cus0Snio
FesoCrig / Sb

Diffusion couples

Diffusion couples

Diffusion couples

Nb hot-shoe
interconnect or Cu —
spring loaded

Nb hot-shoe
interconnect or Cu —
spring loaded

Cu/ Zn78A122

Zrc

Ni/ Ti
Ti/ Mo - Cu

Mo / Ti

Co/Ti (hot-shoe)
Co/Ti/Ni (cold-shoe)
Ti (hot-shoe)
Ti/Ni (cold-shoe)

Pd

¢ Hot pressed or Spark Plasma Sintered together with thermoelectric material

<25

Not
specified

0.18

20

477

B(Zr,Ti), ZrSb

B(Ti,Mo)

NisSba, (Co,Ni)Sb

TiSb, TiSb2, TiCoSb

TiSb, TiCoSb

[40]

[25]

[41]

[42], [43]

[44],
[45], [46]

[47]

[48], [49]

[50]



Table 2.4-1 (Continued)

Ybo.o9Bao.ooLao.osCo4Sbi2 (-
type)
Mmyo2sFe1.52C02.48Sbiz (p-
type)

Co1Sb2.75Sng.05Teo 2 (n-type)

Ceo.5Ybo.sFes25C00.75Sbia
(p-type)

CoSbs (p-type)

Ybo3C04Sbiz (n-type)
CeFes 8sMno.15Sbi2 (p-type)
CoSbs (p-type)
Ybo3CosSb12 (p-type)
Ybo.2CosSbiz (n-type)

Ndo.45Cep.45Fe3.5C00.5Sbiz
(p-type)

Al/ -

Cu / Pbo3 sSnsAgi s

MosoCuso
/ CuAgZn

W-Cu
diffusion bonded
Ni
diffusion bonded

Cu/

Ags0Cuis.sZnys55CdieNis

Pd/Ni

Au

Pt

Ti

TigsAli2/ Ni

TigsAli2/ Ni

Ti

Mo —-Ti/ Mo - Cu

Al]oTigo / Cu
FesoNi12Crog

28

30

<20

<10

Not specified

Not specified

AlCo
Co-Sb-Ti

TiSb, TiSbz, TiCoSb

TiCoSb, Ti3Sby, Ti>Sb

[26], [51]

[52], [53]

[54]

[55],
[56], [57]

[58]

[59]

[60]



Table 2.4-1 (Continued)

CoSbs (n-type)

(Ce 1 -ZNdz)y Fe4-xC0be12
(p-type)

Ybo.3Cao.1Alo.1Gao.11no.1C03 75
Feo.25Sbiz (n-type)

Lao.7Bao.1Gao.1Tio.1 Fe3CoiSbiz
(p-type)

(Mm,Sm)yCo4Sbi12 (n-type)

DDyFe3;CoSbiz (p-type)

Not specified

Co-Fe-Ni
alloys

Cu/ Incusil ABA-

Al / MGsf of Al-Y-Ni,
Al-Y-Ni-Co,
Al-Y-Ni-Co-La

Ni - / un- doped
CoSiz ¢

Co2Si ¢
Fe-Cr—Ni°©
Fe-Cr-Co ©

Fe-Ni-Co ©

Co-Fe-Ni based alloy

Fe-Ni ¢

none

<10

~23-25

Not
specified

Not specified

(Co, Ni, Fe) Sb
IMCs

Not specified

[61]

[62], [63]

[64], [65]

[66], [67]

4 Measured at the thermoelectric / metallization interface
¢ Incusil ABA (Ag59Cu27.3Til.3In12.5)

f Metallic glass



Suitability of pure copper as an interconnect material and Ag-Cu braze for
CoSbs material has been evaluated by Zybala et al. [35] - [36]. It was revealed
that copper and Ag-Cu braze can easily diffuse into TE material despite use of
thin layers of sputtered Ni, Mo and CrgoSiz diffusion barriers, leading to
formation of intermediate compounds at contacting interfaces. Additionally, due
to significant Ni solubility in Ag-Cu braze alloys at service temperature [68],
complete dissolution of the metallization might cause braze poisoning or the
formation of undesired reaction layer and finally leads to crack propagation. The
need for suitable diffusion barrier on skutterudite-based thermoelectric material
was also proved by Chen et al. [39]- [43]. Although, AgeCuso braze with a
liquidus temperature of 779.1 °C has been proven to exhibit a good wetting on un-
coated CoSbs substrates, lack of additional metallization layer has led to a full
copper dissolution into the thermoelectric during the isothermal ageing at 600 °C,
within 3 days only. Among many different metallization and interconnects
reported, pure elements including those of transition and refractory metals, are the
most commonly explored with variety of TE materials, i.e. BioTes and SbaoTes [69]
and MgSi> [70] - [71]. Different forms of nickel (such as elemental material or
Ni-based amorphous alloys) are being intensively used as a metallization in
semiconductors industry as an effective diffusion barrier on copper (due to their
high mutual solubility in all concentration range [72]) and are often used as a
cold-side metallization of skutterudite-based thermoelectric material [42] due to
the close matching of CTE (~13 ppm/K) to the Co-based skutterudites (p-type ~
11 ppm/K and n-type ~9 ppm/K) [20]. Nonetheless, high-temperature reactivity
makes nickel not desirable for hot-side contacts due to intensive formation of
NisSb, and (Co,Ni)Sb reaction layers at minimum temperature of 450 °C with the

reaction rate of approximately Ipum/hour [43]. Such an extensive interfacial
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reaction might lead to the reduced temperature stability of any p-fype hole
conducting skutterudite material as nickel easily substitute Co and Fe sites as a
doping element, changing semiconductor properties to the n-type electron
conduction.

Pure nickel and titanium are proven to be not efficient diffusion barrier for
skutterudites as they both extensively react with antinomy to form IMCs [42],
[43]. W. Chen et al. performed a preliminary research on formation kinetics when
nickel has been used as a diffusion barrier on CoSbs-based thermoelectric
material. According to the experimental findings, elemental nickel is one of the
fastest known diffusion elements when contacted with skutterudites with an
average growth rate of 1 pm/hour and it is not recommended to use it in direct
contact with that material. The reliability of contacts highly depends on
compatibility of not only adjusting layers, but also intermetallic compounds
formed at interfaces as they are more likely to be the cause of a failure due to their
low ductility at room temperature. Moreover, two mechanisms induced by thermal
residual stresses, such as volumetric change, associated with the phase
transformation at the interface, and CTE mismatch of these intermediate phases
can have significant effect on the mechanical stability of such contact. Despite
their relatively high electrical resistivity (as compared to that of pure copper) and
lack of oxidation resistance, elemental titanium and zirconium have also been
intensively investigated as a possible hot-leg metallization on p- and n-fype
skutterudite thermoelectrics [40]. Although no visible reaction layer is formed
after the joining process, three different intermediate phases can be found at the Ti
/ CoSbs interface, i.e. TiSb, TiSb, and TiCoSb intermediate compounds and are
identified as a reason for crack formation at high service temperature (as

determined by the isothermal ageing at 625 °C and presented in Figure 2.4-3) [44—



46,58,73]. Fundamental research on the high-temperature physical properties of
MSby (where M = Ti, Zr, Hf) which are intermediate phases formed between
CoSbs-based materials and elements of Group 4 (d-block) from the periodic table
was conducted by Tavassoli et al/ [74]. They revealed that the CTE of TiSb, (~
12.9 ppm/K) is similar to the average value of Co-based p-type skutterudites (~ 11
ppm/K), whilst the CTE of ZrSb> (~ 9.7 ppm/K) and HfSb, (~ 10.1 ppm/K) are

better match to Co-based n-fype skutterudite materials (~ 9 ppm/K).

2.4-3.1) h (2.4-3.2)

Figure 2.4-3: Interfaces formed using various transition metals at the
skutterudite-based thermoelectric material including 2.4-3.1 diffusion zones
formed by (a,b) Ti and (c,d) Hf with (a,c) Bao3Co4Sbi> n-type skutterudite and
(b,d) Mmo.75Fe3CoSb1> (Mm — mischmetal, La, Ce, Pr, Nd) p-type thermoelectric
(reprinted from Ref. [74]), 2.4-3.2 Ni — CoSbs interface isothermally aged at 448
°C for 5 hours reprinted from Ref. [43].

Moreover, thermal and electrical performance of intermediate phases at the
reaction layer has been proven to be sufficient (such as metallic behaviour with
slightly p-type conduction) and will not hamper electric and thermal heat flows in
the contact zones. Although, physical and mechanical matching of thermoelectric
material, titanium electrode and intermediate intermetallic phase might seem

enough to keep the continuous interface at high-temperature service, an extensive
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crack formation in the CoSbs / Ti / Mo-Cu contacts will presumably cause device
failure with predicted life-time at the hot-leg temperature of about 500 °C is
approximately 7 years in the approach presented in the Ref. [44]. Recently,
several groups have introduced Fe-Ni low-expansion alloys as a diffusion /
metallization layer on skutterudite-based thermoelectric substrates (as seen in
Figure 2.4-4). The Ni-Fe family alloys include Fe-Ni-Co alloys of the ‘Kovar’
type, Fe-Ni alloys of the ‘Invar’ type and Fe-Ni-Cr. These alloys have low
expansion characteristics as a result of a balance between thermal expansion and
magnetostrictive changes with the temperature and are often used as effective
glass-to-metal seals. Ni-based alloys (including one of Cr-Fe-Co, Fe-Ni-Co and
Cr-Fe-Ni alloys) were successfully used as contact materials for (Ce1..Nd.)y Fes.
xCoxSb1 p-type skutterudite thermoelectric [61]. The double-filled skutterudite
material has matching thermal expansion coefficient with these alloys and the
close matching electronic work function difference of the contact and the
thermoelectric material (with 10% - 15% variation) resulting in formation of
electrical contact resistance (of ~ 0.4 puQ-cm?). In that research [61], powder
metallurgy process was involved in the contact preparation by ball-milling of pure
elemental powders, hot-pressing at 700 °C for 5 minutes and hot-pressing with
thermoelectric material in the separate consolidation step. Although, metal foils
are not recommended for co-sintering with thermoelectric powder as they
normally delaminate upon cooling, they are a reasonable substitute for the powder
as they face many challenges. As described by Jie ef al. [61], Ni-based powder
alloys when co-pressed with thermoelectric material at a temperature much lower
than melting temperature, no more than 85% of their theoretical density can
achieved transferring to lower than expected thermal and electrical conductivities.

In a similar approach, Fe-Ni alloys were successfully implemented as an effective



diffusion barrier on both (Mm,Sm)yCo4Sbi> n-type and DDyFe;CoSbiz p-type
skutterudite materials [64,65]. Despite low Rcg of ~ 2.3-2.5 nQcm? measured on
the SKD / Fe-Ni metallization interface, a reaction layer of ~ 14—17 um-thick
IMCs was observed and proven to be thermally stable after isothermal ageing at

500 °C for 10 h in a vacuum (~107 Torr) (Figure 2.4-4b).

Reaction layer s SRR SEEERIAN
Diffusion barrier P-skuﬂer.l.J dities

T
34700 20.0kY 12.0mm x250 YAGBSE

(a)

Reaction layer
Diffusion barrier f". N-skutterudite

J£8

$4700 20.0kV 12.0mm »250 YAGBSE

(b)

(a) (b)
Figure 2.4-4: SEM images of interfaces between p- and n-type skutterudites

along with (a) Co-Fe-Ni based diffusion alloys after annealing at 600 °C for 770
hours in vacuum reprinted from Ref. [62] and (b) Fe-Ni metallization layers
annealed at 500 °C for 10 hours in vacuum reprinted from Ref. [64].

Another interesting concept has been also introduced by Jie et al. [61] where
transition-metal silicides were successfully implemented as diffusion barriers on
n-type skutterudite-based thermoelectrics. Due to match of thermal expansion
coefficient of n-fype skutterudite-based thermoelectric material to cobalt silicides
— three different configurations have been implemented including CoSi2, Co2Si

and/or doped CoSi; (preferably Co, Fe, B and Ni).
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2.4.3 Overview of Skutterudites Thermoelectric Generators

While many alternative thermoelectric module designs have been proposed in
recent years, thus far single-stage and bulk-based thermoelectric module working
in the low temperature regime are available on the market. Commonly used low-
temperature TE materials, i.e. BioTes and SbyTes are utilized in the commercially
available thermoelectric devices for both cooling and generation applications
since the electrical contacts can be easily fabricated using well-established
methods, i.e. using lead-free solders (such as SnAgCu — based alloys ‘SAC’) with
a Ni metallization layer [75]. SAC alloys and Pb-based solders have a melting
point in the range of 180 °C — 300 °C and can also be used as a joining material on
the cold-leg of the high-temperature thermoelectric module due to their high
reliability and respectable wetting on both metallic and non-metallic interfaces.
Nonetheless, the fabrication of stable junction between the electrode and the hot
side of medium-high temperature range thermoelectric material (i.e. skutterudites,
silicides, or TAGS) is a very challenging task and is the subject of number of
ongoing scientific and industrial research. Conventional high-temperature module
fabrication is often limited by the relatively large number of processing steps
needed for a final prototype development. This has motivated a number of new
joining approaches in recent years, including the use of diffusion bonded, brazed
or mechanically stabilized contacts.

Over the past decades, little has been reported on development of medium and
high temperature thermoelectric modules utilizing skutterudite, half-Heusler or
silicide-based materials. Although, skutterudite compounds are characterised with
unique, long-term thermoelectric stability [21], their reliability is often limited by
the lack of robust contact technology, stable in harsh working environment.

Thermoelectric—interconnect contacts are normally formed by furnace brazing of



the entire prototype assembly using metal-alloy braze, which when in the paste
form is deposited on the top of conductive substrate. The joining material such as
braze, to be compatible with the substrate, must have a liquidus temperature
(Thrazing) below the melting point of all the components making the TE module.
In the particular case of skutterudite compounds, a relatively low decomposition
temperature (77 decomp) of approx. 870 °C and lack of material stability above
the 575 °C (due to the antimony sublimation [76]) limits the choice of suitable
braze flowing at such low temperatures. Moreover, medium-high temperature
thermoelectrics require a braze filler metal with solidus temperature above the
hot-side device operation temperature (7y) and below the stability temperature of
thermoelectric material (77 decomp). Such a narrow brazing window (Tx «
Thrazing « Tre decomp) limits the choice of braze to only a few commercially
available filler metals which might be used in the fabrication of such
thermoelectric modules. The majority of braze combinations reported in the
literature include Ag-Cu family such as CuzsAgr [35,36], AgsoCusoSnio [37,38],
AgeoCuso [39], Zn7gAlx; [50] and AgsoCuz7.3Ti13In12 (Incusil-ABA) based alloys.
Although, brazing is the most common joining technique utilized in the
thermoelectric module fabrication, it has many disadvantages due to the need of
aggressive flux and reduced creep strength at elevated temperature [77].

The solid-state diffusion bonding has been also utilized in the direct
fabrication of electrical contacts without a need for temperature-limited brazing
filler metals. During the hot pressing of interconnect material, metallization layer
and thermoelectric material (usually alloy powder) at one processing step, atomic
interdiffusion across the interface leads to the mixing of constituent elements and
creates a strong chemical bonding between them. In essence, the diffusion barrier

and metallic interconnects are chosen accordingly to their chemical potential

36



energy of mixing to promote solid-state diffusion between them as they should be
at least partially soluble in each other and remain in the solid state at temperatures
above the joining temperature. One of the proposed techniques exploits eutectoid
reaction between molybdenum and titanium at 695 °C [25] as they are completely
miscible and do not form brittle intermetallic compounds (IMCs) [78] in all
concentration range. Another possible solid-state, diffusion bonding process
exploits the eutectoid reaction between titanium — niobium and zirconium —
titanium [22]. A list of published skutterudites thermoelectric modules with their
performance is given in Table 2.4-2. Additionally, hot-side contacts are suffering
in high extend from the thermally induced stresses during the high temperature
service. Even when the linear thermal coefficient of all elements in the stack are
compatible with each other, ceramics substrate on the hot-side is normally highly
mismatched with the rest of the embodiment [79,80]. Options that have been
explored and implemented at high temperature thermoelectric include double-
sided, direct bonded copper (DBC) ceramics, no rigidly joined ceramics at the hot
side, or different types of mechanical clamping [81].

Furthermore, the state-of-the-art skutterudite materials are sensitive to
oxidation and might suffer from the moisture and oxygen presence even in the
hermetically sealed converter designs. The vast majority of Sb-rich thermoelectric
materials suffer from high-temperature instabilities as antimony sublimates near
the hot-temperature junctions during the high temperature operations and brazing
process. A protective coating was proven to suppress the Sb sublimation and most
reported solutions includes metallic coating on the legs near the hot junction [82],

aerogel encapsulation [83] and hermetic encapsulation under the argon cover gas.



Table 2.4-2: Summary of various reported BOL (beginning-of-life) data for non-segmented, Skutterudite-based

thermoelectric modules operating at medium-high temperature range.

Assembly parameters

Characterization of TEM

Power density

Interconnect, Pour Module # er module R (at
TE material Design metallization (at AT) (at AT) P N TEGE Ref.
and braze [W] [%] (at A7) AT) [mQ]
[W/em?]
Mm,Sm),Co4Sb12 (n-
(Mim,Sim)yCosSbrz (n-type) 8 couples, 4 x 4 x Alumina -DBC, 8.1 2.1 42 (64]
4 mm TE legs Fe-Ni, Incusil (297 °C) (297 °C) (RT)
DDyFe3CoSbia (p-type)
Ybo.0oBao.ooLao.osCoaSbiz
(n-type) 7 couples, 16 x 1.4 8 0.74 95 [84],
Alumina -DBC
Mmo 2sFer 52C02.45Sbi2 16 mm module (428 °C) (480 °C) (530°C) ) [85]
(p-type)
Ybo.1sBao.1CosSbiz.12 8 couples, 19 x
(n-type) 39 mm module, Alumina — DBA / - 2.13 0.57 23.2 (86]
Mm0_9F63_5C00_5Sb12_12 no hOt—Side /AlSl (352 OC) (352 OC) (352 OC)
(p-type) substrate
48 couples,
7 4.1
CoSbs Solid vacuum SisNs — DBC - - [87]
(461 °C) (461 °C)

encapsulation
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Table 2.4-2 (Continued)

Ybo.ooBao.osLao.osCo4Sbi2

32 couples, 50 x

(n-type) 50 mm module, 8 0.32 180
Alumina - DBA - [51]
Mmo 2sFe1 52C02.48Sbi2 aerogel- (470 °C) (470 °C) (420 °C)
(p-type) encapsulated
Ybo.00Bao.ooLao.osCoaSbiz 32 couples, 50 x
(n-type) 50 mm module, Alumina — DBA / 11.5 7.5 0.46 145
Mmo 2sFe1.52C02.48Sbi2 aerogel- Mo / - (460 °C) (460 °C) (460 °C) (RT) 126]
(p-type) encapsulated
Ybo.3Cag.1Aly.1Gao.1Ino.1Co
3.75Fe025Sbia (n-type) 32 couples, 50 x Co-Fe-Ni / Co-Fe- 32 8 1.28 [62],
Lao7Bag 1Gao,1Tio1Fe;CoS 50 mm module Ni/- (550 °C) (550 °C) (550 °C) ) [63]
bi2 (p-type)
(Yb,Ca,Al,Ga,In).7Co3.75F
€0255b12 (n-type) 32 couples, 50 x Copper / not 25 7.2 1 ] (88]
(La,Ba,Ga Ti)ooFe3CoSbi» 50 mm module specified / - (550 °C) (550 °C) (550 °C)
(p-type)
YboseCosSbi (n-ype) 9 couples, 16 x ~ Alumina — DBC / 0.157 0.075 700
13 mm module Pd / Zn7sAlx (365 °C) ) (365 °C) (365 °C) 0]

Ceo3Fe3CoSbia (p-type)



Table 2.4-2 (Continued)
Co1Sb2.75Sn0.05Teo 2

Alumina — DBC/

(n-type) Pd and Ni multi-
9 couples, 16 x | ) 1 3 0.48 ~ 85 [52],
ayer
Ceo.5Ybo.sFes25C00.75Sb12 13 mm module (300 °C) (273 °C) (300 °C) (300 °C) [53]
Pb93.5Sn5Agl.5
(p-type)
solder
Bao.05Ybo.15C04Sb12
(n-type) 3 couples, 7.45 x 0.035 7.8 0.039 500 .
Ceo.9Fe35C00.5Sbi2 12 mm module (300 °C) (300 °C) (300 °C) ()
(p-type)
Ybo.27C04Sb12/0.72 vol%
rGo (n-type) Mo50Cu50 / Ti-Al
8 couples, 20 x I 3.8 8.4 0.95 [90],
a Oy 0 0 0 B
CeossFe;CoSbio/1.4 vol% 20 mm module (577 °C) (577 °C) (577 °C) [57]
/ CuAgZn braze
rGo (p-type)
Alumina — DBC/
Ybo.2Cos4Sb1z (n-type) AljoTigo / Cu/
4 couples, 52 AgCuZnCdNi
1.18 2.38 2.1
mm? module, - [60]
Alumina — DBC / (450 °C) (450 °C) (RT)

Ndo.45Ceo.45Fe3.5C00.5Sbi2

(p-type)

graphite spray

FeeoNi12Crog /
AgCuZnCdNi
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Table 2.4-2 (Continued)

Ybo25C04Sbi2 /Yb203

- Mo-Cu (hot-shoe
(n-type) ( ) 0.14 6.4 23
2 couples / Mo / Ag-Cu - [73]
Ceo.45C02.5Fe1 5Sbiz (490 °C) (490 °C) (490 °C)
braze (hot-shoe)
(p-type)
CoSb2.75Sng.05Teop2
(n_type) Alumina — DBC/
9 couples, 16 x ) 1.85 ~3-4% 0.9 102
Pd/Ni/ . . . [91]
CeosYbosFes 25C0075Sbia 13 mm module (448 °C) (362 °C) (448 °C) (RT)

Pbos s SnsAgl 5
(p-type)




Thermoelectric modules have been in use for more than four decades in the
radioisotope thermoelectric generators (RTGs), particularly for the space (i.e. in
the Multi-mission Radioisotope Thermoelectric Generator — MMRTG [92]. The
silicon germanium (i.e. boron doped p-fype and phosphorous doped n-type)
segmented unicouples operating at 7y temperatures of 902 — 1000 °C have been
used in the spacecraft powered by RTGs, converting the heat to electricity with
efficiencies of < 7% [93]. The first attempt at the use of skutterudite-based
thermoelectric module in the power generation application was by the
JPL/CalTech team, where a number of segmented thermoelectric unicouples made
of CeFesSbi, and BixTes-based p-type legs along with CoSbz and Bi>Tes-based n-
type legs was designed for high-temperature operation at hot and cold side
temperature of 27 °C and 702 °C respectively, with predicted thermal to electrical
conversion efficiency of up to 15%. Recently, new enhanced MMRTG
(eMMRTG) system is expected to replace a PbTe n-fype and a segmented
PbSnTe/TAGS-85 p-type with high-performance Cey(Fe,Co)3Sbi2 p-type and
(Yb,Ba),Co3Sbi2 n-type skutterudite-based thermoelectric materials in the RTG as
a power source in the Mars 2020 rover with conversion efficiency up to ~6.3% at

beginning of life (Figure 2.4-5).

Y (Radius Incl
|

Figure 2.4-5: Left: The skutterudites unicouples used in the eMMRTG.
Center: Monte Carlo simulation of heat flow across composite TE material with
metal inclusions. Right: High-temperature segmented thermoelectric module.

Reprinted from Ref. [94].
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Chapter 3

Materials and Methods

In this research, thermoelectric device fabrication involving a number of
process steps was developed in collaboration between European Thermodynamics
Ltd. (Leicester, UK), Politecnico di Torino (Turin, Italy), University of Rennes 1
(Rennes, France) and Nanoforce Technology Ltd. (London, UK). In Chapter 3.1,
a detailed description of the thermoelectric module design, materials synthesis,
module fabrication and characterization techniques are presented. In the first step
reported in Chapter 3.1, the proposed design of the module is described in detail.
In Chapter 3.2, description of material’s sintering process is presented as
commercially available thermoelectric materials were subjected to an in-situ
synthesis using Spark Plasma Sintering (SPS) process performed by Nanoforce
Technology Ltd, London, UK. In the electric current assisted sintering, both
formation of the Skutterudite phase and bulk consolidation occur during the one-
step process. This technique is commercially applicable and cost-effective as it
shortens time-consuming synthesis of the thermoelectric material to few minutes
only. As-prepared thermoelectric material was fully characterized by testing its
high temperature performance including Seebeck coefficient (a), electrical and

thermal conductivity (¢ and x) measurements by Nanoforce Technology Ltd,



London, UK. Additionally, pre-alloyed elemental powders and sintered
thermoelectric materials were subjected to additional testing including X-Ray
Diffraction (XRD) and Scanning Electron Microscope (SEM) microstructural
observations performed at the Politecnico di Torino, Turin, Italy. Characterization
techniques are described in detail in Chapter 3.2. Afterwards, thermoelectric
materials were delivered to European Thermodynamics Ltd. in the form of
consolidated, bulk discs and processed further in the thermoelectric prototype
fabrication. This included deposition of metallization layer using different
techniques namely electroless nickel-phosphorous electroless plating, Physical
Vapor Deposition (PVD) and co-sintering of metallic foils with thermoelectric
material as described in Chapter 3.3.1, Chapter 3.3.2 and Chapter 3.3.3. The co-
sintering technique was performed using Spark Plasma Sintering equipment in
Nanoforce Technology Ltd., London, UK and University of Rennes 1, Rennes,
France. Thermoelectric legs were cut to desirable size, assembled and joined
using three different bonding techniques including conventional brazing, low-
temperature Ag-based particles bonding and brazing also called Solid-Liquid
Interdiffusion (SLID) bonding. It should be noted that majority of the research is
focused on the interfacial investigation at the interconnect—thermoelectric contacts
as the comprehensive literature research (presented in Chapter 2) highlighted that
these are particularly vulnerable to high-temperature instabilities. Chapter 3.4
presents samples preparation and configuration for the interfacial investigations
further characterized in terms of their electrical transport properties and high-
temperature chemical stability described in Chapter 3.6. The prototype module
preparation is described in the detail in Chapter 3.5. The high-temperature

thermoelectric prototype characterization technique is described in Chapter 3.7.
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Figure 3: Schematic flowchart with sequential steps used to develop
thermoelectric prototype module in this research including partners involved in
this research. (' This part was performed in collaboration with University of

Rennes 1 (UR1) in Rennes, France.



3.1 Proposed Thermoelectric Module Design

The conventional, single stage, bulk thermoelectric module design, comprises
n- and p-type semiconductor legs assembled between two partly metallized
ceramic plates such that they are electrically connected in series and thermally in
parallel. The ceramic plates, forming an electrical insulation between both to the
heat source and sink (7% and 7¢) were monolithic alumina plates (Al2O3) with
direct bonded copper (DBC) interconnects used on the both sides of the
thermoelectric module. This design means that CTE mismatches between the
copper and ceramic do not result in distortion of the ceramic plate, reducing
thermal stresses during the module high temperature service. Schematic drafts of
bottom and top DBC alumina substrates used in the prototype fabrication can be
seen in Figure 3.1-1. Moreover, ceramic substrates with direct bonded copper
(DBC) clads were subjected to Ni-P plating process, by meaning of wet, chemical
routes as additional nickel-based diffusion barrier on copper is usually needed in
electronic application to reduce joining material poisoning. The resulting Ni-P
thickness was normally > 5 pum. Preliminary simulations revealed that by using
thermoelectric legs with 2.5 x 2.5 x 3 mm geometries the highest possible power
output can be achieved. More information regarding the module optimization can
be found in Chapter 5 and Appendix D, Figure D. 1. All elements were
implemented in a 7-couple thermoelectric module design sufficiently large for
accurate module level measurements. Schematic illustration of the prototype

thermoelectric module was presented in Figure 2.3-1a.
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Figure 3.1-1: Schemtic draft of (a) bottom and (b) top direct bonded copper
(DBC) alumina (AlxO3) sustarates used in the prototype fabrication. Note: white
rectangles represent DBC interconnects, grey rectangles represent Al,O3 substrate.
All given dimensions are in mm. Thickness of DBC interconnect and alumina
substrate were 0.03 mm and 0.3 mm, respectively. Courtesy of European

Thermodynamics Ltd.



3.2 Thermoelectric Material Fabrication

In this work, polycrystalline materials with nominal composition of
MmooFe3CoiSbix (Mm — Mischmetal, i.e. 50 at. % Ce, 25 at. % La) p-type and
Nio.15C00.85Sbs n-type thermoelectrics were synthesized using commercial, pre-
alloyed (via high energy ball milling (HEBM) process) powders (MATRES
s.c.r.l,, Italy, 99.995% purity). In-situ synthesis was performed by placing 42g of
powder inside an P40 mm graphite die and sealed with two graphite punches
from the top and bottom. To uniformly distribute heat and forces along sintered
material, graphite sheet (Erodex, UK) was placed between the punch and
thermoelectric material as depicted in Figure 3.2-1a. The in-situ synthesis was
carried out in the SPS apparatus (FCT HPD25, Rauenstein, Germany) by applying
uniaxial pressure of 50 MPa at the peak temperature of 600 °C and 750 °C for p-
type and n-type material respectively, and held for 5 min. The material was
sintered by Nanoforce Technology Ltd, London, United Kingdom. Figure 3.2-1
presents the temperature and applied pressure distribution during the sintering of
Mmy(Fe,Co)aSbi2 p-type and Ni,Coi1..Sbs n-type thermoelectric materials,
respectively. The consolidation process was performed under a vacuum (3 mbar)
with heating and cooling rates of 50 °C/min and as-resulted discs were of > 95 %
theoretical density as determined by the Archimedes principle. The Spark Plasma
Sintering process is accomplished by applying high amperage pulsed direct
current through the metallic electrodes at the top and bottom punches of the
graphite die and spacers as depicted in Figure 3.2-1a. The heating process was
established by applying the direct current of approx. 2500 A at a voltage of
approx. 5 V until the sintering temperature was reached. The die temperature was

measured using an optical pyrometer focused on the top of punch through a small

48



hole inside the graphite die. Afterwards, the thermoelectric material was ground to

3 mm-thick discs using 320-grit diamond wheel and cleaned using IPA in the

ultrasonic bath.
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Figure 3.2-1: (a) Cross-sectional schematic of the graphite used in Spark
Plasma Sintering (SPS) set-up and (b) sintering profiles with temperature and
force distribution during the synthesis of Mmy(Fe,C0)4Sbiz p-type (top graph) and

NixCo1.xSbs n-type (bottom graph) thermoelectric material.

3.2.1 X-Ray Analysis

X-ray diffraction (XRD) data for thermoelectric materials were collected
using a Bruker D8 Advance Powder X-ray diffractometer, operating with Ge
monochromatic Cu K1 radiation (A=1.54046 A) and fitted with a LynxEye
detector. Data were collected over the angular range 20 < 26/° < 80 for 15

minutes.



3.2.2 SEM-EDS Microstructural Analysis

For the microstructure observation, specimens were mounted in conductive
resin, mechanically ground with abrasive papers and polished using 1/4 pm
diamond suspension. The high-resolution field emission gun scanning electron
microscope (FEGSEM, 1530VP Zeiss GmbH, Germany) with 80 mm? energy
dispersive X-Ray spectroscopy detector (Oxford Instruments, UK), operating at a
voltage of 20 kV under high vacuum was used. Microstructural analysis was
performed in secondary electron (SE) and back-scattered electron (BSE) mode
while Aztec EDS/EBSD microanalysis software was used to reveal existing

phases in at least 5 different regions.

3.2.3 Electrical and Thermal Transport Measurements

The electrical resistivity (p) and Seebeck coefficient (o) were measured
simultaneously on 3 mm-thick discs (10 mm) using Linseis LSR-3 (ZEM-3,
Ulvac, Inc.) equipped with Pt thermocouples and electrode probes. The
measurement was performed in the temperature range from 25 °C to 550 °C in 25
°C step under partial pressure of He.

The laser flash method (LFA 457, Netzch Co. Ltd., Selb, Germany) has been
used to measure thermal diffusivity (Dr) of sintered materials over the
temperature range of 25 °C to 550 °C under the Ar flow. In order to enhance the
heat absorption, graphite was sprayed on the both side of the measured
thermoelectric material. The total thermal conductivity (k) has been calculated
using Equation 16:

Kk =Dr-Cy-p 16

Where density (p) is measured using Archimedes’ principle and specific heat
capacity (Cp) has been calculated using the Dulong—Petit law.
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3.3 Contact Layer Fabrication

As presented in Figure 2.3-la, conventional thermoelectric unicouple
metallization consists of adhesion promoter, diffusion barrier and top
metallization layer. To achieve the goal of this thesis, different contact materials
and layers configuration were developed and are presented here. Three different
deposition / contacting technologies were used for metallization layer fabrication

including:

1. Electroless Ni(P) plating described in Chapter 3.3.1;
2. Physical Vapor Deposition (PVD) described in Chapter 3.3.2;
3. Co-sintering with thermoelectric material by Spark Plasma Sintering

described in Chapter 3.3.3.

3.3.1 Ni-P Electroless Plating

As-prepared discs of Mmy(Fe,Co)aSbi2 p-type and NixCoi..Sbs n-type
thermoelectric materials were subjected to commercially available plating
processes to achieve Ni-based coating on skutterudite material [95,96]. The
deposition process consisted of two-step coating by meaning of electrolytical Ni
and electroless Ni-P deposition routes. A seed layer of electrolytical Ni was
directly deposited on skutterudites as Ni(P) layer was expected to suffer from poor
adherence on the un-treated substrate. A Wood’s nickel strike solution comprising
of NiSO4-6H20 and 12M HCI electrolyte solution was used in electrolytic Ni
plating process to deposit a seed layer on the surface of the thermoelectric
material by passing current with a density of 5 A/dm? for 2 min. Afterwards,
thermoelectric materials were immersed in electroless nickel plating bath

comprising 45 wt% NiSO4-6H>0, 25 wt% NaPO>H>-H>O and 1 wt% NH3-H>O



(CASWELL Inc, US) for 45 minutes. The bath temperature was kept at 95 °C

during the deposition process and deionized water was occasionally added to

compensate the evaporation losses. The electroless nickel plating process with a

phosphorous content of 10 wt% resulted in the nickel — phosphorous Ni(P)

amorphous coating layer.

Table 3.3-1: Process sequence of the electroless nickel and electroless nickel

immersion gold (ENIG) plating process on copper substrates.

o Temperature Time
Seq. Process Composition ©C) (min) Notes
Soak H2S04, <10 wt% Rinse with
1 Cleanin CH;SOsH, <10 45 5 DIW’
& wt% CsH1403 afterwards
) Ri ith
Chemical H>SOa, <60 wt% nse wi
2 Etchin KHSO 30 2 DIW
& > afterwards
No Ri
3 PreDip 5 wt%H)SO4 RT 3 O BInse
afterwards
Rinse with
< 0
4 .Pd . 30 wt% H2SOg4, RT L5 DIW
Activation n/a
afterwards
45 Wt Agitation
Electroless NiSO4(H20)s, 25 £ o
. 45 (Cu),  Rinse with
5 Nickel wt% 95 60 (TE) DIW
Plating NaPO:;H,-H>0, 1 afterwards
wt% NH3-H,O
. Agitation,
Immersion <5 wt% CgHgO7, Riils: \ljiltlh
68 Gold <1 wt% 95 3 DIW
Plati C,AuKN
ating 2AURTR afterwards

7 DIW — deionized water
8 Gold finish was used on samples subjected to nano sliver and silver flakes
adhesive bonding experiments only
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Electroless nickel plated Cu sheets and DBC alumina substrates were needed
for Solid-Liquid Interdiffusion Bonding (SLID) subcomponent joining trials and
thermoelectric module fabrication, respectively. In order to remove native oxide
layer from the copper surface, both copper and DBC alumina substrates were
subjected to pre-treatment process including acid cleaning, chemical etching, pre-
activation dipping and Pd-activation process. Afterwards, both substrates were
immersed in electroless nickel plating bath with the same composition used in the
thermoelectric material plating. Process sequence and conditions with solution

concentrations used in the process are depicted in Table 3.3-1.

3.3.2 Physical Vapor Deposition (PVD)

The multi-layered metallization was deposited in a form of stacking layers
using Physical Vapor Deposition (PVD) technique by Politecnico di Torino, Italy
or Teer Coatings Ltd., UK. Thermoelectric discs of Mmy(Fe,Co)4Sbi2 p-type and
NixCoixSbs n-type materials were placed in the sputtering chamber and plasma
ion beam was passed so that the surface contamination and oxide layer were
removed from the substrate. The sputtering process was performed under Ar
atmosphere in the room temperature and multilayer were simultaneously co-
sputtered without a need to break a vacuum. The configuration of chosen
metallization layers (with the first one to be in direct contact with thermoelectric
and the second one often used as a wetting layer), their thicknesses and CTE
values are presented in Table 3.3-2. A standard scotch tape test was performed on
as-coated thermoelectric surface to evaluate the adhesion quality according to

ASTM D3359 standard [97].



Table 3.3-2: Multi-layered metallization used for Mmy(Fe,Co)4Sbi2 p-type
and Ni:CoiSbs n-type thermoelectric materials coating with CTE values

measured at room temperature adapted from [98], [105] and [106].

CTE Thickness CTE Thickness CTE
Layer Layer
(pp/K) (nm) (pp/K) (nm) (ppm/K)
Molybdenum Nickel
300 48 -5.1 ) 1200 13.0
Co-based p- (Mo) (Ni)
type
skutterudite Titanium Nickel
) 300 8.4 -8.6 ) 1200 13.0
~11 ppm/K (Ti) (Ni)
Co-based n- Tungsten Gold
1000 45-4.6 50 14.0
type (W) (Au)
skutterudites
- Tungsten
9 ppm/K & Gold
silicide 1000 13.7 50 14.0
(Au)
(WSiy)

54



3.3.3 Co-sintering of Metallization Layer and TE Material

The thermoelectric materials in this work were in-situ synthesized by SPS
process allowing co-sintering with metallization layers simultaneously at the same
process temperature as optimized for the p-fype and n-type pre-alloyed powders.
Three different metallization configurations were used including single, bi-layered

and tri-layered systems as depicted in Figure 3.3-1a.
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Figure 3.3-1: (a) Schematic illustration of multi-layered samples
configuration within graphite die with temperature and applied pressure
distribution for (b) Mmy(Fe,Co)4Sbiz p- and (c¢) NirCo1..Sbs n-type thermoelectric

material in SPS process. Note: BN is boron nitride and TE is thermoelectric.



In the monolayer metallization, the thermoelectric material was directly co-
sintered with a metallic foil being potentially a diffusion barrier and wetting layer
simultaneously. To provide single metallization layer, foils of 50 pum-thick Ti
(Luoyang Tongrun Info Technology Co., Ltd., 99.7% purity) and 100 um-thick Zr
(Sigma Aldrich, UK, 99.98% purity) were used and are presented in Table 3.3-3.

In order to mitigate the mismatch of the thermal expansion coefficient (CTE)
between thermoelectric material and chosen metallization metal, multi-layered
design was introduced. Bi-layered design included a combination of 50 um-thick
Zr (Sigma Aldrich, UK, 99.98% purity) diffusion barrier and a 50 um-thick Ti
(Luoyang Tongrun Technology Co., Ltd., 99.7% purity) top layer, a 50 pm-thick
Zr (Sigma Aldrich, UK, 99.98% purity) and a 50 pm-thick stainless steel grade
303 (Sigma Aldrich, UK, 99.98% purity) layer, a 25 pm-thick 70 wt% Ti-15 wt%
Cu-15 wt% Ni alloy denoted as Ticuni™ (Wesgo Ceramics GmbH) and a 25 pm-
thick Mo (Luoyang Aohe Co., Ltd., 99.95% purity) foil. Additionally, a 9 pm-
thick Ni (Goodfellow, Cambridge, UK, 99.95% purity) foil was used as both
adhesion promoter and top metallization to molybdenum sheet (Luoyang Aohe
Co., Ltd., 99.95% purity) in the tri-layered system configuration. Such as
unconventional design is expected to provide necessary mechanical bonding of
refractory (chemically inert) metal to the thermoelectric material and serve as a
diffusion barrier to stop braze poisoning at high working temperatures.

Metallic foils in either single of multi-layered configurations, were cut to
circle shaped form using carbon nitride (CN) disc cutters and the hydraulic press.
As mentioned above, the same sample configuration within the graphite die was
used as optimized for the p-type and n-fype TE material consolidation.
Nonetheless, initial tests revealed that at a sintering temperature of 600 °C and

750 °C of the p-type and n-type material respectively, formation of carbides at the
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metal and graphite sheet interface cannot be avoided. For that reason, graphite
sheet was replaced with a chemically inert boron nitride powder, sprayed at
contacting end of the used graphite punch. In order to sinter 3 mm-thick
thermoelectric discs, 17.5 g of thermoelectric powder was placed inside the @10
mm graphite die on the top of the metallic foil and cold-pressed using hydraulic
press. The flat surface of the TE material was interfaced with additional metallic
foil and sealed with the graphite punch from the BN-sprayed side. Afterwards, the
graphite die was placed inside the SPS vacuum chamber. The co-sintering was
carried out in the SPS apparatus (FCT HPD25, Rauenstein, Germany) by applying
uniaxial pressure of 50 MPa at the peak temperature of 600 °C and 750 °C for p-
type and n-type material respectively, and hold for 5 min. In order to provide
necessary contacting time, additional 10 minutes holding at 500 °C and 590 °C of
p-type and n-type assemblies respectively, was carried out. Figure 3.3-la-b
presents the temperature and applied pressure distribution during the co-sintering
of Mmy(Fe,Co)4Sb12 p-type and NixCo1.Sbs n-type thermoelectric materials with
metallic foils. The consolidation process, as it was in the in-situ synthesis and
sintering was performed under a vacuum with heating and cooling rates of 50

°C/min by Nanoforce Technology Ltd., London, UK.



Table 3.3-3: Metallization layers configuration used for co-sintering

experiments using SPS technique with CTE values measured at room temperature

adapted from [98], [105] and [106].

CTE Thickness CTE Thickness CTE
Layer Layer
(ppn/K) (nm) (ppn/K) (nm) (ppn/K)
Titanium
50 8.4-8.6
(Ti)
- - Zirconium
Co-based p 100 57-7.0
type (Zr)
k i Zirconium Titanium
skutterudite 50 57-70 . 50 84-86
~11 ppm/K (Zr) (Ti)
Zirconium Stainless 17.3 -
50 57-7.0 50
Co-based n- (Zr) Steel SS303 18.4
e Molybdenum
wp Ticuni™ 25 20.3 y 25 4.8-5.1
skutterudites (Mo)
~9ppm/K  Nickel (Ni) / 50/
Molybdenum 9/25 ' Nickel (Ni) 9 13.0
48-5.1
(Mo)
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3.4 Thermoelectric Material Joining

Both coated and un-coated, Mmy(Fe,Co)4Sb12 p-type and NixCo1.Sbs n-type
thermoelectric discs were cut to 2.5 x 2.5 x 3 mm rectangular-shaped pellets (legs)
using the diamond cut-off wheel (M1D15, Struers, Denmark) and soaked in
acetone to remove any organic residues. As-prepared thermoelectric legs were
subjected to thermoelectric-to-interconnect joining tests wusing material
configuration presented in Figure 3.4-1a. In the conventional brazing technique,
nickel tab was cut to 2.5 x 2.5 x 0.3 mm size and sandwiched between two

thermoelectric (TE) legs with the braze paste screen printed in between.

I METALLIZATION
II | JOINING MATERIAL

I INTERCONNECT

I

II
I

Figure 3.4-1: Schematic illustration of a thermoelectric legs configuration
used in (a) soldering and/or brazing and (b) Solid-Liquid Interdiffusion (SLID)
bonding experiments where 1. is Ni(P) layer (7w micr) and 11 is Al foil (7w Low).

In each experiment, ~30 um-thick layer of a commercial braze was directly
screen printed on the top of thermoelectric leg using in-house developed stencil
printing fixture (Figure 3.4-2 a-b). Such a design allows to simply control the
substrate position inside the fixture and deposit a reproducible amount of paste
using fixed screws, stencil and squeegee as depicted in Figure 3.4-2c. In the

dispensing process, a cross pattern of about 70% of the top surface of



thermoelectric leg is covered with the paste and the legs are pressed with metallic

interconnect until the paste is squeezed around the joining area.

a)

_ Stencils

| STENCIL | | SQUEEGEE | | SOLDER PASTE |

[1r] \/

A

[FIXTURE | [SCREW |

THERMOELECTRIC
MATERIAL

Figure 3.4-2: (a) In-house developed stencil-printing fixture with (b) a top-
view showing the thermoelectric leg placement and different stencil sizes of the
fixture and (¢) process used to I. Placing the thermoelectric leg inside the fixture;
II. Deposit the solder paste on the top of thermoelectric material; III. Removal of
excess paste from the assembly.

Different joining materials were used in the brazing experiments including
Silver-flo™ 56 commercial alloy (Johnson Matthey, UK), Ag paste (Q-INKS
S.r.l, Italy), Ag flake-based conductive adhesive (AREMCO Inc., US) and nano-
Ag paste (NBE Technologies, LLC, US) and their properties are presented in

Table 3.4-1.
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Table 3.4-1: Properties of joining materials used in subcomponent joining

and thermoelectric module fabrication experiments.

Sheet Thermal CTE Solidus —
Braze Composition resist. Conduct. Liquidus
(ppm/K)
(nQcm) (W/mK) (°O)
56 at% Ag, 22
at% Cu,
Ag56- 17 at% Zn,
20.8 14.5 n/a 618 - 655
CuZnSn 5 at% Sn,
Borax and
boric acid flux
<68 at% Ag
Ag paste Solvent and 4.2 n/a 19.6 n/a- 961
glass frit
Ag flake-
Ag and
based 200 9.1 19.6 n/a - 961
solvent
adhesive
85 at% Ag
Nano-Ag )
and organic 2.6 2 19.6 n/a-961
paste
binder

Joining experiments were performed using in-house developed brazing
system equipped with opened tube furnace (Carbolite, UK) and brazing jig
designed for both subcomponent and device level bonding tests (Figure 3.4-3). All
pastes were fired under different conditions specified by the supplier as presented
in Table 3.4-2. Silver braze (Silver-flo™ 56, JM, UK) and Nano-Ag paste (NBE
Technologies, LLC) did not need any additional pre-treatment, solvent-based
pastes were air dried to reduce viscosity by solvent evaporation. Joining material

was screen printed on the top of each thermoelectric element and metal



interconnect was clamped between two thermoelectric pellets and the joining
material. The Ag paste (Q-INKS S.r.l.) was pre-dried on the hot plate at 250 °C
for 7 min while conductive Ag flake-based adhesive (AREMCO Inc.) was dried at
room temperature for 1 hour. The sintering of specimens using Ag-nano (NBE
Technologies, LLC) and Ag flake-based (AREMCO Inc., US) joining materials
was performed on the hot plate (MCS77 CTA, Germany) with temperature ramp
of 5 °C / min in air. Specimens with silver braze (Silver-flo™ 56, JM, UK) and
pre-dried Ag paste (Q-INKS S.r.1.) joining materials were mounted in the brazing
jig and placed inside preheated (up to 710 °C) tube furnace. This allowed to
achieve heating rates of approximately 12 °C/min. To control joining temperature,
thermocouple was placed inside the brazing jig, and its readings were extracted
using EasyLog (Lascar USB, UK) software. The brazing jig was removed from
the furnace when the peak joining temperature (7pr4x) was reached. All high

temperature joining tests were performed in flowing Ar (4 1/min).

__— Brazing jig

sty

Figure 3.4-3: Furnace brazing setup equipped with brazing jig, thermocouple

and argon inlet used for joining trials.
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Table 3.4-2: Optimized firing conditions for commercial brazes and solders

used in the research.

Pre-dry Firing
Dwelling
Treak Treax Dwelling
Braze time Cond. Cond.
(§9) (°C)  time (min)
(min)
Ag56- Removed at )
- - - 645 Ar (4 1/min)
CuZnSn Treak
) Removed at )
Ag paste 200 7.5 Air 652 Ar (4 1/min)
Treax
Ag flake-
based 25 60 Air 110 60 Air
adhesive
Ag-nano
- - - 273 20 Air
paste

Different sample configuration was used in the Solid-Liquid Interdiffusion
(SLID) bonding trials. A 17 um-thick Al foil (Goodfellow, Cambridge, UK,
99.0% purity) (Tm Low) was incorporated between the Ni(P)-coatings (7w niGr) on
the thermoelectric pellet and the copper plate and supportive uniaxial pressure of
~0.5 MPa was applied. To provide mechanical stability within brazing jig, two
symmetrical joints were fabricated by placing a copper plate between two
thermoelectric pellets at the same time, as presented in Figure 3.4-1b. Afterwards,
the brazing jig was placed inside a tube furnace (Carbolite, UK) and the assembly
was joined at 585 °C for 15 minutes and 660 °C for 4.6 minutes in Ar (4 1/min)
with a heating rate of 7 °C/min. The contact assembly was dwelled at the peak
temperature for either 15 minutes or 4.6 min, and afterwards, the furnace was

switched off and cooled down (at approximately 3 °C/min cooling rate) until the



samples reached an ambient temperature. The behaviour and microstructural

changes in the joining material have been evaluated through isothermal annealing

at 450 °C for 48 h and 96 h in flowing argon to investigate the stability and

evolution of the joint.
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Figure 3.4-4: Temperature profile for (a) silver-flo™ 56 braze, (b) Ag-based,

(c) Ag flake-based, (d) Ag-nano paste and (e) Solid-Liquid Interdiffusion

Bonding (SLID) during the thermoelectric-to-interconnect joining experiments

and module fabrication.
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3.5 Thermoelectric Module Fabrication Process

Thermoelectric module was built using in-house developed brazing system
including stainless steel brazing jig with argon inlet and tube furnace shown in
Figure 3.4-3. The single stage, bulk thermoelectric module was fabricated by
stencil printing of bonding material on the top of metal interconnections and
manually placing n- and p-fype thermoelectric legs in turn. Subsequently, top
ceramic plate (15 x 15 mm in size) with screen-printed joining materials was
placed on top of the prepared assembly and placed inside the brazing jig.
Although flowing argon was used during the brazing process, titanium sponge
was also placed inside the jig to capture any residual oxygen during the high
temperature treatment. As-prepared assembly was afterwards placed inside the
preheated (normally up to 710 °C to provide desired heating rate) tube furnace and
annealed at conditions specified in Table 3.4-2. After dwelling, brazing jig was
removed from the tube furnace and the assembly was left to cool down until it
reached room temperature. Afterwards, module was visually inspected, and if no
visible legs displacement was observed, four wires were soldered to the cold side

ceramic for further AC resistance and high temperature rig testing.



3.6 Interface Characterization

3.6.1 SEM Microstructural Analysis

For the microstructure observation, specimens were mounted in conductive
resin, mechanically ground with abrasive papers and polished using 1/4 pm
diamond suspension. The chemical composition of the reaction products was
characterized by high-resolution field emission gun scanning electron microscope
(FEGSEM, 1530VP Zeiss GmbH, Germany) with 80 mm? energy dispersive X-
Ray spectroscopy detector (Oxford Instruments, UK) and analysed by Aztec

EDS/EBSD microanalysis software.

3.6.2 Electrical Contact Resistance Measurement

The electrical contact resistance of contacting interfaces was periodically
measured during the isothermal ageing process using in-house developed four-
point probe resistance measurement. The set-up equipped with Keithley 2400
(Keithley Instruments, Inc., US) and DPP205 probe positioner (Cascade
Microtech, Inc.) measures the voltage drop across two probes as a function of
applied short current pulses (Figure 3.6-1a). The electrical contact resistance (Rc)

of contacting interface is given by:

Rc =Ry —Rg)-A 17

where R;, R, are measured resistance at the metallic electrode and the

thermoelectric material and A is a cross-sectional area of this interface.

66



Resistance (mOhm)
S I LI O
[$) [ l¥) [eld) fanl¥) [l o)

i
=

0004081216202428
Position (mm)

(@) (b)

Figure 3.6-1: (a) schematic illustration of four-point probe resistance set-up
equipped with scanning probe moving across the surface (x) where the contact
resistance (Rc) is defined as the ratio of voltage drop across the contact to the
current pulse applied to a pair of contacts; graph below shows experimental data
with Rc measurement of the p-type skutterudite specimen bonded using SLID
technique at 660 °C for 4.6 min. Photograph of the sample arrangement in the
four-point probe resistance measurement setup is presented in (b). It is worth
mentioning that contacting interfaces must have low thermal resistivity, but only
electrical performance can be measured using well-established techniques and this
research only covered this part.

The standard deviation (ox) was calculated from the average values (u) of at

least three measurements (y;) and plotted as the error bars according to:

N
1 18
Oy = Nzl(yi _.u)z
=



3.6.3 Mechanical Shear Strength

The mechanical strength of joints was assessed using specimens with the
cross-sectional size of 2.5 mm X 2.5 mm by measuring apparent shear strength
using MTS Criterion 43 (MTS Systems Corporation, US) at room temperature.
The shear configuration was adapted according to ASTM D905 standard [99]
designed to expose the assembly to direct contact with a shearing blade < 0.3 mm
from the thermoelectric/joint interface as depicted in Figure 3.6-2a. A shear load
was applied by moving the blade perpendicularly to the longitudinal axis of the
assembly with a speed of 0.2 mm/min and preloading of ~5 N. The shear strength
was calculated by dividing the maximum force applied by the joining area of at
least two specimens of different joining conditions. This measurement does not
give precise absolute values, but is a useful relative measure, as quantities of TE
materials and requirement over metallisation and joining make it challenging to
fabricate required standard sample sizes. The standard deviation (ox) was
calculated from the average values () of at least three measurements (y;) and

plotted as the error bars according to equation 18.
Interconnect e e

Mm,(Fe,Co),Sb,, Mm,(Fe,Co),Sb,,

- /
- s Shearing Fixture \/
SPeClmen - B Contacts

(@) (b)

Figure 3.6-2: Configuration used for mechanical strength evaluation
showing: (a) photograph of sample clamped in the shear test fixture and (b)

schematic illustration of the specimen and shear test configuration.
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3.7 Thermoelectric Module Characterization

In-house developed thermoelectric module test system consists of the stainless
steel block heater, the water-cooled heat dissipation plate and is equipped with a
power supplier (2400 Keithley Instruments, Inc., US) and desktop PC (seen in
Figure 3.7-1a). Thermoelectric device is placed between the cold and hot side heat
exchangers with clamping force of 1 MPa kept constant during the measurement.
The graphite sheet (Erodex, UK) was used as the thermal interface material and
was placed between the module and heat exchangers to provide good thermal
contact. The temperature on the cold and hot side of the thermoelectric module
was measured using thermocouples located near the heat exchangers which is
believed to represent the temperature of both sides of the thermoelectric module
by assuming no parasitic thermal losses at contacting interfaces. The setup is
capable to sustain a heater temperature up to 500 °C at the hot side (7#) while the
cold side (7¢) is kept at constant temperature of ~ 30 °C during the measurement.
The set up measures the open circuit voltage (Voc, which is a voltage measured at
zero current (/ = 0)), short circuit current (/sc, which is a measured current at zero
voltage (V' = 0)) and electrical power output (Pour) at temperature applied at the
hot side (7x) of the thermoelectric module using a variable electrical load. The
equivalent electrical circuit of prototype module measurement can be seen in
Figure 3.7-1b. The maximum power output (Pu4x) was calculated by linear fitting
of the voltage-current output and finding the resulting maximum power at given
temperature gradient (47). The module internal resistance (R7ece) was measured
directly by using a pseudo-AC test under temperature gradient and was generally
close to the load resistance at the maximum power point. All measurements are

performed in the open air. The module test rig was designed so that the current



and voltage across a TEG module is measured as the external load sweeps from
open circuit to short circuit current conditions. The control program used in the
electrical experiment was able to check the temperature difference based on the

signals from the thermocouples and control the current in the heater.
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Figure 3.7-1: (a) high temperature module test rig used to evaluate the
performance of developed devices with close-up view of the module clamping
system with the heater, cooling plate and thermoelectric generator (TEG) clamped
between and (b) equivalent electrical circuit (Courtesy of European

Thermodynamics Ltd.).
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Chapter 4

Results and Discussion

4.1 Thermoelectric Material Characterization

This section comprises results from phase and microstructural analysis of
MmyFes.xCoxSbi> p-type and NiCoi.,Sbs n-type material along with transport
properties such as Seebeck coefficient, electrical and thermal conductivity as a

function of temperature.

4.1.1 XRD and Microstructural Analysis of p-type Thermoelectric

In this research, commercially available multi-element filled (Mm-filled)
skutterudite material with nominal composition of MmooFe3Co1Sbi2 was used as
p-type thermoelectric material. X-Ray diffraction analysis was performed on
thermoelectric powders before and after SPS consolidation in order to reveal
possible phase change during the in-situ reaction synthesis and is presented in
Figure 4.1-1. It is clearly visible that starting material is a mixture of elemental
powders of cobalt, antimony and iron, with no peaks of dopant element detected
due to the XRD detection limit (below 2% for mixed materials). Phase

transformation into skutterudite phase that could be indexed to the space group



Im3 of the parent CoSbs compound (with a body-centered cubic symmetry space
group) can be detected after consolidation at 600 °C for 5 min using SPS. The
typical lattice parameter of CoSbs compound is around a = 9.0385 A, has a
theoretical density of p = 7.631 g-cm™ and comprise a molecular weight of 424.18
g'mol™! with a corresponding volume V' = 738.40 A * (see JCPDS No. 78-0976).
Noticeable quantities of FeSb, compound and un-reacted Sb impurities were
observed as the secondary phase. Although, it has been proven that small amount
of FeSb, and Sb secondary phases do not significantly influence the overall
figure-of-merit of Mm,Fe4.xCoxSbi2 [100] material, un-reacted antimony is more
likely to diminish mechanical stability of the material at elevated temperatures
[101]. The excess of antimony comes from starting powders, needed to
compensate its possible volatility losses, and normally resides at grain boundaries,
thus upon heating above its melting temperature (631 °C [102]), the
microstructure expands to relieve residual stress associated with hot pressing and
its vaporization. The influence of excess Sb was proven to slightly enhance
thermal conductivity of final material accompanied by the reduction in the
electrical resistivity and Seebeck coefficient [103] and yield a porous structure at

high temperature treatment due to its evaporation [104].
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Figure 4.1-1: XRD patterns of (a) elemental powders before sintering and (b)
MmyFes4xCoxSb12 p-type thermoelectric material after consolidation at 600 °C for
5 min using SPS with reference patterns of elemental antimony, cobalt and iron.
The numbers in brackets denote the Akl lattice planes of the skutterudite phase and
the symbols show characteristic peaks of impurity phases.

Figure 4.1-2 shows SEM images of sintered Mmy(Fe,C0)4Sbi2 p-type
thermoelectric material in the back-scattered electron (Figure 4.1-2a) and
secondary electron mode (Figure 4.1-2b). The formation of multi-filled
skutterudite as a dominant phase with a composition of 3.49 at% Ce — 1.33 at%
La - 4 at% Co — 18 at% Fe — 73 at% Sb was confirmed by analysing at least 5
different spots of that material. The p-type materials used in this study has both
high porosity and compositional inhomogeneity within the material, which was

proven to be FeSb, phase (30 at% Fe — 70 at% Sb), regions of pure iron phase and



residual antimony as presented in Appendix A (Figure A. 1). Although EDS
analysis confirmed the formation of FeSb, second phase inclusions and pure iron
regions, no residual antimony at the grain boundaries was detected, due to the
similar Z contrast with Mmy(Fe,Co0)4Sb12 compound in back scattered SEM mode.
The existence of FeSb, secondary phase in the Mmy(Fe,Co)sSbi2 p-type
thermoelectric material is consistent with the XRD results from Figure 4.1-1 and
has been previously reported in the literature when similar processing route and
composition were used [105]. The density of as-sintered thermoelectric material
was measured using Archimedes principle and for 5 measured samples the

average was ~ 96% of the theoretical density.

(@) (b)

Figure 4.1-2: (a) BSE microscope image revealing the (1) Mmy(Fe,Co)4Sbi2
(3.49 at% Ce — 1.33 at% La - 4 at% Co — 18 at% Fe — 73 at% Sb) and (2) FeSb»
(28 at% Fe — 72 at% Sb) phases with (b) corresponding SE image of MmyFes.
xCoxSbi2 p-type thermoelectric material after consolidation at 600 °C for 5 min

using SPS technique.
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4.1.2 Transport Properties of p-fype Thermoelectric

The Seebeck coefficient (a), electrical resistivity (p) and total thermal
conductivity (x) of Mmy(Fe,Co)sSbi2 p-type skutterudite was measured as a
function of temperature between 25 °C and 550 °C. These values along with
calculated figure of merit (z7) are presented in Figure 4.1-3a,b. The electrical
resistivity (p) along with Seebeck coefficient (o) slightly increase with the
temperature, which is a behaviour typically observed in metals or heavily doped
semiconductor (degenerated semiconductors). According to the Ref. [106],
different performance in the multi-filled skutterudite material can be achieved by
replacing Fe with Co atoms and the best achieved so far is possible with the
composition used in this study (Fe:Co = 3:1). It is rationalized that Co has one
more outer electron than Fe, and is able to fill holes in the relevant valance band,
resulting in a semiconductor with a similar band gap to that of CoSbs (0.5¢V)
[107].

The temperature-dependent Seebeck coefficient (a) is shown is Figure 4.1-3
(a), and it is significantly lower than results presented in the literature with similar
composition [51]. The difference can be attributed to the different preparation
technique and porosity which is believed to influence the thermoelectric
properties by exacerbate alloy scattering, and thus results in lower carrier mobility
and higher values of electrical resistivity (Figure 4.1-2). Although electrical
resistivity (p) and thermal conductivity (k) is consistent with reported data [101],
relatively lower Seebeck coefficient results in z7" of 0.23 measured at 500 °C, and
average zT (zT) of 0.12 measured between 50 °C and 450 °C which is
significantly lower than state-of-the-art Mm-filled p-fype skutterudite material

(more details can be seen in Figure 2.2-2).
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Figure 4.1-3: Thermoelectric properties including (a) the Seebeck coefficient
(o) and electrical resistivity (p); (b) total thermal conductivity (k) and figure of

merit (z7) of Mmy(Fe,Co)4Sb12 p-type skutterudite as a function of temperature.

4.1.3 XRD and Microstructural Analysis of n-fype Thermoelectric

In this research, commercially available Ni-doped skutterudite material with
nominal composition of Nio15C00.85Sbs was used as n-fype thermoelectric
material. X-Ray diffraction analysis was performed on thermoelectric powders

before and after SPS consolidation in order to reveal possible phase change during

—————————————— (.00
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Temperature (°C)
(b)

the in-situ reaction synthesis and is presented in Figure 4.1-4.
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Figure 4.1-4: XRD patterns of (a) elemental powders before sintering and (b)
(N1,C0)1Sbs n-type thermoelectric material after consolidation at 750 °C for 5 min
using SPS with reference patterns of elemental antimony, cobalt and nickel. The
numbers in brackets denote the hkl lattice planes of the detected skutterudite
phase.

It is clearly visible that starting material is a mixture of elemental powders of
cobalt and antimony with no detected peaks of nickel due to the XRD detection
limit. Phase transformation into skutterudite phase that could be indexed to the
space group Im3 of the parent CoSbs compound (with a body-centered cubic
symmetry space group) can also be detected after consolidation at 750 °C for 5
min using SPS technique. As opposed to p-type material (shown in Figure 4.1-1),
no second phase (i.e. previously reported CoSb in similar composition [108]) was

detected suggesting complete transformation into CoSbs skutterudite phase.



(@) (b)
Figure 4.1-5: (a) BSE microscope image revealing the (1) (Ni,Co)1Sbs (2.38

at% Ni —21.81 at% Co — 76 at% Sb), (2) (Co,Ni)Sb (Co — 31 at.% Ni — 54 at.%
Sb) with (b) corresponding SE image of the same polished surface of
microstructure of NixCo1xSbs n-fype thermoelectric material after consolidation at
750 °C for 5 min.

Figure 4.1-5 shows SEM images of sintered (Ni,Co)1Sbs n-type thermoelectric
material in the back-scattered electron (Figure 4.1-5a) and secondary electron
mode (Figure 4.1-5b). The Nig.09Co00.8Sbs (2.38 at% Ni — 21.81 at% Co — 76 at%
Sb) skutterudite was identified as a main phase, suggesting that Ni was
successfully introduced into the skutterudite matrix. Although no secondary phase
was detected by meaning of X-Ray analysis (Figure 4.1-4), regions of
inhomogeneous (Co,Ni)Sb phase distribution were found inside the material (Co
— 31 at.% Ni — 54 at.% Sb) as seen by EDS analysis presented in Appendix A

(Figure A. 2).
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4.1.4 Transport Properties of n-type Thermoelectric

The temperature dependences of electrical resistivity (p), Seebeck coefficient
(o) and total thermal conductivity (x) of NixCoi1xSb3 n-type skutterudite measured
between 25 °C and 550 °C along with calculated figure of merit (z7) are presented
in Figure 4.1-6. The negative Seebeck coefficient values for the CoixNixSbs
thermoelectric material indicate that Ni atoms successfully act as an n-type

dopants considering that un-doped CoSbs is proven to be a p-fype conductor

[109].
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Figure 4.1-6: Thermoelectric properties including (a) the Seebeck coefficient
(o) and electrical resistivity (p); (b) total thermal conductivity (k) and figure of

merit (z7) of (N1,Co)1Sbs n-type skutterudite as a function of temperature.



The Seebeck coefficient and electrical resistivity (p) of Ni-doped CoSbs
semiconductor are comparable to values reported with similar composition and
consistent with the Ref. [109]. The peak zT value measured at 500 °C was 0.52
and average zT (zT) of 0.27 measured between 50 °C and 450 °C. consistent with

Ref. [108].
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4.2 Thermoelectric Contacts Characterization

Many potentially suitable processes and joining materials were initially tested
on non-metallized and metallized skutterudites according to the ASTM F44-95
[110] standard but due to the insufficient performance of these contacts, only
successful candidates will be presented here. In this respect, it is worth
mentioning joining materials that were used for initial joining trials, but lack of
mechanical or electrical performance resulted in lack of in-depth analysis of these
specimens. The Al-Si joining material with standard KAIF4 flux normally used for
brazing of Al-based alloys was tested on Ni(P) coated thermoelectrics. This alloy
requires a low-temperature curing conditions as it undergo eutectic transformation
at 577 °C (at 11.7 wt% Si) which could be suitable for skutterudite-based
materials, but limited wetting resulted in poor mechanical performance and
fracture of as-joined specimens. Another commonly used for aluminium-to-
aluminium bonding is Zn-22Al braze (with Ty = 482 °C) which was also tested on
Ni(P) coated thermoelectrics but similar effect to Al-12Si1 braze was achieved.
Moreover, Ni conductive paste (PELCO®, Ted Pella, Inc.) was tested on Ni(P)
coated skutterudites at 250 °C but electrical contact resistance (Rc) of as-joined
specimens was much higher than the acceptable limit (> 10 > Qcm?). The
fabrication techniques that were able to form sufficiently robust contacts for
further testing included furnace brazing using Ag56Cu22Znl17Sn5 braze, Ag
paste, low-temperature joining using nano-Ag paste and Ag flake-based
conductive adhesive, and innovative Solid-Liquid Interdiffusion (SLID) bonding

technique based on Al-Ni interlayers.



4.2.1 Ag56-CuZnSn Filler Braze

Brazing alloys from the Ag-Cu family are preferred joining materials used in
the hot-side contact fabrication in the medium-high temperature range
skutterudite-based modules as they can operate at the suitable brazing window (7x
« Thrazing « TTE decomp)- As polycrystalline Mmy(Fe,Co)4Sbi2 p-type and (N1,Co);Sb;3
n-type thermoelectrics were consolidated at 600 °C and 750 °C respectively, it is
important for their stability that the brazing process is ideally performed at
slightly lower temperatures. The most promising braze alloy with a composition
of 56 at % Ag - 22 at % Cu - 17 at % Zn - 5 at % Sn (Silver-flo™ 56, Johnson
Matthey, UK) has a suitable brazing range with liquidus temperature of 655 °C
and tensile strength of 48 kg/mm? (measured at room temperature) and was used
in this research. As can be seen in Appendix A (Figure A. 3), resulting braze
microstructure after firing at 655 °C for 5 minutes (in flowing argon) consists of
two ductile phases: a(Ag) -solid solution of copper, zinc, tin in silver and o(Cu) -
solid solution of silver, zinc and tin in copper matrix. The braze was fired at the
lowest required temperature, due to the very low consolidation and TE
decomposition temperatures. The braze practicality highly depends on the
wettability on both joined material’s and the chosen flux that is able to remove
oxides formed during the high-temperature brazing. In this research commonly
used flux of borax and boric acid was used. The Silver-flo™ 56 braze can easily
wet and dissolve nickel interconnect and region of high nickel concentration in the
a(Cu) phase can be found near the nickel substrate as both copper and nickel are
completely miscible in all concentration ranges [68]. Although solubility of nickel
in the a(Cu) solid solution helps with a formation of a strong mechanical bond

between nickel interconnect and braze, high temperature operation might
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presumably lead to a complete consumption of nickel interconnect by the braze

and failure of thermoelectric device.

Nickel interconnect

Ag56-CuZnSn braze

(©)

Figure 4.2-1: (a) Schematic illustration and interfacial microstructure of (b)
Mmy(Fe,Co)aSbiz p-type and (¢) (Ni,Co)Sbs n-type non-metallized skutterudites

joined with nickel interconnect using Ag56-CuZnSn braze at 655 °C 5 minutes in



flowing Ar. Regions highlighted in red highlight reaction layer of formed
(N1,Co)Sb secondary phase.

Figure 4.2-1a present a schematic illustration of the materials’ configuration
before high-temperature brazing using Ag56-CuZnSn braze and non-metallized
thermoelectric materials. The SEM images of non-metallized Mmy(Fe,Co)4Sbi2 p-
type and (Ni,Co)1Sbs n-type thermoelectrics bonded with nickel interconnect
using Silver-flo™ 56 braze at 655 °C (5 min dwell and flowing argon) are
presented in Figure 4.2-1b,c. A continuous interface was only found in the n-fype
contact (Figure 4.2-1c) with a reaction layer of (Ni,Co)Sb compound formed on
the thermoelectric side. A high porous interface can be observed in the p-type
contacts (Figure 4.2-1b) and minor reaction layer (Ni-Sb intermetallic compound)
was found at the nickel-skutterudite interface. Moreover, lack of braze at the
contacting interface and elemental copper and nickel residues that were found
inside skutterudite matrix are presumably caused by the filler metal complete
dissolution into the thermoelectric material and suggests that additional diffusion
barrier is needed.

Encouraged by the recent findings on effectiveness of titanium as a diffusion
barrier and adhesion layer for medium-high range skutterudites [46], multi-
layered titanium (0.3 pm-thick) and nickel (1.2 pm-thick) coating was further
investigated as potential metallization. Top metallization layer of nickel is usually
needed due to the lack of braze wettability on titanium substrates caused by the
stable TiOx oxide formations at the surface at higher temperatures. Figure 4.2-2
presents schematic illustration and interfacial microstructure of Mmy(Fe,Co0)4Sbi2
p-type and (Ni,Co)1Sbs n-type skutterudite substrates coated with 0.3 pm-thick
titanium and 1.2 pm-thick nickel joined to nickel interconnect at 655 °C using

Silver-flo™ 56 braze (5 min dwell and flowing argon). Titanium and nickel layers
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were not found at the joined interface, as their reactivity at high temperature
results in a complete dissolution into thermoelectric material, and is consistent

with Ref. [54].

Nickel interconnect

Ag56-CuZnSn braze

Nickel (1.2 pm)
Titanium (0.3 pm)

(©)

Figure 4.2-2: (a) Schematic illustration and interfacial microstructure of (b)

Mmy(Fe,Co)aSbi2 p-type and (¢) (Ni,Co)Sbs n-type skutterudites coated with Ti

(0.3 um-thick) / Ni (1.2 pm-thick) joined with Ni using Ag56—CuZnSn braze at



655 °C for 5 min in flowing Ar. Red lines highlight formed layer of (Ni,Co)Sb.

The metallization layers of 0.3 um-thick titanium and 1.2 pm-thick nickel are
dissolved into skutterudite matrix, leading to the thermoelectric material exposure
to Ag56-CuZnSn braze. In such case, antimony can easily react with both braze
and nickel interconnect (see Appendix A, Figure A. 4 and Figure A. 5) resulting
in nickel-antimony reaction and intermetallic phases precipitation at the interface.
Similar effects observed in non-metallized interfaces seen in Figure 4.2-1b,c such
as complete braze dissolution in the p-fype and formation of reaction layer at the
n-type skutterudite interface suggest that 0.3 pm-thick titanium and 1.2 pm-thick
nickel layers are not effective diffusion barrier / metallization as they are not
stable at high joining temperature.

One of the most reported diffusion barrier for skutterudite material is
molybdenum as it is proven to suppress antimony diffusion and formation of the
interfacial reaction layer, i.e. observed in the Ybo3Co4Sbi2 n-type skutterudite and
Ti/Mo multi-layered system [111]. Figure 4.2-3 presents Mmy(Fe,Co)4Sbi2 p-type
and (Ni,Co)Sbs n-type skutterudite substrate with 0.3 pm-thick molybdenum and
1.2 pm-thick nickel multilayer metallization joined to nickel substrate at 655 °C
using Silver-flo™ 56 braze (5 min dwell and flowing Ar). It is worth mentioning
that 0.3 pm-thick molybdenum layer is significantly thinner than previously
reported by other research groups as PVD coating approach was used.
Discontinuous layer of molybdenum was found to be partially delaminated from
the skutterudite surface with visible cracking, presumably caused by the thermal
stresses induced by the deposition process or differences of thermal expansion
coefficient (CTE) of skutterudites and molybdenum. Elemental copper and nickel
were found inside the porous structure, near the joining area, proving that braze

and nickel coating were not effective barrier layers.
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Nickel interconnect

Ag56-CuZnSn braze

Nickel (1.2 pum)

Molybdenum (0.3 pm)
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Figure 4.2-3: (a) Schematic illustration and interfacial microstructure of (b)

Mmy(Fe,Co)aSbi p-type and (¢) (Ni,Co)Sbs n-type skutterudites coated with Mo
(0.3 pum-thick) / Ni (1.2 um-thick) and joined with nickel interconnect using
Ag56—CuZnSn braze at 655 °C for 5 minutes in flowing Ar. Red lines highlight

formed reaction layer of (Ni,Co)Sb.



Moreover, 35 um-thick porous microstructure of the thermoelectric — nickel
interface, was observed in all brazed p-fype thermoelectric samples and was
confirmed by the EDS analysis to be antimony deficient region (Appendix A,
Figure A. 6). Un-reacted antimony, which was found to precipitate at grain
boundaries of skutterudite phase during the consolidation process and its presence
was later confirmed by the XRD analysis (seen in Figure 4.1-1) is more likely to
volatilize and evaporate at bonding conditions as the brazing temperature (655 °C)
exceeds both material consolidation (600 °C) and elemental antimony melting
point (~ 630 °C [102]). It is also possible that the flux (combination of boric acid
and borax) found in the commercial Silver-flo™ 56 braze was too aggressive and
the reason behind unreacted antimony dissolution during brazing. Although
molybdenum was found at the n-fype skutterudite — nickel interface after the high
temperature brazing process, (Ni,Co)Sb reaction layer with similar compositions
to the one found in non-metallized surfaces was observed.

Figure 4.2-4 presents the interfacial microstructure of the Mmy(Fe,Co)4Sbi2 p-
type and (Ni1,Co)1Sbs n-fype skutterudite substrate with coatings of chemically
deposited Ni and Ni(P) layers, brazed to Ni(P) plated copper substrate at 655 °C
using Silver-flo™ 56 braze. Similar to Ti/Ni coated samples (Figure 4.2-2),
complete nickel dissolution in the skutterudite matrix can be observed, leading to
formation of reaction layer at both n- and p-type skutterudites. As revealed by
EDS analysis shown in Appendix 7 (Figure A. 7), the formation of two reaction
layers at the p-fype skutterudite and Ag-Cu-based braze interface can be observed
including continuous layer of Ni-Sb (47 at% Ni — 53 at% Sb) and precipitates of
Fe-P or Ni-P intermetallic compound. Intensive growth of (Ni,Co)Sb reaction
layer is observed at the n-fype skutterudite- braze interface (Figure 4.2-4c) as

nickel from the Ni(P) layer was completely consumed by the antimony diffusing
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from the skutterudite substrate and its diffusion from the metallic interconnect.

EDS analysis of the n-type contacts can be found in Appendix A (Figure A. 8).

Copper (3000 um)

Ni(P) (14 pm)
Ag56-CuZnSn braze

Ni(P) (2 pm)
Nickel (0.1 pm)

(b)

(©)

Figure 4.2-4: (a) Schematic illustration and interfacial microstructure of Ni (0.1

um-thick) /Ni(P) (2 pm-thick) plated (b) Mmy(Fe,Co)4Sbiz p-type and (¢) (Ni,Co)Sbs
n-type skutterudites joined with Cu/Ni(P) interconnect using Ag56—CuZnSn at 655 °C

(5 min in Ar). Regions highlighted in red shows (Ni,Co)Sb phase.



In order to summarize microstructural analysis of p- and n-type thermoelectric
material joined to nickel interconnect using Ag56-CuZnSn braze at 655 °C in
argon, interface was evaluated in terms of materials’ interfacial porosity, cracks or
voids within contact and secondary phase formation (Table 4.2-1). As mentioned
above, all brazed p-type materials were characterized with porous microstructure
and voids at the contact interface. Moreover, titanium/nickel and Ni/Ni(P)
metallization along with Ag56-CuZnSn braze were dissolved in the p- and n-type
thermoelectric material, as only constituent elements of the braze were found
within thermoelectric substrate. Secondary phases of Ni-Sb intermetallic
compounds and (N1,Co)Sb layers were found in the Mmy(Fe,Co)4Sbi2 p-type and
(N1,Co)1Sbs n-type contacts respectively. Brittle intermetallic phase of crystalline
Ni-P was found in the Ni/Ni(P) coated n-type skutterudite contacts along with Fe-
P phase in the p-fype material.

Table 4.2-1: Summary of the microstructural analysis of skutterudites joined

with nickel interconnect using Ag56—CuZnSn braze at 655 °C (5 min in Ar).

Mmy(Fe,Co)4Sb12 p-type (Ni,Co)Sbs n-type
Cracks Second Cracks Second
Porosity Porosity
/ voids phases / voids phases
Non- Ni-Sb )
Yes Yes No No (Ni,Co)Sb
metallized IMCs
Ti/Ni Ni-Sb '
Yes Yes No Yes (Ni,Co)Sb
(0.3/1.2 pm) IMCs
Mo/Ni
Yes Yes minimal No Yes (N1,Co)Sb
(0.3/1.2 pm)
Ni-Sb )
‘ (N1,Co)Sb
Ni/Ni(P) and Ni-P,
Yes Yes No Yes and Ni-P
(0.1/2 pm) Fe-P
IMCs
IMCs
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4.2.2 Ag Paste

As seen in Chapter 4.2.1, lack of high temperature stability of thermoelectric
material and partial dissolution of nickel interconnect in the a(Cu) phase, suggests
Cu-based joining materials might be not suitable in high temperature operations.

Despite Ag and Ni have the same crystal structure and small difference in
atom radii (within 15%), the solubilities of Ag in ffc (Ni) phase and Ni in fcc (Ag)
phase are very limited [111]. Nickel and silver are both thermodynamically stable
and not soluble in each other at any concentration range and combination of these
two is believed to be a good choice for high temperature operations, suitable in
the skutterudite-based thermoelectric system. In the current module design,
copper with Ni(P) plated layer is in contact with the joining material, so that no
reaction layer between Ni-based interconnect and Ag-based joining material is
expected. The skutterudite materials have a high Sb content which undergo
eutectic reaction with Ag at 483 °C [112] so that additional diffusion barrier is
normally needed to avoid formation of undesirable phases at the thermoelectric-
braze interface. Figure 4.2-5 presents interfacial microstructure of non-metallized
Mmy(Fe,Co)aSbi2 p-type and (N1,Co)Sbs n-type skutterudite materials joined to
nickel interconnect using Ag paste (Q-INKS S.r.1, Italy) at 652 °C in Ar. Although
no interaction between silver and nickel was observed, two reaction layers with a
composition of Co - 40 at% Ni — 46 at% Sb and Co — 68 at% Ni - 27 at% Sb were
observed in the (N1,Co)Sbs n-type contacts. Similar to Ref. [43], layers identified
by EDS were (Ni,Co)Sb and NisSb, IMC phase with 5 at% Co solubility.
Although silver is proven not to react with thermoelectric material and nickel
interconnect, formation of Ni-Sb-Co intermediate compound at the contacting

interface suggest excessive nickel diffusion through silver joining material.



Nickel interconnect

Ag paste
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Figure 4.2-5: (a) Schematic illustration of contact configuration before heat
treatment and interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (c)
(N1,Co)Sbs n-type non-metallized skutterudites joined with nickel interconnect

using Ag paste at 652 °C in Ar.
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Figure 4.2-6 presents interfacial microstructure of Mmy(Fe,Co)4Sbi2 p-type
and (Ni,Co)Sbs n-type skutterudites with 0.3 pm-thick titanium and 1.2 um-thick
nickel metallization joined to nickel interconnect using Ag paste (Q-INKS S.r.1,
Italy) at 652 °C in Ar. Similar to Ag56-CuZnSn brazed contacts (Figure 4.2-2),
complete dissolution of titanium and nickel into skutterudite matrix led to
exposure of bulk thermoelectric to the joining agent and thicker than applied
metallization layers need to be deposited. Similar to non-metallized material,
formation of two different reaction layers at the silver/skutterudite interface as
identified by EDS analysis (Appendix A, Figure A. 9) with a composition of Co —
49.18 at% Sb — 41.42 at% Ni attributed to the (Co,Ni)Sb phase and Co — 30.34
at% Sb — 66.55 at% Ni attributed to NisSb, phase with 3.1 at% Co solubility [43].

One of the attributes of high-temperature Ag-based joining process is an
extensive growth of the reaction layer at the skutterudite—silver interface as a
result of interactions between constituents of the base thermoelectric substrate and
nickel interconnect material. Although silver is in contact with the thermoelectric
material, only nickel was presumed to diffuse through silver’s thick layer and
silver itself did not react with any of the element of the skutterudite. The
formation of layered intermediate compounds is normally attributed to the
formation of mechanically strong bonds between two joined components, but their
high-temperature stability might suffer due to extensive growth of these layers
during the high temperature service. Moreover, when a thick layer of brittle
intermetallic compounds is formed at the interfaces, room temperature joint

strength is drastically reduced.



Nickel interconnect

Ag paste
Nickel (1.2 pm)

Titanium (0.3 pm)
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Figure 4.2-6: (a) Schematic illustration of contacts configuration before heat
treatment and interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (c)
(N1,Co)Sbs n-type skutterudites with Ti (0.3 um-thick) / Ni (1.2 pm-thick)

metallization joined with nickel interconnect using Ag paste at 652 °C in Ar.

94



One of the challenges in the formation of robust contacts is formation of
chemically stable intermediate phases that could not intensively grow over
prolonged period. To achieve this, 0.3 um-thick molybdenum diffusion barrier
and 1.2 pum-thick top nickel layers were effectively deposited on the top of
Mmy(Fe,Co)aSbi2 p-type and (Ni,Co)Sbs n-type skutterudites and joined with
nickel interconnect using Ag paste (Q-INKS S.r.1, Italy) at 652 °C in Ar. As seen
in Figure 4.2-7 there is no formation of continuous Ni-Sb reaction layer at joined
interface, as molybdenum successfully acts as diffusion barrier and successfully
reduce nickel and antinomy interdiffusion. Nonetheless, significant mismatch of
thermal expansion coefficients (CTE) between Co-based p-fype skutterudites (~
11 ppm/K), Co-based n-type skutterudite materials (~ 9 ppm/K) and molybdenum
(~ 4.8 — 5.1 ppm/K) leads to the visible delamination of molybdenum layer that
might disintegrate at high-temperature operations. Although molybdenum
effectively reduces nickel and antimony interdiffusion, thin Ni-Sb phase
precipitates still can be observed inside silver joining material.

Encouraged by the excellent high-temperature stability of the nickel-silver
interface, Ni / Ni(P) metallized Mmy(Fe,Co)4Sbi2 p-type and (N1,Co)Sbs n-type
thermoelectrics were joined with nickel tabs using the high-temperature Ag paste
(Q-INKS S.r.1, Italy) at 652 °C in Ar. As expected, Ni(P) — skutterudites interface
instabilities caused by the nickel depletion from Ni(P) coating and its dissolution
in the skutterudite matrix as well as Ni interconnect diffusion through Ag layer
led to the formation of Ni-Sb reaction layer, and are consistent with other studies

on Ni—skutterudite interfaces [42,43].



Nickel interconnect
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Molybdenum (0.3 pm)
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Figure 4.2-7: (a) Schematic illustration of contacts configuration before heat
treatment and interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (c)
(Ni,Co)Sbs n-type skutterudites with Mo (0.3 pm-thick) and Ni (1.2 pm-thick)

metallization joined with nickel interconnect using Ag paste at 652 °C in Ar.
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Nickel interconnect

Ag paste

Ni(P) (2 pm)
Nickel (0.1 pm)

Thermoelectric material

(c)

Figure 4.2-8: (a) Schematic illustration of contacts configuration before heat

treatment and interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (c)
(N1,Co)Sbs n-type skutterudites with Ni (0.1 pm-thick) / Ni(P) (2 pm-thick)

metallization joined with nickel interconnect using Ag paste at 652 °C in Ar.



Similarly to non-metallized (Figure 4.2-5) and Ti / Ni coated (Figure 4.2-6)
skutterudites, formation of two different reaction layers at the silver/skutterudite
was observed with a composition of Co —49.18 at% Sb — 41.42 at% Ni which can
be attributed to the (Co,Ni)Sb phase and Co — 30.34 at% Sb — 66.55 at% Ni which
is NisSb2 phase with minimal Co solubility. Interestingly, Mmy(Fe,Co)4Sb12 p-type
thermoelectric material joined using Ag paste did not exhibit porous
microstructure, as observed in material joined using silver-flo™ 56 braze (Figure
4.2-4).

In order to summarize microstructural analysis of p- and n-fype thermoelectric
material joined to nickel interconnect using Ag paste at 652 °C in Ar, interface
was evaluated in terms of materials’ porosity, cracks or voids formed within
contact interface and secondary phase formation (Table 4.2-2). As opposed to
Ag56-CuZnSn - p-type contacts brazed at similar temperature, no material
porosity was observed near the contact interface, neither Ag dissolution by the
thermoelectric material. Although Ag joining material did not react with
thermoelectrics, extensive nickel diffusion from interconnect through silver layer
led to formation of two different reaction layers of NisSb, IMCs and (Ni,Co)Sb
phase. Molybdenum (0.3 um-thick) diffusion layer was able to effectively inhibit
nickel diffusion through Ag joining material but small precipitation of Ni-Sb

phase was still observed in contacting interfaces.
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Table 4.2-2: Summary of the microstructural analysis of skutterudites joined

with nickel interconnect using Ag paste at 652 °C in Ar.

Mmy(Fe,Co0)4Sb1z (Ni,Co)Shs
p-type n-type
Porosit Cracks Second Porosit Cracks Second
¥ / voids phases ¥ / voids phases
Non- . NisSb; and
Y N N )
metallized No ©s i55b2 No © (N1,Co)Sb
Ti/Ni Nis;Sb, NisSb;
0.3/12 ) No Yes and No Yes and
-2 il (Ni,Co)Sb (Ni,Co)Sb
Mo/Ni No Yes N.l -.Sb No Yes N.l -.Sb
(0.3/1.2 um) precipitates precipitates
NisSby,
Ni/Ni(P) . (Ni,Co)Sb
N Y NisSb N N .
(0.1/2 um) © ©s 15502 © © and Ni-P
IMCs

4.2.3 Electrical Performance Evaluation of Ag56-CuZnSn Braze
and Ag Paste Contacts

Figure 4.2-9a presents Rc measurements performed on non-metallized and
metallized skutterudites joined with Ni interconnect using 56 at% Ag - 22 at% Cu
— 17 at% Zn — 5 at% Sn braze (Johnson Matthey, UK) at 655 °C (5 minutes dwell
with flowing Ar). It can be seen that Rc for all (N1,Co)Sbs n-type contacts is in the
acceptable range below < 7.28 <107 Q-cm?[27]. The lowest value of (3.12 + 0.77)
-107° Q-cm? was obtained for the n-fype contact formed without metallization and
using Silver-flo™ 56 braze, presumably enhanced by the formation of thin,
continuous (Ni,Co)Sb reaction layer without visible cracks or voids inside as
shown in Figure 4.2-1b. Slightly higher Rc values of (6.69 + 1.14) -10” and (7.34
+ 0.77) -10° Q-cm? were measured at nickel interconnect - (Ni,Co)Sbs n-type

contacting interfaces with Ti (0.3 um) / Ni (1.2 pm) and Ni (0.1 pm) / Ni(P) (2



um) metallization respectively. Both contacts as proven by SEM analysis, showed
dissolution of the metallization layer and interface degradation by the extensive
formation of (Ni,Co)Sb reaction layer with many crack and voids inside (Figure
4.2-2b and Figure 4.2-4b). The Mo (0.3 um) / Ni (1.2 um) metallization layers
were not dissolved in the skutterudite matrix, and despite diffusion barrier
penetration and reaction layer formation in the n-fype contacts, Rc was measured
to be (4.91 £ 1.04) - 10 Q-cm?.

High-temperature Silver-flo™ 56 braze was proven to be partially destructive
to Mmy(Fe,Co)4Sb12 p-type thermoelectric material as the microstructure of near-
the-contact surfaces showed intensive porosity, presumably caused by the braze
dissolution in the skutterudite matrix (Figure 4.2-1a) or aggressive flux (boric acid
and borax). As expected, Rc of Mmy(Fe,Co)4Sbi2 p-type — nickel interconnects did
not fall below acceptable range and were as high as (1.41 = 0.46) - 10 Q-cm? in
non-metallized specimens. The Rc values of (8.29 + 2.04) -107° Q-cm?, (8.78 =
7.63) -10° Q-cm? and (1.08 =+ 0.1) -10* Q-cm? were measured at nickel -
(Mmy(Fe,Co)4Sbi2 p-type contacts with Ti (0.3 pm) / Ni (1.2 pum), Mo (0.3 um) /
Ni (1.2 pm) and Ni (0.1 pm) / Ni(P) (2 um) metallization respectively. It is
believed, that the high degradation rate of Mmy(Fe,Co)4Sbi2 p-type thermoelectric
material is caused by presence of un-reacted antinomy residing at the grain
boundaries which at high brazing temperature (higher than sublimation of
antimony ~ 630 °C [102]) is either partially vaporized and along with Ag-Cu
based braze dissolved in the skutterudite matrix. The porosity, also observed in
SEM analysis (Figure 4.2-1a), inhibits continuous electron flow through the grain
boundaries and thermoelectric material, by effectively reducing the contact area.

The electrical contact resistance (Rc) of joints formed between

Mmy(Fe,Co)aSbiz p-type and (Ni,Co)Sbs n-type thermoelectric material and nickel
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interconnect using Ag-paste along with various thermoelectric metallization are
presented in Figure 4.2-9b. The (Ni,Co)Sbs n-fype connections have acceptable
values, below the required range of < 7.28 -10° Q-cm?. It is consistent with
microstructural analysis shown in Figure 4.2-5b, due to the formation of voids-
free contacts and despite the formation of two distinguish IMCs at the interface
such as (Co,Ni1)Sb and NisSby phase. Interestingly, Mmy(Fe,Co)4Sbi2 p-type
material joined to nickel interconnect reach low value of (3.43 £ 0.67) -107° Q-cm?
when Ti (0.3 um) / Ni (1.2 um) metallization were employed. It is consistent with
the results on Ag56-CuZnSn brazed samples as Ti/Ni metallization was dissolved
and the reaction layers of (Co,Ni)Sb and NisSb, phase were formed at the
interface (Figure 4.2-6a). At the same time, Ag paste does not completely wet
non-metallized Mmy(Fe,Co0)4Sbi2 p-fype material as seen in Figure 4.2-5a, which
transferred to Rc values > 6.8 107 Q-cm? which is higher than acceptable limit

[27].
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Figure 4.2-9: Graphs representing the electrical contact resistance (Rc) of
Mmy(Fe,Co)aSbi2  p- and (Ni,Co)Sbs n-type skutterudites with various
metallization joined with nickel using (a) Ag56-CuZnSn braze (Johnson Matthey,
UK) at 655 °C (5 minutes in Ar) and (b) Ag paste (Q-INKS S.r.1, Italy) at 652 °C

in Ar.
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4.2.4 Ag flake — based Conductive Adhesive

Since silver and nickel are not soluble in each other in any concentration
range, lack of interaction between joining material and interconnect works in
benefit for the contact chemical stability at higher temperatures. As proven in
Chapter 4.2.1 and 4.2.2, instabilities at the nickel interconnect — Ag-based braze -
skutterudite interface were the main cause of extensive intermediate phase
formation that could possibly lead to joint embrittlement and TE device failure.
The initial joining trials showed that antimony is the most diffusive element
(along with cobalt being second the fastest) in the p- and n-fype skutterudite
material and tends to form brittle intermetallic phases with most of the transition
elements in various stoichiometries. In order to inhibit Sb and Co diffusion, an
effective diffusion barrier that could be chemically inert with both skutterudite
and joining material and a reliable joining technology are needed. As already
reported in [61], CoSiz- and Co2Si-based silicides were successfully implemented
as diffusion barriers on n-fype skutterudite materials [61]. Moreover, refractory
metals such as tungsten or molybdenum, which are chemically inert with most of
the elements (including antimony and cobalt) might be a possible choice for stable
diffusion barrier that inhibit intermediate layer formation at contacting interfaces
but might delaminate from TE due to the CTE mismatch.

As an addition to diffusion barrier improvements, a significantly lower
temperature bonding process was investigated. The Ag flake-based conductive
adhesive (AREMCO Inc, US) was used as joining material for skutterudites and
metal interconnect cured at 110 °C for 60 minutes in the air. One of the
advantages of low-temperature bonding process is the possibility to form robust
joints without the need to subject skutterudite materials to higher-than-sintering

temperature, as necessary in high-temperature joining experiments using Ag-Cu-



based and Ag pastes. Additionally, silver flakes that constitute Ag flake-based
joining material, as advised by the supplier, are stable at temperatures higher than
initial joining temperature, up to 960 °C (Ag melting point). In the joined contacts,
both contacting interfaces and joining material itself are responsible for the final
performance of the joint. In the case of low-temperature silver based joining
materials (Ag flake-based conductive adhesive and sintered Ag-nano, as further
presented in Chapter 4.2.5), top Au or ENIG metallization layer was implemented
on both skutterudite and nickel interconnect substrates as noble metal is usually
required for satisfactory adhesion. Although any additional metallization layer
may potentially influence the electrical performance of the joint, Au layer was
essential, as initial tests performed on uncoated skutterudites and nickel
interconnects joined with low-temperature, Ag-based joining materials resulted in
high contact resistance values in the range between 107 and 10 Qcm?, below
initial expectations.

~0.5 pm-thick tungsten and 0.05 pm-thick top gold layers were investigated
as potential diffusion barrier and top metallization layer on both Mmy(Fe,C0)4Sbi2
p-type and (Ni,Co)Sbs n-type skutterudite materials. Pure tungsten is hard and
brittle material, which makes it difficult to deposit using PVD technique and the
resulting layer often embrittles during the machining of thermoelectric legs. As
seen in Figure 4.2-10, thin and continuous layer of tungsten (< 0.5 um) was found
at the skutterudite — silver flake interface and no delamination or crack were
observed. Moreover, as joining process was performed at low temperatures (7prax
= 110 °C for 1 hour in air), no damage was caused to thermoelectric material’s

properties and its microstructure.
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Nickel interconnect

Au (0.05 um)
Ag-flakes

Au (0.05 pm)
Tungsten (< 0.5 um)

Figure 4.2-10: (a) Schematic illustration of contacts configuration and
interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with W (<0.5 pm-thick) / Au (0.05 pm-thick) metallization
joined with Au coated Ni interconnect using Ag flakes (AREMCO Inc.) at 110 °C

in the air.



Encouraged by the recent findings on silicide-based metallization for Si
semiconductors, including CoSi> and Co0,Si [61], titanium silicides [113] and
nickel silicides [114], 2 um-thick tungsten silicide (WSi2) and 0.05 pm-thick top
Au layers were investigated as potential metallization on both Mmy(Fe,Co)4Sbi2
p-type and (Ni,Co)Sbs n-type skutterudite materials. It is believed that amorphous
WSi, layer will stay stable during the high temperature operations (up to 650 °C)
as this material has high crystallization temperature [115] and both tungsten (W)
and silicon (Si) are chemically inert with antimony (Sb). As shown in Figure
4.2-11, a continuous layer of WSi> can be found at the interfaces and good
adhesion between sintered Ag flake-based conductive adhesive and WSi> (> 1
um)/Au (0.05 um) coated Mmy(Fe,Co)4Sbi2 p- and (Ni,Co)Sbs n-type skutterudite
materials. It is worth highlighting that the ~ 0.05 pm-thick Au layer was not
observed in the EDS mapping due to equipment detection limits and initial XRD
tests on WSiz/Au coated skutterudites showed wide amorphous peak of WSi;
layer (EDS mapping showed in Appendix 14). Moreover, the formation of
(Co,Ni)Sb and NisSby intermetallic reaction layers was successfully inhibit and no
reaction between WSiz/Au coating and both Mmy(Fe,Co)sSbi2 p-type and
(N1,Co)Sbs n-type was observed. The interfacial reaction layer was not found in
any low-temperature, Ag flake-based contacts, including W/Au sputtered (Figure
4.2-10) and Ni / Ni(P) / Au plated (Figure 4.2-12) skutterudites, as opposed to
high temperature contacts of 56 at% Ag — 22 at% Cu — 17 at% Zn — 5 at% Sn

braze (Figure 4.2-1) and Ag paste (Figure 4.2-5).
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Nickel interconnect

Au (0.05 pm)
Ag-flakes

Au (0.05 pm)
WSi, (> 1 um)

Silver fla

a7

Figure 4.2-11: (a) Schematic illustration of contacts configuration and
interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with WSi>» (>1 pum-thick) / Au (0.05 pm-thick) metallization

joined with Au/Ni interconnect using Ag flakes (AREMCO Inc.) at 110 °C in air.



Nickel interconnect

Au (0.05 um)
Ag-flakes

Au (0.05 pm)
Ni(P) (2 pm)
Ni (0.1 um)

Thermoelectric
material

Figure 4.2-12: (a) Schematic illustration of contacts configuration and

interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with Ni/Ni(P)/Au metallization joined with Au coated Ni

interconnect using Ag flakes (AREMCO Inc.) at 110 °C in the air.
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4.2.5 Ag-nano Paste Sintering

Nanoparticle sintering is recently being considering as best joining alternative
for typical SAC solders used in microelectronics assembly. The exceptional
properties of Ag-nano particles have been recently tested in high-temperature
systems as the material’s remelting temperature is higher than initial curing
temperature. Encouraged by the results of low temperature Ag flake-based joining
technique, Ag-nano paste (NBE Technologies, LLC, US) was used in the same
metallization configuration. Although Ag is the main constituent of both joining
material, Ag-nano paste is based on nano spheres while the Ag based conductive
adhesive contains flake-shaped silver particles but mechanism behind bonding is
very similar. Thermal sintering is the main mechanism involved in forming
nanoparticles silver contacts for low temperature diffusion bonding and it is
controlled by sintering temperature and time. The sintering temperature of

common materials are given by the equation:

Ts = asTy 19

Where Ts is the sintering temperature, 7y is a material’s bulk melting
temperature and as is factor relative to material geometries. Values for as of 0.1 —
0.3 are normally reported for nanoparticle sized materials [116]. Considering the
silver melting point of 961 °C (its theoretical value) and a factor of 0.3, sintering
temperature (7’s) > 270 °C should be enough to achieve completely dense contact
and was used in these experiments. The pre-heating at 50 - 100 °C is often needed
to remove the organic binder from Ag paste because rapid volatilization of solvent
during the sintering tends to separate the bonding interfaces and produces voids

within the joint.



Nickel interconnect

Au (0.05 pm)

Ag-nano

Au (0.05 pm)
Tungsten (< 0.5 pm)

L%
(©
Figure 4.2-13: (a) Schematic illustration of contacts configuration and
interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with W (< 0.5 pum-thick) / Au (0.05 pum-thick) metallization

joined with Au coated Ni interconnect using Ag-nano (NBE Technologies, LLC,

US) at 273 °C in the air.
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As specified by the supplier of Ag-nano paste (NBE Technologies, LLC), an
effective removal of organic binder can be done by simply controlling the
sintering heating rate below 5 °C / min, which was used in this experiment. Figure
4.2-13, Figure 4.2-14 and Figure 4.2-15 present microstructural analysis of Ni/Au
interfaces bonded to W/Au, WSi2/Au and Ni(P)/Au coated skutterudite
respectively, using Ag-nano paste at 273 °C (in the air) by thermo-compression
technique. A satisfactory interface without visible cracks can be formed and
joining material was dense and adhered well to gold and ENIG-finished surfaces.
Moreover, as seen in Figure 4.2-15, inside the sintered Ag-nano contacts, the
pores visible at the Ni/Au — Ag interface are often precursors of microcracks and
might presumably grow into large cracks propagating across the whole joint
interface. Upon thermal cycling or isothermal ageing, the pore size is proven to
grow and merge into larger cracks which dominates the performance of nano-
sintered contacts [32]. Semiconductor-metallization interface quality also plays
vital role in the reliability and performance of the high-medium temperature
thermoelectric modules. As the Ag-nano sintering bonding was performed at low
temperatures, no material’s damage and Ni/Ni(P)/Au metallization layers
delamination was observed at the as-joined specimens. Moreover, the W/Au and
WSi/Au sputtered layers were visible at the contacting interfaces, but they
seemed slightly delaminated from the surface of skutterudite material. As
mentioned before, the adhesion on all the PVD sputtered coatings was evaluated
by a scotch tape test according to ASTM D3359 standard [97] with an excellent
4B-level performance, so that delamination effect was more likely induced during
the samples machining to rectangular shape pellet. Moreover, no secondary phase
formation was observed at the thermoelectric-metallization interface in all as-

joined specimens.



Nickel interconnect

Au (0.05 um)

Ag-nano

Au (0.05 um)
WSi, (> 1 um)

Figure 4.2-14: (a) Schematic illustration of contacts configuration and
interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with WSi> (>1 um-thick) / Au (0.05 um-thick) metallization
joined with Au coated Ni interconnect using Ag-nano (NBE Technologies, LLC,

US) at 273 °C in the air.
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Nickel interconnect

Au (0.05 pm)

‘Ag-nano
Au (0.05 um)
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Nickel (0.1 pm)
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Figure 4.2-15: (a) Schematic illustration of contacts configuration and
interfacial microstructure of (b) Mmy(Fe,Co)4Sbi2 p-type and (¢) (Ni,Co)Sbs n-
type skutterudites with Ni/Ni(P)/Au metallization joined with Au coated Ni

interconnect using Ag-nano (NBE Technologies, LLC, US) at 273 °C in the air.



Initial isothermal ageing tests were performed on specimens bonded using
low temperature, Ag-based joining materials. All contacting samples were
isothermally aged at 450 °C for 48 hours in flowing Ar but only these of Ni (0.1
um) / Ni(P) (2 um) / Au (0.05 pum) metallized sample survived testing and their
microstructural properties were further analysed. Figure 4.2-16a presents
interfacial macrostructure of (Ni,Co)Sbs n-type skutterudite with Ni (0.1 um-
thick) / Ni(P) (2 um-thick) / Au (0.05 um-thick) metallization joined with Au
coated Ni interconnect using Ag flakes (AREMCO Inc.) at 110 °C in open air and
isothermally aged at 450 °C for 48 hours in flowing Ar. It can be seen that
metallization layer dissolved in the skutterudite material and <2 pm-thick Ni-Sb-
Co reaction layer was formed at the interface. Based on EDS analysis, the reaction
layer is composed of Co—38 at.% Ni—52 at.% Sb and is defined as NisSby IMCs
with 10 at% Fe and 0.5 at% Ce solubilities. EDS analysis can be found in
Appendix A (Figure A. 16). Moreover, silver flakes kept their continuity and as
expected, based on previous results reported in Chapter 4.2.2, did not react with
either nickel or skutterudite material.

The interfacial microstructure of (Ni,Co)Sbs n-type skutterudite with Ni (0.1
um-thick) / Ni(P) (2 um-thick) / Au (0.05 um-thick) metallization joined with Au
coated Ni interconnect using Ag-nano paste (NBE Technologies, LLC, US) at 273
°C in the air and isothermally aged at 450 °C for 48 hours in Ar can be seen in
Figure 4.2-16b. As opposed to Ag flake-based contacts, nano Ag contact along
with Ni/Ni(P)/Au metallization were completely dissolved presumably in the n-
type skutterudite material. Interestingly, ~ 20 um-thick reaction layer was formed
and is a result of continuous nickel diffusion into thermoelectric material. Based
on EDS analysis, the reaction layer is composed of Co—34 at.% Ni—51 at.% Sb

and can be attributed to the (Co,Ni)Sb phase, which is consistent with results
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presented in Chapter 4.2.2. EDS analysis can be found in Appendix A (Figure A.
17). 1t is evident that flake-shaped particles work in contact stability benefits as
they keep their integrity at high temperature and inhibit nickel continuous

diffusion and formation of reaction layer.

(b)
Figure 4.2-16: Interfacial microstructure of (Ni,Co)Sbs n-type skutterudite

with Ni (0.1 pm-thick) / Ni(P) (2 pum-thick) / Au (0.05 pm-thick) metallization
joined with Au coated Ni interconnect using (a) Ag flakes (AREMCO Inc.) at 110
°C in open air and (b) Ag-nano paste (NBE Technologies, LLC, US) at 273 °C in

open air that were isothermally aged at 450 °C for 48 hours in flowing Ar.



4.2.6 Electrical Performance Evaluation of Ag Flake and Ag-nano

Contacts

Two low-temperature joining techniques (< 300 °C) including sintering of
Ag-nano particles and Ag flake-based adhesive were used because high brazing
temperatures were proven to be damaging for thermoelectric material and thin
metallization layer. Moreover, it was assumed that bonding at temperatures lower
than initial consolidation temperatures (in-situ synthesis by Spark Plasma
Sintering) might have a positive impact on electrical conductivity of
thermoelectric — interconnect joints. Both low-temperature, Ag-based joining
materials normally do not contain corrosive flux (such as borax and boric acid
found in Silver-flo™ 56 braze) so that degradation of p-fype material could be
avoided. Additionally, bonding at lower temperatures can help with stability of
relatively reactive metallization layers (such as Ti (0.3 pm) / Ni (1.2 um) and Ni
(0.1 um) / Ni(P) (2 um) presented in Chapter 4.2.1 and Chapter 4.2.2) so that
reaction layer of various intermediate compounds with different electrical
performance (such as (Ni,Co)Sb and NisSb, IMCs) can be inhibited. As seen in
Figure 4.2-17a, the lowest Rc values of (1.49 + 0.23) -10° Q-cm? and (1.40 + 3.94)
10 Q-cm? were measured at the Ni/Au-coated - Ni (0.1 pm) / Ni(P) (2 pm) /Au
(0.05 pum) coated Mmy(Fe,Co)4Sbi2 p-type and (Ni,Co)Sbs n-fype interfaces
respectively, when Ag-nano paste was used. Similar, low values of (2.27 + 5.44)
-10° Q-cm? and (2.0- £ 0.08) -10”° Q-cm? were measured for Mmy(Fe,C0)4Sbi2 p-
type and (Ni,Co)Sbs n-type skutterudites respectively, when joined to Ni/Au-
coated interconnect using Ag flake conductive adhesive (Figure 4.2-17b). The low
electrical contact resistance of Ni (0.1 um) / Ni(P) (2 pm) / Au (0.05 um) coated
skutterudites is consistent with SEM microstructural analysis (Figure 4.2-12 and

Figure 4.2-15) as crack-free interfaces without interfacial reaction layer of brittle
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IMCs were observed. Moreover, metallization layers of Ni, Ni(P) and Au are
normally characterized with relatively high-electrical conductivity [117] so that
the passage of electrical current across the contacting interfaces was allowed.

The electrical contact resistance (Rc) of joints formed between W (< 0.5 pum)
/ Au (0.05 pm) metallized Mmy(Fe,Co)sSbi2 p-type and (Ni,Co)Sbs n-type
thermoelectric material and Ni/Au-coated interconnect using Ag-nano and Ag
flake-based joining materials are presented in Figure 4.2-17. Relatively high Rc
values of (3.54 = 0.34) -10* Q-cm? and (1.98- + 0.25) -107* Q-cm? were measured
for W/Au coated (Ni,Co)Sbs n- and Mmy(Fe,Co)4Sbi2 p-type contacts respectively,
when Ag-nano paste was used. Moreover, Rc of (6.79 + 3) -10* Q-cm?and (1.3- +
0.31) 103 Q-cm? were measured for W/Au coated (Ni,Co)Sbs n- and
Mmy(Fe,Co)aSbi2 p-type contacts respectively, when Ag flake-based joining
material was used. As tungsten and gold have high room temperature electrical
conductivity [118], low electrical performance of W/Au metallized contacts can
be attributed to insufficient tungsten — skutterudite contact observed in SEM
analysis (Figure 4.2-10 and Figure 4.2-13)

Relatively high electrical contact resistance was measured for joints formed
between WSi> (> 1 um) / Au (0.05 pm) metallized Mmy(Fe,Co)aSbi p-type and
(N1,Co)Sbs n-type thermoelectric material and Ni/Au-coated interconnect using
Ag-nano and Ag flake-based joining materials are presented in Figure 4.2-17. The
poor electrical performance of WSi> / Au metallization is presumably caused by
the low electrical conductivity of amorphous WSi» layer which is expected to
crystallize during the high temperature operations or reduced conductivity at the

WSi; - skutterudite interface.
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Figure 4.2-17: Graphs representing the electrical contact resistance (Rc) of
(N1,Co)Sbs n- and Mmy(Fe,Co)4Sbi2 p-type thermoelectric material and different

metallization layers joined with Au-coated Ni interconnect using (a) Ag-nano

paste and (b) Ag flake-based conductive adhesive.
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Isothermal ageing test were performed on specimens bonded using low
temperature, Ag-based joining materials and involved thermal treatment at 450 °C
for 48 hours in flowing Ar. Figure 4.2-18 presents electrical contact resistance for
thermally aged Ni (0.1 pm) / Ni(P) (2 pm) / Au (0.05 pum) metallized n- and p-
type skutterudites joined with Au plated nickel interconnect using Ag-nano paste
and Ag flake-based joining materials. (Ni,Co)Sbs n-type contact that was joined
using Ag-nano joining material showed the highest thermal stability as Rc of 7.6 £
6.2 -10° Qcm? was measured which represents an increase by 441.9% compared
to as-joined specimens. At the same time, Rc of the n-fype contacts joined using
Ag flake-based joining material was measured of 1.9 = 0.9 -10* Qcm? which
represents an increase by 870.4% with as-joined specimens. This can be explained
by microstructural analysis presented in Figure 4.2-16b, as nano-Ag based
contacts formed reasonably continuous interface and formation of (Co,Ni)Sb
reaction layer. In the mn-fype contacts that were joined using Ag flake-based
joining material, voids at the thermoelectric-joining material are clearly visible,
which are presumably responsible for the high electrical contacts resistance
(Figure 4.2-16a).

The Mmy(Fe,Co)4Sb12 p-type contacts were previously proven to suffer in the
highest extend from thermal instabilities (Chapter 4.2.1 and Chapter 4.2.2). The
isothermal ageing of Ni (0.1 pm) / Ni(P) (2 pm) / Au (0.05 um) metallized p-type
skutterudites was proven to be destructive for the samples joined with Au plated
nickel interconnect using Ag flake-based. The Rc of Ni (0.1 pm) / Ni(P) (2 um) /
Au (0.05 pm) metallized p-type skutterudites joined with Ni/Au interconnect
using Ag-nano paste was measured of 2.84 + 0.3 -10* Qcm?. This represents

1798% increase compared to specimens at the beginning-of-life conditions.
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Figure 4.2-18: Summary of the electrical contact resistance (Rc) obtained for

Ni (0.1 pm) / Ni(P) (2 pm) / Au (0.05 pm) metallized n- and p-type contacts

joined with Au plated nickel interconnect using Ag-nano paste and Ag flake-

based material including the evolution upon the isothermal ageing at 450 °C in

flowing argon. Note: ‘0 hours’ specimens are contacts at the BOL conditions.

4.2.7 Solid-Liquid Interdiffusion (SLID) Bonding °

One promising interconnect technology for high-temperature microelectronic
packaging is solid-liquid interdiffusion (SLID) bonding [119], also called
transient liquid-phase bonding (TLPB) [119], and diffusion brazing [34]. The
SLID bonding technique is based on binary interlayer systems comprising a high-
melting-point material - 7w mien and a low-melting-point material - 7y Low which
is heated to its molten state resulting in the formation of intermetallic compounds

(IMCs) through a diffusion-reaction mechanism. SLID bonding has been

? Part of this chapter has been published as Placha K., Tuley R. S., Salvo M.,
Casalegno V., Simpson K., Solid-Liquid Interdiffusion (SLID) Bonding of p-Type
Skutterudite Thermoelectric Material Using Al-Ni Interlayers, Materials 2018,
11(12), 2483; https://doi.org/10.3390/mal1122483
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commonly explored using Sn and In as Ty row filler systems [120-124] with
several advantages over standard solder interconnections such as outstanding
thermal stability due to increased re-melting temperature and power handling
capability with current densities exceeding the capability of solders [125]. In the
present work, we assess Al-Ni diffusion couples as a potential joining material for
high-temperature thermoelectric modules assembly application. Among various
intermetallic compounds, Al-Ni IMCs are associated with unique properties, such
as high thermal stability, tremendous oxidation and corrosion resistance along
with excellent performance in creep strength [126]. The aluminium-nickel bi-
layered system has already been classified as a particularly suitable structural
energetic material used in a reactive, multilayer brazing foils due to its
exceptional exothermic properties [127,128]. Encouraged by the remarkable
properties of Al-Ni IMCs and recent findings on flux-less solid-liquid
interdiffusion (SLID) bonding technique in thermoelectric manufacturing
[129,130], a new joining technique utilizing the aluminium - nickel system has
been developed and is reported here.

In order to test the feasibility of Al-Ni solid-liquid interdiffusion bonding in
the current design, electroless Ni(P) coating on Cu interconnect, p- and n-type
skutterudites was introduced. Although previous bonding experiments utilized Ni
interconnect, SLID bonding needed Ni(P) plated Cu, as excess Ni could influence
final microstructure. Moreover, seed layer (< 0.5 um-thick) of electrolytic Ni was
deposited prior to electroless plating to ensure good Ni(P) adhesion to skutterudite
surface but only Ni(P) coating was believed to be a source of Ni needed for Al —
Ni reaction to occur. Phosphorous content in the top Ni(P) coating was 18 at.%
which, as reported in the literature [117], results in the mixture of amorphous and

microcrystalline microstructure and is expected to partially crystallize upon



heating to Ni3P phase [131]. As seen in Figure 4.2-19, as-deposited 14 um-thick
Ni(P) coating and < 0.5 um Ni layer show good adherence to the thermoelectric

materials (4B-level according to ASTM D3359 standard [97]) and Cu substrate.

e

her@pelgctrlc

Figure 4.2-19: SEM cross-sectional analysis of (a) Mmy(Fe,Co)4Sbi2 p-type
and (b) (N1,Co)Sbs n-type material with Ni Wood’s and Ni(P) layers along with

(¢) Cu with Ni(P) layer.
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It has been reported, that due to the lack of high-temperature thermal stability
of skutterudites and metal interconnects, implementing an additional diffusion
barrier is needed [46,58]. Fundamental research on high-temperature stability
between CoSbs-based thermoelectric material and Ni interconnect conducted by
Chen, et al. [43], revealed extensive growth of reaction layers, i.e., (Co,Ni)Sb and
NisSby phases at the skutterudite—nickel interface at high temperatures. Although
contact interface is expected to suffer from the Ni/CoSbs; high-temperature
instabilities, no diffusion barrier was implemented as SLID technique was aimed
to in-situ form Al-Ni IMCs that could serve as a bonding material and an effective
diffusion Dbarrier between the thermoelectric material and interconnect
simultaneously.

In this research, the bonding process is designed so that layers of Ni(P)-Al-
Ni(P) at the temperature of molten aluminium (7 row) undergo solid-liquid
interdiffusion reaction leading to the formation of intermetallic compounds
(IMCs) through a diffusion-reaction mechanism. Moreover, lower temperatures (<
Tm Low) were also tested so that solid-solid interdiffusion was a mechanism behind
the Ni(P)-Al-Ni(P) multilayer transition into AI-Ni intermediate compounds. As
thermoelectric module assembly is expected to be performed in a one single step,
for the practical reasons, both n- and p-fype thermoelectric materials were
subjected to the same joining procedure. Based on the phase diagram [132], there
are five thermodynamically stable intermetallic compounds existing in the AI-Ni
binary system but Al3Ni and Al3Niz phases are the only two expected to be found
in the reactive diffusion zone in both solid—solid and solid-liquid, nickel-
aluminium interfaces [120, 121]. To achieve the subject of this study for

maintaining a single AlNi> phase between two Ni layers (7w micn), it was



calculated, based on the following equation, the initial thickness of Ni needed for

17 um-thick Al foil (Ty Low):

tni _ 2Myi/pwi

= 20
tar  3Ma/par

where ¢ are the thicknesses of both nickel and aluminium layers, M are the atomic
weights and p are elemental densities, i.e., 8.9 g/cm?® and 2.7 g/cm® of Ni and Al,
respectively. However, deviations from the theoretical model were expected as
Ni(P) instead of pure Ni was used in this study. According to Equation 20, a
symmetrical joint consisting of two 3.75 um-thick Ni(P) layers and 17 pm-thick
Al foil (Figure 3.4-1b) should be enough to maintain a single Al3Niz phase. While
it would be advantageous to completely consume the nickel layer to avoid any
subsequent reaction with the skutterudite material, initial experiments indicated
that thicker Ni(P) layers are required, as any excess aluminium can react with the
thermoelectric to form the wider band gap [135] aluminium antimonide,
increasing the contact resistance (Rc). Moreover, elemental nickel is also
consumed by the formation of intermetallic compounds (IMCs) at the
skutterudite—Ni(P) interface and its depletion at the interconnection side caused by
the Ni and Cu miscibility [136] at all concentration ranges. Therefore, thicker than
calculated Ni(P) layers were deposited, i.e. ~14 pm-thick on both n- and p-type

skutterudites and copper as seen in Figure 4.2-19.
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The joining process was performed at two different temperatures, i.e., 585 °C
(£ Tvm row) for 15 minutes and 660 °C (= Ty Low) for 4.6 minutes (as calculated in
Equation 22 and 23) and the resulting joints’ microstructure are presented in
Figure 4.2-20 and Figure 4.2-21 respectively. It is clear that joining at 585 °C for
15 minutes is not sufficient for complete phase transformation, as some residual
aluminium at the joined interface can be found, and the only formed IMC is
Al3Ni1; (40 at. % Ni and 60 at. % Al) as identified by EDS analysis. EDS mapping
of p- and n-type contacts bonded with Ni(P) plated copper interconnects at 585 °C
for 15 minutes can be found in Appendix A (Figure A. 10 and Figure A. 11). It is
believed, that during the heating of the assembly, connected metallic interfaces
form a solid solution until its saturation and, as expected, the formation of IMCs
through the solid-state diffusion process occurs slower compared to that of the
solid—liquid kinetic. A complete transformation of aluminium filler is observed at
a joining temperature of 660 °C as two distinct IMCs, i.e., AI3Ni2 (38 at.% Ni and
62 at.% Al) near the Ni(P) coating and Al3Ni (24 at.% Ni and 76 at.% Al) in the
centre line can be found (Figure 4.2-21). EDS mapping of p- and n-type contacts
bonded with Ni(P) plated copper interconnects at 660 °C for 4.6 minutes can be
found in Appendix A (Figure A. 12 and Figure A. 13). This is consistent with
other studies performed on non-thermoelectric, aluminium-nickel diffusion

couples [133,137].



Copper interconnect

Ni(P) (14 pm)
Al (17 pm)

Ni(P) (14 um)
Ni (0.5 pm)

Thermoelectric material

Figure 4.2-20: (a) Schematic illustration of sample configuration before heat
treatment and SEM cross-sectional microstructure of (b) Mmy(Fe,C0)4Sbiz p-type
and (¢) (N1,Co)Sbs n-type interfaces bonded to Ni(P) coated Cu interconnect using

Al-Ni SLID technique at 585 °C for 15 minutes in Ar.
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Copper interconnect

Ni(P) (14 pm)
Al (17 pm)
Ni(P) (14 pm)
Ni (0.5 pm)

Figure 4.2-21: (a) Schematic illustration of sample configuration before heat
treatment and SEM cross-sectional microstructure of (b) Mmy(Fe,Co)4Sbi12 p-type
and (¢) (N1,Co)Sbs n-type interfaces bonded to Ni(P) coated Cu interconnect using

Al-Ni SLID technique at 660 °C for 4.6 minutes in Ar.



A kinetic model was used to explain Al3Ni, IMCs growth behaviour and to
determine the process heating profile. Considering the joint design based on two
nickel-based layers to be contacted with 17 um-thick aluminium foil, the
transition time was calculated based on the formation of Al3Ni» at the expense of
7.5 um of Ni(P) deposit. The thickness of the resulting bonding layer was

calculated from the following equation:

My, ni, y taiPar

t i, = 21
AlsNtz PalzNi, 3My;

where ¢ are the thicknesses of both aluminium and the resulting AlsNiz IMCs
layer, M are the atomic weights and p are the elemental densities, i.e., 4.7 g/cm?
Al3Ni; phase. According to equations 20 and 21, from the consumption of 7.5 um
Ni from both Ni(P) layers and 17 pm-thick Al foil, a final joint with a 24 pm-
thick Al3Niz layer is expected. As shown in Figure 4.2-21 the 28.6 pum-thick
contacts are thicker than its theoretical estimation which might be induced by the
formation of a two-phase bonding region (AIzNi + AlNi2). The parabolic
equation based on Fick’s diffusion law was used to determine the bonding

conditions as follows:

XET) =k x t" 22

where Xis the average thickness of the intermetallic compound, ¢ is the joining

process time, 7 is the bonding temperature, k is the constant rate, and n is a time
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exponent. In addition, the temperature dependence of reaction rate k can be

expressed by the following Arrhenius relationship:

k = kqexp (— Ig—,’;) 23

where k; is the frequency factor, R is the Boltzmann constant, and Q4 is the
activation energy for the growth of the designed AI3Ni» phase. According to
Tumminello, et al [138], the two empirical parameters attributed to Al3Ni> phase
growth, k and n are 8.5 X 107® m/s and 0.844, respectively. Based on equations 22
and 23, complete transition to the Al3Ni> phase can be achieved within 4.6 min,
which was used in the experiment. Additionally, longer bonding process including
treatment for 15 minutes and 60 minutes at 660 °C, but formation of Kirkendal
void within bonding line and Al-Sb IMCs were observed. One of the attributes of
the SLID bonding process is that both solid—liquid and solid—solid diffusion
mechanism play the key roles in isothermal solidification, which makes a process
more time consuming than standard soldering [139]. However, due to the high
diffusivity of solid nickel in molten aluminium [140], a combination of Al-Ni
diffusion couple is a good choice, making the joining process as fast as 4.6 min.
Additionally, the resulting IMCs, Al3Ni and Al3Ni; are characterized with higher
than initial re-melting temperature with theoretical values of 854 °C and 1133 °C,
respectively [132]. In order to investigate the microstructural evolution of the
fully transformed contact, isothermal ageing on the assemblies joined at 585 °C
for 15 minutes and 660 °C for 4.6 minutes was performed and the cross-sectional
view of these microstructures can be seen in Figure 4.2-22 and Figure 4.2-23

respectively.



Figure 4.2-22: SEM cross-sectional microstructure of (a) Mmy(Fe,Co)4Sbi2
p-type and (b) (Ni,Co)Sbz n-type interfaces bonded to Ni(P) coated Cu
interconnect using Al-Ni SLID technique at 585 °C for 15 minutes in Ar and

isothermally aged at 450 °C for 96 hours under Ar.
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 Mmy,CoFesShy, -

Figure 4.2-23: SEM cross-sectional microstructure of (a) Mmy(Fe,Co)4Sbi2
p-type and (b) (Ni,Co)Sbz n-type interfaces bonded to Ni(P) coated Cu
interconnect using Al-Ni SLID technique at 660 °C for 4.6 minutes in Ar and

isothermally aged at 450 °C for 96 hours under Ar.



Isothermal ageing was proven to promote homogenisation within the bond
line as a reduction of the Al3Ni phase in favour of growing AlsNi» was observed.
It is believed that during the homogenisation process, excess nickel from Ni(P) is
causing unstable AI3Ni phase continual conversion into Al3Ni» IMCs through
grain boundary diffusion, which may influence the joint’s thermal stability, as the
AlNi» phase has a higher melting point than Al3Ni phase. The residual
phosphorous was accumulated at the Al3Ni» / Ni(P) interface as a result of Ni
depletion from the Ni-P coating due to the formation of desirable Al3Ni, IMCs.
The high magnification image of the Ni(P)-Al3Ni; interface are highlighted in the
red squares in Figure 4.2-22 and Figure 4.2-23. Additionally, Kirkendall voids are
found within the two-phase region (AlzNi + Al3Niz) in specimens joined at 660 °C
for 4.6 minutes, representing a surface fraction of 4.4%, although some of these
are believed to be induced by pulling out the brittle intermetallic grains during the
polishing process and might not be an effect of the joining process itself.

Based on the cross-sections of the joints, a 6 and 10 pum-thick Co-Ni-Sb
reaction layer at the Ni(P) — p- and n-type skutterudite interfaces respectively, can
be observed at specimens bonded at 660 °C for 4.6 minutes (Figure 4.2-21) and
stays unchanged after isothermal ageing at 450 °C for 96 h (Figure 4.2-23). As
opposed to samples joined at 660 °C, isothermal ageing at the same conditions
influences the reaction layer thickness formed at contacts bonded at 585 °C for 15
minutes. As seen in Figure 4.2-20 and Figure 4.2-22, reaction layer thickness
increases from 5 ym to 12 um and from 8 pm to 15 pm for p- and n-type
specimens bonded at 585 °C for 15 minutes and isothermally aged at 450 °C for
96h in flowing Ar. It is believed that unreacted Ni from the Ni(P) layer diffuses
through skutterudite interface and selectively bonds with skutterudite material (Co

and Sb elements, exclusively) leading to a growth of interfacial reaction layer.
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Moreover, when the amorphous nickel was fully consumed due to formation
of AI-Ni intermediate compound and partial crystallization of Ni-P layer, the Ni-
Sb-Co layer stayed unchanged, as no free nickel was left at the interface. A
reaction layer with similar composition was also observed in the brazed contacts
when Ni(P)/Au coating was implemented as a metallization layer presented in
Chapter 4.2.1. Based on EDS analysis, the reaction layer is composed of Co—44
at.% Ni—52 at.% Sb which is consistent with results of Ref. [43]. Beside the
formation of (Ni,Co)Sb reaction layer at the skutterudite-Ni(P) interface and
presumable Ni-P layer crystallization, Fe-P intermetallic precipitates were found

in the p-type contacts joined at minimal temperature of 660 °C for 4.6 minutes.

4.2.8 Electrical Performance Evaluation of Al-Ni Solid-Liquid
Interdiffusion (SLID) Bonded Contacts

Figure 4.2-24 presents Rc of Mmy(Fe,Co)4Sbi2 p-type and (Ni,Co)Sbs n-type
skutterudites joined with metal interconnect using AI-Ni Solid-Liquid
Interdiffusion (SLID) bonding at 585 °C for 15 minutes and 660 °C for 4.6
minutes in Ar. The contact resistance (Rc) of Mmy(Fe,Co)4Sb1z p-type assemblies
joined at 585 °C and 660 °C was measured to be (2.8 = 0.4) 10 Q-cm? and (4.8 +
0.3) -10° Q-cm? respectively, which contribute by approx. 12 % and 21 % to the
total thermoelectric pellet resistivity. At the same time, the contact resistance (Rc)
of (N1,Co)Sbs n-fype material assemblies joined at 585 °C and 660 °C was
measured to be (5.14 +0.76) -10° Q-cm® and (2.87 + 0.64) -10° Q:cm?
respectively.

The evolution of the electrical performance of Mmy(Fe,Co0)4Sbi2 p-type
contacts during isothermal ageing at 450 °C in flowing Ar (Figure 4.2-24),

showed that high-temperature contact degradation led to the Rc increase by 370 %



and 68% within 96 hours for assemblies joined at 585 °C and 660 °C respectively.
Subsequently, electrical contact resistance (Rc) of (Ni,Co)Sbs n-type contacts
(Figure 4.2-24) increased by 149 % and 69 % within 96 hours of isothermal
ageing at 450 °C in flowing Ar. The degradation of electrical performance is
presumably caused by the Al3Ni phase transformation into AI3Ni» phase and a
partial Ni(P) delamination from the skutterudite material as observed in Figure
4.2-22 and Figure 4.2-23. It is worth to add that the electrical resistivity of
Mmy(Fe,Co)aSbi2 p-type and (N1,Co)Sbs n-type skutterudite pellets measured at
room temperature using four-point probe technique showed negligible changes in

the materials electrical performance after SLID bonding process.

Table 4.2-3: Summary of the electrical contact resistance (Rc) obtained for n-
and p-type contacts using Al-Ni Solid-Liquid Interdiffusion (SLID) bonding
performed at different joining conditions including the evolution over the
isothermal ageing at 450 °C in flowing argon. Note: ‘0 hours’ specimens are

contacts at the beginning-of-life conditions.

0 hours 48 hours 96 hours
Thermoelectric Conditions
element
Rc (Q-cm?)
585 °C, 15 5.14-10° 8.75:10° 12810
in, A +7.6-10° +2.3-10° +1.8:10°
(Ni,Co)Shs i, AL !
n-fype 660 °C, 5 2.87-10° 3.15-10° 4.86:10°
min, Ar 46.4-10° +3.5-10° +1.35-10°
585 °C, 15 2.8410° 9.85:10° 13410
in, A +3.6-10° +3.54-107 +7.5-10°
Mmny(Fe,Co)sSb1z min, Ar 3.6-10 3.54-10 7.5-10

p-iype 660 °C, 5 4.85-10° 6.4:10° 8.16'10°
min, Ar 43.2-10° +3.7-10° +9.2-10°
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Figure 4.2-24: Graphs representing the electrical contact resistance (Rc) of
(N1,Co)Sbs n- and Mmy(Fe,Co)4Sbi2 p-type materials joined with Ni(P)-coated
copper interconnect at (a) 585 °C for 15 minutes and (b) 660 °C for 4.6 minutes
and isothermally aged at 450 °C in Ar. Note: ‘0 hours’ specimens are contacts at

the beginning-of-life conditions.



4.2.9 Mechanical Strength Evaluation

The mechanical strength of bonded specimens was evaluated by measuring
apparent shear strength at room temperature adapted from ASTM D905 standard
[99]. As shown in Chapter 4.2.1 and Chapter 4.2.2, contacts brazed at higher
temperatures (those of Ag56-CuZnSn and Ag paste contacts) were proven to form
reaction layer of relatively brittle IMCs at the thermoelectric — metal/metallization
interface. This is presumed a reason for specimens’ fracture at pre-loads of ~5 N
during the shear testing (which in the given specimen’s geometry corresponds to
0.8 MPa). These specimens will be further listed as contacts with mechanical
shear strength < 0.8 MPa. The low-temperature contacts (those of nano-Ag and
Ag-flake based adhesives) did not exhibit any interfacial changes but due to
presumable insufficient surface pre-cleaning and possible presence of nanometres-
thick oxide layer at the surface before metallization sputtering, low mechanical
shear strength was expected. In this chapter, successful specimens with apparent
shear strength measured for Mmy(Fe,Co)saSbiz p- and (Ni,Co)Sbs n-type
thermoelectric-interconnect contacts are presented in Table 4.2-4.

Non-metallized skutterudites were joined with nickel interconnect using 56
at% Ag - 22 at % Cu - 17 at % Zn - 5 at % Sn braze (silver-flo™ 56) at 655 °C in
argon. Despite the reaction layer of brittle IMCs seen at the contacting interfaces,
the apparent shear strength of 5.27 + 0.01 MPa and 14.22 + 4.84 MPa was
measured for (Ni,Co)Sbs n-fype and Mmy(Fe,Co)4Sbi2 p-type specimens
respectively. Similar mechanical performance was expected in the Ni / Ni(P)
plated specimens as the metallization layer that was dissolved in the skutterudite
matrix and Ag-Cu based braze led to complete material exposure and possible
degradation. Nonetheless, apparent shear strength of 3.71 + 1.26 MPa and 6.16 +

1.41 MPa was measured for Ni/Ni(P) plated (Ni,Co)Sbs n-type and
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Mmy(Fe,Co)aSbi2 p-type specimens respectively. This is significantly lower than
non-metallized skutterudites, presumably due to the precipitation of brittle
phosphides IMCs (Ni-P in n- and both Fe-P and Ni-P in p-type contacts) at the
joining interface. Moreover, Mo (0.3 um) / Ni (1.2 um) coating that was proven to
be stable with skutterudite materials (as no chemical reaction between two was
observed), showed low apparent shear strength of 2.94 = 1.79 MPa and 4.69 +
1.02 MPa on for (Ni,Co)Sbs n-type and Mmy(Fe,Co)4Sbi2 p-type respectively,
presumably caused by the coating partial delamination from the materials’.

The mechanical testing was performed on specimens joined using Ag paste,
but they did not withstand 5 N mechanical pre-loading during the shear testing. In
order to investigate the failure that occurs at such low loads, the fractured surface
of the Ni / Ni(P) plated Mm,(Fe,Co)4Sbi2 p-type specimens joined to nickel were
analysed by scanning electron microscope and EDS and is presented in Appendix
A (Figure A. 14). The fracture seems to propagate along or very close to the Ni
interconnect — Ag paste interface and partially at the Ni(P) from the
thermoelectric side — Ag paste as regions of partially exposed Ni(P) and dense Ag
layers were detected by the EDS elemental mapping images. The reason behind
weak bonding between sintered Ag layer and Ni interconnect or Ni(P) coating on
skutterudites (as observed in Figure 4.2-8) is the lack of chemical reaction
between Ag and Ni as they are immiscible at all concentration ranges [141].

The apparent shear strength was tested for three different materials’
metallization and nano-Ag paste used as a joining material including W/Au (1 pm
/0.05 pm), WSiz / Au (1 pm / 0.05 pm) and Ni/ Ni(P) / Au (0.1 pm /2 pm / 0.05
um). The apparent shear strength of (Ni,Co)Sbs n-fype — interconnect bonded with
nano-Ag paste was as low as 1.36 £ 0.08 MPa while p-type contacts failed during

specimen pre-loading. Robust interface between WSi; / Au (1 pm / 0.05 pm-



thick) coating on (Ni,Co)Sbs; n-type and Mmy(Fe,Co)4Sbi2 p-type specimens
resulted in high measured apparent shear strength of 7.69 + 0.01 and 6.12 + 0.87
MPa respectively. Slightly higher values were measured for Ni / Ni(P) / Au (0.1
pum / 2 pm / 0.05 um) coated (N1,Co)Sbs n-type and Mmy(Fe,Co)4Sbi2 p-type
skutterudites with apparent shear strength of 9.65 + 0.28 MPa and 11.42 + 0.96
MPa respectively. These relatively high values were caused by the lack on
reaction layer that is usually found at the contacts formed at higher temperatures
and no visible changes in skutterudites microstructure near the bonding interface.
Moreover, top Au metallization layer helped with adhesion between the silver and
the metallisation. Lower values were obtained for the WSi> / Au (1 / 0.05 pm-
thick) coated (Ni,Co)Sbs n-type and Mmy(Fe,Co)aSbi2 p-type specimens joined
using Ag flake-based adhesive and equal 1.92 + 0.34 MPa and 5.248 + 0.02 MPa
respectively. Moreover, apparent shear strength of Ni/ Ni(P) / Au (0.1/2/0.05 pm-
thick) coated (N1,Co)Sbs n-type and Mmy(Fe,Co)4Sb12 p-type skutterudites bonded

using Ag flake-based adhesive was 0.99 + 0.08 and 3.31 = 0.01 MPa respectively.
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Table 4.2-4: Summary of the apparent shear strength measured for (Ni,Co)Sbs n- and Mmy(Fe,Co0)4Sb12 p-type thermoelectrics
joined to metal interconnect using different joining techniques and metallization layers at the BOL conditions. Specimens that
fractured during the pre-loading are listed as < 0.8 MPa. * Specimens joined at 660 °C for 4.6 minutes in Ar using Solid-Liquid

Interdiffussion (SLID) technique.

Silver-flo™ 56 Ag paste Ag-nano Ag flakes SALligl*
Thermoelectric
element Metallization
Apparent Shear Strength (MPa)
Non-metallized 5.27+0.01 <0.8 n/a n/a n/a
Ti/Ni (0.3/1.2 um) <0.8 <0.8 n/a n/a n/a
Mo/Ni (0.3/1.2 pm) 294 +£1.79 <0.8 n/a n/a n/a
W/Au (1/0.05 pm) n/a n/a 1.36 £0.08 <0.8 n/a
(Ni,Co)Shs
n-type :
op WSiz2/Au (1/0.05 /a /a 769 £ 0.01 1.92 + a
um) 0.34
Ni/Ni(P) (0.1/2 pm) 3.71+1.26 <0.8 n/a n/a n/a
Ni/Ni(P)/Au 0.99 +
(0.1/2/0.05 yum) n/a n/a 9.65+0.28 0.08 n/a
Ni/Ni(P) (0.1/14 wa wa wa wa 2.4+0.08

pm)
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Table 4.2-4 (Continued)

Silver-flo™ 56 Ag paste Ag-nano Ag flakes SALligl*

Thermoelectric
element Metallization
Apparent Shear Strength (MPa)

Non-metallized 1422 £4.84 <0.8 n/a n/a n/a

Ti/Ni (0.3/1.2 um) <0.8 <0.8 n/a n/a n/a

Mo/Ni (0.3/1.2 pm) 4.69 +1.02 <0.8 n/a n/a n/a

W/Au (1/0.05 pm) n/a n/a <0.8 <0.8 n/a
Mmy(Fe,C0)4Sb12

B e .
p-uyp WSiz2/Au (1/0.05 /a /a 612 + 0.87 5.248 + a
um) 0.02
Ni/Ni(P) (0.1/2 pm) 6.16 £ 1.41 <0.8 n/a n/a n/a
Ni/Ni(P)/Au 1142 + 331+
(0.1/2/0.05 pm) n/a n/a 0.96 0.01 n/a
Ni/Ni(P) (0.1/14 n/a n/a n/a n/a 4.49 +£0.58

pm)
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Mechanical testing was performed on AI-Ni SLID bonded contacts at the
BOL conditions and the shear strength is presented in Table 4.2-5. The apparent
shear strength of 2.4 = 0.08 MPa and 4.49 + 0.57 MPa was measured for
(N1,Co)Sbs n-type and Mmy(Fe,Co)4Sbi2 p-type material respectively, at the
contact samples joined at 660 °C for 4.6 min in Ar. Slightly higher apparent shear
strength of 3.12 = 0.78 MPa and 5.14 + 0.51 MPa was measured for (N1,Co)Sbs n-
type and Mmy(Fe,Co)4Sb12 p-type samples respectively, joined at 585 °C for 15
minutes. It is evident, Solid-Liquid Interdiffusion (SLID) joining technique that
was developed in this research is limited by the relatively low mechanical
performance of such contacts as higher shear strength can be achieved by using
Ag56-CuZnSn braze, Ag-based paste or low-temperature Ag sintering.

Scanning electron microscope along with EDS analysis was performed to
observe the fractured interface and understand possible failure mode occurring at
the BOL conditions within Mmy(Fe,Co0)4Sb12 p-type contacts joined at 660 °C for
4.6 min and is presented in Appendix A (Figure A. 15). The fracture seems to
propagate in the mixed mode — along or very close to the Ni(P) - Al3Ni
intermetallic interface and within the joining area (as schematically shown in
Figure 4.2-25) as the three distinct regions of Ni(P), Al3Ni> and AI3Ni can be
detected by the EDS elemental mapping images. The top view image of sheared
contact (Appendix A, Figure A. 15) suggests that the fracture occurring at the
Ni(P) — intermetallic interface was not caused as initially expected within Al3Niz
and ALNi IMCs but presumably Ni(P) coating crystallisation at elevated
temperature. This is consistent with SEM analysis (seen in Figure 4.2-21) and
formation of P-rich and crystalline Ni-P IMCs within Ni(P) coating which are
recognised as brittle phases and are often responsible for the mechanical failure of

electroless Ni(P) coating while high-temperature welding of stainless steel
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elements [131]. Moreover, specimens that were subjected to isothermal ageing
were characterized by poor mechanical performance, as they failed during the pre-

loading (~ 5 N) in the shear strength measurement.

Table 4.2-5: Summary of the apparent shear strength measured for
(N1,Co)Sb; n- and Mmy(Fe,Co)4Sbi2 p-type thermoelectric material joined to
metal interconnect using AI-Ni Solid-Liquid Interdiffusion (SLID) bonding

techniques at different process conditions.

Conditions 585 °C for 15 min 660 °C for 4.6 min
Thermoelectric Apparent Shear Strength (MPa)
element
(Ni,Co0)Sbs n-type 3.12+0.78 2.4+0.08
Mmy(Fe,C0)4Sb12
5.14+0.51 449 +0.57
p-type
Considering that the mechanical properties of skutterudite — metallic

interconnects are rarely reported in the literature, and the mechanical strength
depends on several variables, i.e. measurement set-up configuration, it is
challenging to quantitatively compare to other high-temperature thermoelectric
junctions previously reported. Nonetheless, according to Ref. [142], the maximum
bonding strength of 13.2 MPa was achieved in low-temperature (Pb,Sn)Te/Cu
layers bonded by solid-liquid interdiffusion (SLID) using In-Ag system,
suggesting that low mechanical reliability of IMCs-based joints might cause

failure in long-term operations, thus requires further improvement.
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Figure 4.2-25: Mechanical performance of bonded specimens: (a) apparent
shear strength of p-type and n-type contacts formed using AI-Ni Solid-Liquid
Interdiffusion (SLID) bonding at different joining conditions and (b) schematic
illustration of Mmy(Fe,Co)4Sbi12 p-type specimen bonded at 660 °C for 4.6 min

with fracture mode of sheared assembly marked in red.

4.2.10 Conclusions

A great effort in this thesis is put towards characterizing the electrical contact
resistance and microstructure of metal interconnect—semiconductor interfaces
developed using various joining techniques. The results presented in Chapter 4.2
were achieved by high temperature brazing using 56 at% Ag - 22 at% Cu — 17
at% Zn — 5 at% Sn filler metal and Ag paste, low temperature metal sintering
using Ag-nano and Ag flake-based paste as well as novel, aluminium — nickel
Solid-Liquid Interdiffusion (SLID) bonding technique.

Semiconductor — metal interconnects are at the core of solid-state device

performance due to sensitivity to resistance in the electron flow and heat flux, and



hence might lead to reduced conversion efficiency of the prototype device. In
order to achieve high performance of thermoelectric device, fabrication of high-
performance and robust contacts is needed. The room temperature electrical
performance was evaluated by measuring the electrical contact resistance (Rc) at
contacting interfaces using four-point probe measurements. According to Ref.
[27], in order to maintain > 80 % theoretical material efficiency in the working
device, the electrical contact resistance (Rc) at the thermoelectric — metal contacts
needs to be at least less than 30% of the total TE leg resistance (assuming no
thermal contact resistances). By considering one thermoelectric pellet dimension
of 2.5 X 2.5 X3 mm and the electrical resistivity of Mmy(Fe,Co)4Sb12 p-type
thermoelectric material of 7.59 nQ-m (measured by four-point probe resistivity at
room temperature), the electrical contact resistance measured at the given sample
geometries (schematically shown in Figure 3.6-1) should be < 6.8 -10° Q-cm? in
order to achieve high module performance promised from material measurements.
Simultaneously, the electrical contact resistance for (Ni,Co)Sbs n-type contacts
should be < 7.28 -10” Q-cm?, as the electrical resistivity of TE material of 8.09
uQ-m was measured by four-point probe resistivity at room temperature. The
results on Rc measurements of thermoelectric-interconnect contacts developed in
this research are presented in Table 4.2-6.

High temperature bonding techniques, including Ag56-CuZnSn braze, Ag
paste and AIl-Ni Solid-Liquid Interdiffusion (SLID) bonding helped with
formation of satisfactory n-fype contacts in terms of their electrical performance
as measured Rc was in the acceptable range below < 7.28 -10° Q-cm? in all
metallization configurations (see Table 4.2-6). This can be explained by the
microstructural analysis of contacting interfaces as formation of reaction layers

between two joined components that was observed, normally works in joint’s
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electrical benefit. These layers were identified as NisSbo and (Ni,Co)Sb
compounds and were observed in both Ag56-CuZnSn and high-temperature Ag
contacts when pure nickel was used as interconnect material. It is believed that the
formation of reaction layers occurs due to the constant nickel diffusion through
joining material and will lead to nickel complete dissolution into the
thermoelectric material and interfacial phase change upon time. The Ag56-
CuZnSn based and high-temperature sintered Ag contacts did not retain
mechanical integrity after isothermal ageing at 450 °C and excessive formation of
Ni-Co-Sb reaction layers along with consumption on nickel interconnect was
believed to be a mechanism behind joints failure. Al-Ni Solid-Liquid
Interdiffusion (SLID) bonding was proven to successfully hinder reaction layer
growth as Cu - Ni(P) plated interconnect with limited nickel accessibility was
used. 10 pm-thick (Ni,Co)Sb interfacial reaction layer observed in the n-fype
contacts joined by SLID technique (at 660 °C for 4.6 minutes in Ar) and stayed
unchanged upon ageing (at 450 °C for 96 hours in Ar) due to the complete nickel
transformation into Al-Ni and Ni-P IMCs phase (Figure 4.2-21c and Figure
4.2-23b). Moreover, no copper diffusion through Al-Ni IMCs bonding material
was observed upon ageing but Kirkendall void and P-rich phase formation were
presumably a reason behind samples failure during pre-loading (of ~ 5 N) in the
mechanical shear testing. The high content of phosphorous in the Ni(P) layer was
responsible for coating crystallization and precipitation of brittle Ni-P
intermetallic compounds along with Fe-P phases in the p-type contacts. Initial
joining tests were performed with pure nickel used instead of Ni(P) coating and
promising results were achieved but requires additional quantifying.

The p-type contacts suffer the most in terms of their electrical and

microstructural performance as a result of high-temperature brazing treatment



with Ag56-CuZnSn braze (655 °C for 5 minutes in flowing Ar). Un-reacted
antimony, which was found to precipitate at grain boundaries of skutterudite
phase during the consolidation process is presumed to volatilize at bonding
temperature or react with Ag56-CuZnSn braze leaving a porous microstructure
near the contacting interface. The electrical performance of the Mmy(Fe,Co)4Sbi2
p-type contacts as presented in Table 4.2-6, shows higher than acceptable (< 6.8
-10° Q-cm?) Rc measured in all specimens joined with nickel interconnect using
Ag56-CuZnSn braze and high temperature Ag paste. The electrical contact
resistance of 4.86 -10° Q-cm? was measured for p-fype specimens formed using
Al-Ni SLID bonding technique and is consistent with microstructural analysis as
continuous interfaces with no visible cracks within bonding material were formed
(Figure 4.2-21b).

Low temperature Ag-nano and Ag flake-based joining materials were proven
to be effective in forming high-performance electrical contacts in both n- and p-
type specimens. The low values of electrical contact resistances (< 2:10° Q-cm?)
were measured on Ni/Ni(P)/Au coated samples as reduced joining temperature
inhibit the formation of interfacial reaction layer. Moreover, lack of corrosive flux
(such as borax and borax acid found in commercial silver-flo™ 56 braze) helped
with a stability of unreacted antimony with p-type skutterudite material and no
porous microstructure was found at the contacting interfaces. Two other
metallization layers of W/Au (1/0.05 pm-thick) and WSi>/Au (1/0.05 pm-thick)
materials were tested along with low-temperature joining materials with relatively
poor electrical performance as a result of tungsten delamination and low electrical

conductivity of amorphous WSi phase.
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Table 4.2-6: Summary of the electrical contact resistance (Rc) obtained for n- and p-fype thermoelectrics using different joining

techniques and metallization layers at the BOL conditions. * Specimens joined at 660 °C for 4.6 minutes in Ar using Solid-Liquid

Interdiffussion (SLID) technique.

Silver-flo™ 56 Ag paste Ag-nano Ag flakes  Al-Ni SLID*
Thermoelectric
element Metallization
Rec (Q-cm?)
105 105
Non-metallized i;% 186 i19875 9 .110 06 n/a n/a n/a
Ti/Ni (0.3/1.2 6.69-107 2.68-107 w/a wa wa
pum) £1.14-10°° +7.84-10°°
105 105
Mo/Ni (0.3/1.2 pm) fl.9014-1100'5 jég;.(l)oé n/a n/a n/a
W/Au (1/0.05 w/a /A 3.54-10* 6.79-10™ wa
105 104
(Ni,Co)Shs pm) +3.4-10 +3-10
n-type WSi2/Au (1/0.05 a a 5.6-10* 2.53-1073 wa
m) +5.35-10° +6.75-10
105 1055
Ni/Ni(P) (0.1/2 um) S S n/a n/a n/a
Ni/Ni(P)/Au 0/ 0/ 1.40-10° 2.0-10° Wa
(0.1/2/0.05 pum) +3.94-107 +£8.92-107
- 2.87-107
Ni/Ni(P) (0.1/14 pm) n/a n/a n/a n/a 16,410
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Table 4.2-6 (Continued)

Silver-flo™ 56 Ag paste Ag-nano Ag flakes  Al-Ni SLID*
Thermoelectric
element Metallization
Rec (Q-cm?)

. 1.41-10* 6.12-107

Non-metallized +4.66:10° 14.39-10°3 n/a n/a n/a
Ti/Ni (0.3/1.2 8.29-10°7 3.43-107

um) +2.04-10° +6.7-10° n/a na n/a
105 104

Mo/Ni (0.3/1.2 pm) f7'7683 '1100_5 i11.2063 .1100_5 n/a n/a n/a

1.98-107 1.3-107
W/Au (1/0.05 pm) n/a n/a 04 04 n/a
Mmy(Fe,C0)4Sb12 +2.54-10 +3.09-10
p-type : 1.58:10° 8.13:10*

WSi2/Au (1/0.05 pm) n/a n/a +1.03-104 18.42-10° n/a
104 104

Ni/Ni(P) (0.1/2 pm) ;1'0084_110 0 i’llg_igé n/a n/a n/a

Ni/Ni(P)/Au 0/ /A 1.49-10° 2.27-107 i
(0.1/2/0.05 pm) +2.3-10° +5.44-10°
- 4.84-10°°
Ni/Ni(P) (0.1/14 pm) n/a n/a n/a n/a 13.16-10
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Many bonding techniques in terms of their microstructural, electrical and
mechanical performance were investigated and reported in Chapter 4 and only the
most promising candidates were used for the fabrication of module prototype. In
order to evaluate reliability of each joining technique along with metallization and
possibility of implementing into industrial manufacturing of high-performance
thermoelectric module, overall performance was compared and listed in Table
4.2-7. To clearly summarize suitability of each technique, electrical (E),
mechanical (M) and more subjective microstructural (R) performance of
Mmy(Fe,Co)aSbi2 p-type (+) and (Ni,Co)Sbs n-fype (+) contacts were analysed in
terms of their acceptability level. As seen in Table 4.2-7, each cell contains three
letters in three distinguish colours, depending on the measured performance. In
the case of electrical suitability (E), green colour indicates measured electrical
contact resistance < 6.8 -10° Q-cm?, yellow colour indicates contact resistance
between 6.8 -10° Q-cm? and 1.4 -10* Q-cm? and . colour is for Rc > 1.4 -10™*
Q-cm?. The mechanical performance (M) was evaluated by measuring apparent
shear strength with minimum acceptable strength of > 5 MPa highlighted in green,
yellow colour indicated apparent shear strength between 5 MPa and 0.8 MPa and
. when specimens failed during the pro-loading with approximately value of <
0.8 MPa. Moreover, based on the SEM microstructural analysis, formed contacts
were evaluated in terms of the joint quality, cracks and reaction layer formation
that would have significant impact on the performance of thermoelectric module.
Although the quality of these characteristics is very subjective, green, yellow and
. colours were used for the good, acceptable and poor performance of

contacting interfaces (R).



Table 4.2-7: Comparison of electrical (E), mechanical (M) and
microstructural (R) performance of chosen joning technique and metallization
design in the n- (-) and p-fype (+) contacts in terms of suitability for prototype
module fabrication. * Specimens joined at 660 °C for 4.6 minutes in Ar using

Solid-Liquid Interdiffussion (SLID) technique.

Silver- Al-Ni
flo™ 56 Agpaste  Ag-nano  Ag flakes SLID*

Metallization
Suitable solution

Non-  (OEMR
metallized (+) E‘I (+)“I n/a n/a n/a

Ti/Ni ) E ‘R “
(0.3/1.2um) (HE l ) n/a n/a n/a

Mo/Ni -)EMR
(0.3/1.2um) (+)EM I (ﬂ“ n/a n/a n/a

W/Au o o ()EMR ()E ‘R y
(1/0.05 um) a * ©»EMR ©HEMR !
WSiz/Au )E - EM
(1/0.05 pm) na n/a (+) I“ - EM na

e 0% VROV (oA [ob
. HEME HEMR | 8 ®

thicknesses)

According to results depicted in Table 4.2-7, two low-temperature bonding
techniques using nano-Ag and Ag flake-based joining materials and higher
temperature Solid-Liquid Interdiffusion (SLID) bonding technique were
characterized with the highest overall performance at the beginning-of-life
conditions. Moreover, two metallization layers that were combined with these
joining techniques resulted in the optimal performance needed for high
performance, medium-high regime thermoelectric generator. Based on the given

results, five combinations of bonding techniques and metallization were

i Au top layer was introduced in the Ag-nano and Ag flakes bonding only
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shortlisted for the module prototype fabrication and included WSiy/Au (1/0.05
um) and Ni/Ni(P)/Au (0.1/2/0.05 um) metallized skutterudites with Ag-nano and
Ag flake-based adhesive along with SLID technique. These combinations are
highlighted with squares in Table 4.2-7. The WSi2/Au (1/0.05 um) metallization
has relatively poor electrical performance due to the high resistivity but it was
assumed that WSi>» amorphous layer will partially crystallize during the high-
temperature measurement (or the service) which was further confirmed.
Moreover, module with WSi/Au (1/0.05 um) layer was only assembled using Ag
flake-based bonding material as initial reliability test revealed that Ag-nano paste
based modules are more likely to be mechanically unstable at temperatures higher
than 350 °C. Additionally, initial tests revealed difficulties with performing
module-level assembly using Al foils in the SLID technique and resulting
prototype module was characterized with an electrical shunt and very high module

resistivity.



4.3 Thermoelectric Material-Metallization Co-sintering

One of the challenges in the development of robust high-temperature
thermoelectric device is fabrication of stable diffusion barrier and metallization
stack that includes adhesion layer diffusion barrier and wetting top layer. Contacts
in the skutterudite-based modules, in the high extend, suffer from the intensive
thermal stresses induced during the high-temperature service. These stresses
include a volumetric change, associated with the phase transformation at the
skutterudite—metallization interface and thermal expansion coefficient (CTE)
mismatch of the components. Nonetheless, a lack of chemical interaction and
CTE mismatch, i.e. between molybdenum and skutterudite thermoelectric
material, as shown in Chapters 4.2.1 and 4.2.2, results in metallization stack
delamination and presumable device failure at elevated temperature.
Thermoelectric material in this research was in-situ synthesized using spark
plasma sintering technique and involved high temperature consolidation and
applied high uniaxial pressure (> 50 MPa). Such conditions could be beneficial
for formation of strong mechanical bond between thermoelectric material and
metallization stack and were previously reported for nickel-chalcogenide
thermoelectric systems [143]. In this chapter, initial tests on co-sintering of
thermoelectric material with various metallic foils in single and multi-
metallization design are presented. Although resulting materials did not survive
further processing due to cutting process limits, and so were not characterized
further, initial microstructural analysis of most successful candidates will be
presented here. Moreover, for the sake of brevity, complete EDS analyses of

contacting interfaces will be not presented in the following Chapter 4.3.
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Co-sintering of thermoelectric material and metallization foils was performed
at the conditions optimized for in-situ synthesis of Mmy(Fe,Co)4Sbi2 p-type and
(N1,Co)Sbs n-type skutterudite materials. In order to promote formation of
interfacial reactions, an additional holding at temperatures of at least 78% of the
initial in-situ synthesis temperature was carried out. That included dwelling with
uniaxial pressure of 50 MPa applied for 10 minutes at 500 °C and 590 °C for p-
type and n-type assemblies respectively. In the single metallization design, 50 pm-
thick titanium and 100 um-thick zirconium foils were bonded with thermoelectric
material at one-step sintering step. As can be seen in Figure 4.3-1a, there is no
formation of reaction layer at the p-type Mmy(Fe,Co)4Sbi2 — titanium interface,
due to the insufficient processing temperature (600 °C). Although no presumable
chemical reaction occurred at the contact, a continuous interface between the two
materials with no visible cracks was observed.

At the same time, (Ni,Co)Sbs n-fype thermoelectric material was co-sintered
with Ti foil (99.7% purity) at 750 °C and < 5 um-thick Ti- rich intermediate layer
was observed at the interface. A visible crack between reaction layer and
thermoelectric (seen in Figure 4.3-1b) was presumably caused by the thermal
stresses induced during the cooling and volumetric change of the newly formed
phase. As determined by EDS analysis, the phase consisted of 34 at% Ti, 20 at%
Co, 10.5 at% Ni and 35.5 at% Sb which is consistent with results of Ref. [46].
Although, high-pressure involved in the SPS process works beneficially to the
interfacial integration due to the formation of mechanically strong bonds, high
temperature normally enhances formation of interfacial secondary phases, such as
brittle intermetallic compounds (IMCs). The chemical phenomena occurring at
interfaces determine it structure and properties. The chemical reaction between

the ceramic and the metal may easily initiate bond formation; however, thick



brittle reaction layers or intermetallic compounds formed at the interface often
cause premature failure at very low stresses. Crack formed at the titanium —
skutterudite interface are induced by thermal stresses induced in the contact
during cooling due to the CTE mismatch and differing mechanical responses of

metal and skutterudite.

(b)
Figure 4.3-1: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi2 p-type

and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS with 50 um-thick Ti foil (99.7% purity). Red circle

shows higher magnification images of contacting interfaces.
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A 100 pm-thick Zr layer (99.98% purity) was introduced as potential
metallization for Mmy(Fe,Co)4Sbi2 p-type and (N1,Co)Sbs n-fype skutterudites. As
seen in Figure 4.3-2, 3.5 um-thick and 12.5 pm-thick reaction layers were formed
at the zirconium and p- and n-type contacts respectively, and were determined by

EDS (not shown here) as ZrSb, phase (33 at% Zr and 67 at% Sb).

(b)
Figure 4.3-2: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi> p-type

and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS with 100 um-thick Zr foil (99.98% purity). Red circle

shows higher magnification images of contacting interfaces.



In the bi-layered design, thermoelectric powders (elemental mixture) were co-
sintered with 50 um-thick Zr and 50 um-thick Ti foils using conditions optimized
for pre-alloyed powders in one sintering step. Such a design shortens the
consolidation process, by allowing thermoelectric material in-situ synthesis and its
full consolidation to nearly 98% of its theoretical density and formation of
diffusion (zirconium) and top metallization (titanium) layer in only one process
step. First layer to be in contact with thermoelectric material is used to create a
strong (and chemically stable) bond between top metallization layer, that is
usually in contact with joining material. As seen in Figure 4.3-2, thermoelectric
material when contacted with zirconium, formed a thin ZrSb, IMC layer in
Mmy(Fe,Co)aSbi2 p-type and (N1,Co)Sbz n-type materials. The zirconium foil
could be possibly utilized as adhesion layer, since titanium, stainless steel and
molybdenum that are designed to serve as top wetting layers at the initial joining
test delaminated from the skutterudite interface. Figure 4.3-3a presents
Mmy(Fe,Co)aSbi2 p-type thermoelectric material co-sintered with 50 pm-thick
zirconium and 50 um-thick titanium foil. Although ZrSb, IMC was observed at
the thermoelectric — zirconium interface, no intermediate phase at the zirconium —
titanium interface was observed. Successful solid-state diffusion bonding between
zirconium and titanium layer was achieved at conditions optimized for (Ni,Co)Sbs
n-type skutterudite (Figure 4.3-3b) with B(Zr,Ti) solid solution formed at the
interface due to the joining temperature (750 °C) the minimum temperature of the
a(Zr,Ti) — B(Zr,Ti) phase transformation. This is consistent with results of Ref.

[144].
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(b)
Figure 4.3-3: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi2 p-type

and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS with 50 pm-thick Zr and 50 pm-thick Ti foil. Red

circle shows higher magnification images of contacting interfaces.

Figure 4.3-4 shows Mmy(Fe,Co)4Sbiz p-type and (Ni,Co)Sbs n-type
skutterudite materials co-sintered with 50 um-thick zirconium and 50 pm-thick
stainless steel (SS303 series) foils. Similar to Zr-Ti bi-layered metallization, the
formation of ZrSb, IMC at the skutterudite — zirconium interface is observed in

both Mm(Fe,C0)4Sbi2 p-type and (Ni,Co)Sbs n-type contacts, with no chemical



reaction observed between Zr and SS303 material. Lack of intermediate layer
formation between zirconium and SS303 stainless steel is presumably a result of
low bonding temperature and no chemical interaction between elements
constituting both materials. It is believed that pre-sintering of Zr-SS303 foils at
minimum temperature of 800 °C could induce intermediate phase formation (such
as FeZrs intermetallic compound) and form strong chemical bond between these
materials.

Figure 4.3-5 presents Mmy(Fe,Co)4Sbi2 p-type and (Ni,Co)Sbs n-type
thermoelectric materials co-sintered with 25 pm-thick 70 at% Ti — 15 at% Cu — 15
at% Ni (Ticuni™) adhesion layer and 25 pum-thick Mo foil. Ticuni™ foil is used
for ‘active brazing’ process and often commercially available foils are in form of
tri-layered material (core is made of CuNi and external layer is Ti) that has a
liquidus temperature of 960 °C. The reason for using Ticuni™ layer was to join
Molybdenum foil to skutterudite-based materials by diffusion bonding process. It
can be seen that 1 pm-thick TiSb, IMC layer with minimal Fe, Co, Ni and Cu
solubility (33 at% Ti, 65.5 at% Sb, 0.6 at% Fe, 0.2 at% Co, 0.4 at% Ni and 0. 3
at% Cu as determined by EDS analysis) formed at the Mmy(Fe,Co)4Sb12 p-type -
Ticuni™ interface. At the same time, lack of reaction between molybdenum and
Ticuni™ led to the delamination of top molybdenum layer. Titanium and
molybdenum are completely miscible above 882 °C and below that temperature,
the solubility of Mo and Ti is restricted as the maximum solubility of Mo in a-Ti
is less than 0.5% at 600 °C. Joining of (Ni,Co)Sbs n-fype material was performed
at higher than p-#ype temperatures thus thicker interfacial reaction layer (~ 15 pm-
thick) was formed at that interface and no reaction layer at the Ticuni™ —
molybdenum interface (Figure 4.3-5b). As determined by EDS analysis, reaction

layer consists of 31 at% Ti, 22 at% Co, 10 at% Ni and 36 at% Sb. It is consistent
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with results for specimens co-sintered with pure Ti foils presented in Figure

4.3-1b.

(b)
Figure 4.3-4: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi2 p-type

and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS 50 um-thick Zr and 50 um-thick SS303 (stainless

steel) foil. Red circle shows higher magnification images of contacting interfaces.
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Figure 4.3-5: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi2 p-type
and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS with 50 pm-thick 70 at% Ti — 15 at% Cu — 15 at% Ni

Ticuni™) and 25 pum-thick Mo foils foil. Red circle shows higher magnification
u

images of contacting interfaces.

In the tri-layered design, thermoelectric powders (elemental mixture) were
joined with pre-sintered 9 pm-thick nickel, 25 pm-thick molybdenum and 9 pm-
thick nickel discs using conditions optimized for pre-alloyed powders in one

sintering step. The sintering of 9 um-thick Ni - 25 um-thick Mo - 9 pm-thick Ni
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interlayers was carried using Spark Plasma Sintering technique by applying
uniaxial pressure of 50 MPa for 10 minutes so that nickel-molybdenum, solid-
state reaction could occur. Pre-sintering of metallization stack was necessary as
initial tests performed in a conventional way resulted in molybdenum layer
delamination. Although Ni-Mo intermetallic compound was not found at
contacting interfaces, as expected from the phase diagram [145], minor reaction
was expected, as layers within stack did not delaminated. Thin nickel layer was
implemented as both adhesion and top, wetting layer, as molybdenum was found
to relatively easily delaminate at higher service temperatures and experiences
limited wettability by molten brazes [34]. As seen in Figure 4.3-6, two distinguish
layers of NisSb2 IMCs (Ni-rich being in contact with molybdenum) can be found
at the Ni (9 pum-thick) / Mo (25 pm-thick) / Ni (9 pm-thick) and both n- and p-
type contacts. Although two layers of relatively brittle NisSb, IMCs were formed
at the skutterudite-molybdenum interface, chemical bond between two elements in
stack will presumably work in materials’ mechanical benefit.

The configurations of different metallization and resulting interfacial reaction
layers are summarized in Table 4.3-1. The n-type contacts were found to form
thicker reaction layers at the contacting interfaces, as compared to p-fype contacts,
presumably due to the higher processing temperature (750 °C). Moreover, high
temperature was also found beneficial for the formation of B(Zr,Ti) solid solution
between zirconium and titanium metallization stacks as a(Zr,Ti) — B(Zr,T1) phase
transformation could occur [146]. The p-type contacts were found to form
significantly thinner interfacial reaction layers of intermetallic compounds (such
as Ti-rich (Co,Ni)Sb, ZrSb, or NisSby). The pre-sintering of metallization stack
was proven to succesfully intergate various metal foils that can be further co-

sintered with thermoelectric material using in-situ synthesis. Nonetheless, in order



to avoid foil delamination, less aggressive cutting technique or sintering to

thermoelements’ required shape is necessary.

(b)
Figure 4.3-6: Interfacial microstructure of the (a) Mmy(Fe,Co)4Sbi2 p-type

and (b) (Ni,Co)Sbs n- type skutterudite—interconnect interfaces co-sintered during
the in-situ synthesis by SPS with 9 um-thick Ni, 25 pum-thick Mo and 9 pm-thick

Ni foil. Red circle shows higher magnification images of contacting interfaces.
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Table 4.3-1: Summary of the microstructural analysis of Mmy(Fe,Co)4Sb12 p-

type and (N1,Co)Sbs n- type skutterudites co-sintered with metallization layers.

Mmy(Fe,Co)4Sb1z

p-type

(Ni,Co)Sh;
n-type

Second phases

Second phases

Thickness

Thickness

Composition Composition
(um) P (pm) P
Ti-rich
Ti (50 pm) Not observed <5 ( Col’;lic) Sb
Zr
3.5 ZrSb 12.5 ZrSb
(100 pm) b2 b2
Zr SKD-Zr 3.5 ZrSh, 12.5 ZrSh,
(100 pm)
/
Ti (50 pm) Zr-Ti - 7 B(Zr,Ti)
Zr
/
SS303
Zr-SS303 - - - -
Sopm) "
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Chapter 5

TEG Simulation and Modelling

The finite element modelling was used to simulate the thermoelectric
generator performance using COMSOL Multiphysics® software. The model
template was developed by Dr Richard Tuley from European Thermodynamics
Ltd. In simple calculations of module performance, the variation of thermoelectric
materials parameters as a function of temperature along the thermoelectric leg are
neglected. COMSOL Multiphysics® modelling allows the full temperature
dependence to be included. The Seebeck coefficient (a), electrical (o) and thermal
(k) conductivities are dependent on the temperature and the thermoelectric
properties used are those obtained from the high-temperature measurements
(Figure 4.1-3 and Figure 4.1-6). These are used in a performance simulation of
single p-n unicouple in the generation mode, with the additional parameters used
given in Table 5.1-1. Moreover, electrical contact resistance (Rc) delivered from
leg-to-leg joining experiments were used in simulations. The electrical domain
was modelled as a n- and p-type elements arranged in unicouples connected in

series while thermally combined in parallel.
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Table 5.1-1: Thermal and electrical properties of elements used in the modelling.

Component D“‘(‘I‘;‘:Isl‘)"“s p(kg/m’)  CpJ/kgK)  « (W/mK)X o (S/m) ™ a (V/K) ™
Ceramic 6x2.5x1 3900 900 27 0 0
substrates
Interconnects 6x2.5%0.3 8700 385 400 5.9-107 6.5-10°
510072 6.31-102T°- 3 10107 5 1
-type TE 1 i 5x2. 40™ 2 86T+
n-type TE leg (Ni,Co)Sbs 2.5%2.5%3 7640 35 a0 Tiego S 86T9 15003 745,105
110 1.78-10°272- -1-10°
p-type TE leg  Mmy(Fe,Co)4Sbia 2.5%2.5x3 7940™ 232 67240.3-10°  38.34T+14268  1°7242.1077T-
3T+2.52 8 5-10°

& Temperature (7) in kelvin (K)

! Assumed value in the ideal case scenario
m Assumption in the ideal conditions of the thermoelectric material being 100% dense



The numerical modelling was performed with segregated parametric solvers
of the 3D - Finite Element Analysis (FEA) tool by combining thermoelectric
effect (the Seebeck, Peltier and Thomson effect), temperature coupling and
electromagnetic heat source in the steady state conditions. With this approach,
multidimensional effects caused by the heat transfer can be illustrated using the
equation for the steady-state multidimensional temperature and electrical
distribution in the thermoelectric material. The symmetry element of a single
thermoelectric unicouple was simulated and the performance was then multiplied
by the number of unicouples used in the experiments to allow comparison and
validation of experimental results. The unicouple design and meshing used in the
simulation is presented in Figure 5.1-la. In the boundary conditions it was
assumed that the voltage in the positive lead to the n-type thermoelectric leg is 0V
and the load resistance swept to find the best power output. The Multiphysics
equations were solved for different 7x temperatures ranging from 55 °C to 530 °C
while cold side temperature 7c was kept constant at 30 °C. Two models were
developed with different Rc parameters including ‘model 1° for the prototypes
with Ni (0.1 pm-thick) / Ni(P) (2 um-thick) / Au (0.05 pm-thick) thermoelectrics’
metallization and nano-Ag paste and Ag flakes bonding materials, and ‘model 2’
for the prototype with WSi, (1 pm-thick) / Au (0.05 um-thick) metallization and

Ag flakes-based bonding material.
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Table 5.1-2: Assumed values used in the simulations.

Rc n-type TE—  Rcp-type TE—  Re, T ALLOs —

Tcand Ty
interconnect interconnect hot/cold sink
“°O)
(Qcm?) (Qem?) (Km?*W)
30/55 to
Model 1 2.5-107 2.5-107 1.5-10%
530
30/55 to
Model 2 5.0-10* 8.0-10* 1.5-10* 530

A simulated power output and thermoelectric device efficiency was calculated

according to the equations 24 and 25:

POUT:V.I
24

V-1 25
n=——-100%
Q

where Q is heat flux supplied by the heater.

The temperature (Figure 5.1-2) and electrical potential (Figure 5.1-3)
distribution in the thermoelectric unicouple can be generated by combining these
equations and variable material properties at the temperature gradient applied
across the material. The performance of thermoelectric devices with Ni (0.1 pm-
thick) / Ni(P) (2 pm-thick) / Au (0.05 um-thick) metallization (‘module 1’ and
‘module 2’) and WSi, (1 pm-thick) / Au (0.05 um-thick) metallization (‘module

3’) that was optimized to 7-couple module is presented in Appendix B (Table B.

1.
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Figure 5.1-2: Simulated thermoelectric unicouple performance presenting (a)
temperature and (b) electric potential distribution using ‘model 1° (prototypes
with Ni (0.1 um-thick) / Ni(P) (2 um-thick) / Au (0.05 pum-thick) thermoelectrics’

metallization and nano-Ag paste and Ag flakes bonding materials) at A7 = 500 °C.
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Figure 5.1-3: Simulated thermoelectric unicouple performance presenting (a)
temperature and (b) electric potential distribution using ‘model 2’ (prototype with
WSi; (1 pum-thick) / Au (0.05 pum-thick) metallization and Ag flakes-based

bonding material) at A7 = 500 °C.
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The simulated performance of skutterudite-based thermoelectric device,
delivered in ‘model 1’ (Figure 5.1-4a) and ‘model 2’ (Figure 5.1-4) was optimized
for 7-couple prototype and included maximum power output (Pumax) and
efficiency at a range of temperature gradients. The maximum power output
rapidly rises along with increasing efficiency at higher module’s hot-side (7#)
temperature, proving that higher module’s power output can be achieved by
raising the nominal hot-side temperature. High-temperature performance of
thermoelectric module prototypes with emphasis on the influence of electrical
contact resistance was analysed in this thesis. Two key characteristics were under
the consideration: heat-to-electric conversion efficiency () and maximum power
output (Puax) at given temperature gradient as described by the equation 15. The
overall degradation of these characteristics with increase of the Rc is analysed for
the prototype modules that were optimized to achieve the temperature difference
of 450 °C as seen in Figure 5.1-1b. The quality of electrical contacts is a crucial
factor that greatly affects the performance of the skutterudite-based thermoelectric
modules. To maintain modules’ conversion efficiency at an acceptable level, an
electrical contact resistance (Rc) in the range from 10° Qcm? to 3-10° Qcm?
should be provided, whereas with greater resistance, the performance decreases
dramatically. Moreover, the impact of electrical contact resistances on the module
high temperature performance can also be clearly seen, as ‘model 2’ assumed Rc

values significantly lower than ‘model 1’ (Table 5.1-2).
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Figure 5.1-4: Simulated performance of 7 coupled thermoelectric module
including maximum power output (Pumsx) and efficiency in (a) ‘model 1’
(prototypes with Ni (0.1 um-thick) / Ni(P) (2 um-thick) / Au (0.05 pm-thick)
thermoelectrics’ metallization and nano-Ag paste and Ag flakes bonding

materials) and (b) ‘model 2’ (prototype with WSi» (1 pm-thick) / Au (0.05 pm-

thick) metallization and A

g flakes-based bonding material).
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Chapter 6

Thermoelectric Module
Characterization

Three prototypes of the thermoelectric generator were build according to
design and technique described in Chapter 3.5 using metallized Mm,(Fe,Co)4Sbi2
p-type and (Ni,Co)Sbs n-type skutterudites and tested at the high temperature rig
and conditions described in Chapter 3.7. Results delivered from leg-to-leg joining
experiments (Chapter 4.2), mainly electrical contact resistance (Rc) of
thermoelectric — metal interconnect interface were used to assess and predict the
performance and possible failure of the module at higher service temperatures.
Two module prototypes — ‘Module 1’ and ‘Module 2’ consisted of p- and n-type
thermoelectric materials metallized with Ni (0.1 um-thick) / Ni(P) (2 pm-thick) /
Au (0.05 pm-thick) layers were bonded to Ni(P)/Au plated DBC alumina
substrates using Ag flake-based joining material (AREMCO Inc., US) and nano-
Ag paste (NBE Technologies, LLC, US) respectively. The image of ‘Module 1’
can be found in Figure 6.1-1. The selection of Ni/Ni(P)/Au metallization along
with Ag-based, low-temperature joining techniques was motivated by the

acceptable Rc (< 25 uQcm?) measured at room temperature and good quality



contacts as revealed by SEM analysis (by meaning of continuous, crack and void
free interfaces). Moreover, encouraged by the preliminary joining results,
thermoelectric device with p- and n-#ype thermoelectric materials metallized with
WSi; (1 um-thick) / Au (0.05 um-thick) metallization layers was assembled into
module using Ag flake-based conductive adhesive (AREMCO Inc., US) referred
as ‘Module 3’. High-temperature performance of three thermoelectric prototypes
developed at this research - ‘Module 1°, ‘Module 2’ and ‘Module 3’ measured in

the open-air at different A7 applied are summarized in Table 6.1-1.

Figure 6.1-1: Photography of the 7-couple, thermoelectric prototype
developed using Ni (0.1 pm-thick) / Ni(P) (2 pm-thick) / Au (0.05 pm-thick)
plated Mmy(Fe,Co)4Sbi2 p-type and Ni,Co)Sbs n-type skutterudites bonded to
Ni(P)/Au plated DBC alumina substrates using Ag flake material (AREMCO Inc.,

US) denoted as ‘Module 1°.

Figure 6.1-2a present measured performance, i.e. power output (Poyr) and
output voltage (V) of Ni (0.1 um-thick) / Ni(P) (2 um-thick) / Au (0.05 pum-thick)
metallized skutterudite measured as a function of current (/) and 47T assembled
using Ag-flakes adhesive (AREMCO Inc., US). Among three developed

skutterudite-based thermoelectric modules, device fabricated using this technique
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(device no. ‘Module 1°) had the highest measured Puax of 607.98 mW at AT =
450 °C, which transfers to power density of 695 mW/cm? per thermoelectric
material area and 270.21 mW/cm? per module area. This is significantly lower
than the performance of the best skutterudite-based thermoelectric modules
reported in the literature (as summarized in Table 2.4-2) as off-the-shelf, low-
performance Mmy(Fe,Co)4Sbi2 p-fype and (Ni,Co)Sbs n-fype thermoelectric
materials were used in this study. Commercially available thermoelectric
materials were used as they are available in high industrial volumes but their
synthesis conditions were fully optimized, as both n- and p-fype as-sintered
materials had high fraction of secondary phases formed during the SPS process
(Chapter 4.1) and presence of un-reacted antimony found within p-#ype material.
An internal module resistance of Rrece ~ 37.76 m€Q measured at room
temperature did not show significant changes at higher temperatures and increased
only by 69.3% at AT = 450 °C (Rrece ~ 63.91 mQ). This is consistent with
simulation results as discussed later in Figure 6.1-3b. Moreover, as seen in Figure
6.1-2, the linear increase of measured Pu4x suggests that contacting interfaces of
‘Module 1’ were stable during the high temperature testing in the open air. In the
similar design, Ni (0.1 pm-thick) / Ni(P) (2 pum-thick) / Au (0.05 pm-thick)
metallized p- and n-fype skutterudites were used to fabricate ‘Module 2’ using
nano-Ag paste (NBE Technologies, LLC, US). As can be seen in Figure 6.1-2b,
‘module 2’ slightly outperformed ‘Module 1’ up to 47 = 350 °C with Puax of
429.05 mW (measured at A7 = 350 °C) which transfers to power density of 490.34
mW/cm? per thermoelectric material area and 190.68 mW/cm? per module area.
The highest Py4x measured at AT = 350 °C of the module joined with nano-Ag is
24.83% higher than corresponding module based on the Ag flake-based adhesive

and failed at the module’s 7x higher than 380 °C. The ‘Module 2’ failure is



presumably caused by the thermal instabilities at the contacting interfaces,
specifically by the nano-Ag paste, as module internal resistance (R7&g, k) increased

up to 158.7% at AT = 450 °C leading to the low Puyux of 277.75 mW (Figure

6.1-3b).
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Figure 6.1-2: Performance of the thermoelectric prototype developed with Ni
(0.1 pm-thick) / Ni(P) (2 pum-thick) / Au (0.05 pm-thick) plated p- and n-type
skutterudite materials using (a) Ag flake-based conductive adhesive (AREMCO
Inc., US) referred as ‘Module 1’and (b) Ag-nano paste (NBE Technologies, LLC,

US) referred as ‘Module 2°.
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In order to verify the validity of the numerical model and investigate possible
drawbacks of the fabrication process both numerical and experimental results
were compared and shown in Figure 6.1-3. As seen in a Figure 6.1-3a, measured
maximum power output of the ‘Module 1’ was approx. 70.5% lower than the
value obtained from the simulation. It is presumably caused by the
underestimation of thermal contact resistance (Rcr) in pellet to interconnect
assumed in the simulations (of 1.5-10* Km?W"). Moreover, double-sided alumina
substrate is expected to reduce area of contact by 39% and increasing thermal
contact resistance (Rc,r) on ceramic to heat sink interface. It can be also confirmed
by the deviations in the measured and simulated Voc with approx. 50.1%
difference between both as seen in equation (8). Interestingly, slightly lower than
expected Rrege was measured for ‘Module 1’ and ‘Module 2’ at lower
temperatures suggests either shunting of electrical circuit or better than modelled

electrical performance of thermoelectric material and contacting interfaces.
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Figure 6.1-3: Modelled and measured performance of the 7-couple TE
prototype with Ni (0.1 pm-thick) / Ni(P) (2 pum-thick) / Au (0.05 pm-thick) coated
p- and n-type skutterudites developed using different bonding technique with (a)

Puax, (b) Rrece and (¢) Voc as a function of AT applied across the module.
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Thermoelectric module no. ‘Module 3’ developed with p- and n-type
skutterudites and metallized with WSi, (1 um-thick) / Au (0.05 pum-thick) layers
had the lowest output power for a given A7 of all measured modules, which is
attributed to its higher internal electrical resistance as described by the Equation
(10). Figure 6.1-4 shows the power output and voltage of the device as a function
of the measured temperature difference across the module (47). The maximum
power output of 115.45 mW was measured at 47 = 450 °C which transfers to
power density of 131.94 mW/cm? per thermoelectric material area and 51.31
mW/cm? per module area. This is approx. 74.4% lower than the Py delivered
from the modelling (Figure 6.1-5a) and is consistent with the difference between

simulation and experiments observed in the ‘Module 1’ and ‘Module 2°.

il
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Current (A)

Figure 6.1-4: High-temperature performance of the thermoelectric prototype

developed with WSi, (1 pum-thick) / Au (0.05 pm-thick) metallized p- and n-type

skutterudites using Ag flake-based joining material (AREMCO Inc., US) referred as

‘Module 3°.



By comparing the Voc (Figure 6.1-5c¢) is clear that thermal contact resistance
still might be an issue as both measured and simulated values differed of approx.
25.8%. As seen in Figure 6.1-5b, measured Rregr was significantly decreasing
presumably due to partial annealing of amorphous WSi, metallization layer on the
hot side of thermoelectric module. Initial annealing test shown in Appendix C
(Figure C. 1) and reduction of WSi» sheet resistivity during the module testing
suggest that pre-annealing would be beneficial for overall performance of
thermoelectric module.

High-temperature stability of thermoelectric modules can be confirmed by
changes in the internal module resistance (R 7£c,£) upon heating. As seen in Figure
6.1-3a, R 7EG £ of the prototype developed using Ni (0.1 pum-thick) / Ni(P) (2 um-
thick) / Au (0.05 pm-thick) plated p- and n-fype skutterudites and Ag-nano based
joining material increased up to 140 mQ measured at AT =450 °C in air (‘module
2’). The failure analysis can be based on microstructural analysis of isothermally
aged samples shown in Chapter 4.2.5 and assumption the p-fype contacts did not
survive high-temperature treatment (> 400 °C) and were the reason behind
increase of module internal resistance. Based on the R 7e6r of ‘module 2’
measured at AT = 450 °C, Ag flake-based joining material was assumed to be
more stable at higher service temperature as no changes of internal module

resistivity was observed.
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Figure 6.1-5: Simulated and measured performance of the 7 couple
thermoelectric prototype with WSi» (1 pm-thick) / Au (0.05 pm-thick) metallized
skutterudites assembled using Ag flakes (AREMCO Inc., US) and (a) maximum
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Table 6.1-1: Summary of high temperature performance measurements of skutterudite-based thermoelectric generators

developed in this research. (Voc is open circuit voltage, Rrec £ is internal module resistance and Pauz4x is maximum power output).

Metallization Ni/Ni(P)/Au Ni/Ni(P)/Au WSi/Au
(thickness [pm]) (0.1/2/0.05 pm) (0.1/2/0.05 pm) (1/0.05 pm)
Nano-Ag paste

Ag flake joining material Ag flake joining material

Joining Material (AREMCO Inc., US) (NBE Technologies, (AREMCO Inc., US)
LLC, US)
Base area [mm] 15 x 15 15 x 15 15 x 15
Module
dimensions TE legs 275%25x3 25%x25x3 25%x25%3

dimension [mm]

Following thermoelectric module performance was measured using high temperature testing rig and conditions described

in Chapter 3.7
Voc (V) 0.058 0.103 0.116
AT =150 °C RrEGE(MQ) 37.76 50.16 666.42
Prax (mW) 22.31 52.45 4.85
Voc (V) 0.089 0.151 0.172
AT =200 °C Rrec,E(MmQ) 38.97 51.94 597.56
Prax (mW) 51.13 100.89 12.23
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Voc (V) 0.188 - 0.212

AT =1250°C RrecE (MQ) 57.86 ; 594.15
Prax (mW) 151.70 ; 18.65

Voc (V) 0.241 0.251 0.291
AT =300 °C R7E6,E (ML) 59.72 52.52 463.34
Prrax (mW) 240.62 297.78 46.50

Voc(V) 0.287 0.306 0.338
AT=350°C RreG,E (M) 60.88 54.05 383.14
Prrax (mW) 334.29 429.05 74.89

Voc (V) 0.342 0.343 0.390

AT =400 °C R1EG,E (M) 61.82 71.95 329.68
Prax (mW) 468.42 405.13 115.31

Voc (V) 0.396 0.396 0.458

AT =450 °C R1EG,E (ML) 63.91 139.84 452.05
Prax (mW) 607.98 277.75 115.45




Chapter 7

Conclusions and Recommendations

The fabrication process of a thermoelectric generator working at medium-high
temperature regime (up to 500 °C) is evaluated in this study. To accomplish this,
a thermoelectric system utilising commercially available off-the-shelf
skutterudite-based material is proposed. Several joining techniques and
metallization configurations have been already reported and majority of them
suffers from the lack of high-temperature stability at the module’s service
temperature or insufficient evidence of their electrical and mechanical
performance. As such, novel fabrication techniques for cost-effective medium-
high thermoelectric generator were explored.

At the first step, elemental powders of Mm,(Fe,Co0)sSbi2 p-type and
(N1,Co)Sbs n-type skutterudites have been in-situ synthesized using spark plasma
sintering technique and their high-temperature thermoelectric performance has
been measured. The average zT (zT) of 0.12 and 0.27 has been measured for
Mm,(Fe,Co)4Sbi2 p-type and (Ni1,Co)Sbs n-fype materials respectively, between 50
°C and 450 °C which is significantly lower in comparison to similar compositions
previously reported. X-Ray and SEM EDS analysis have been performed on as-

sintered thermoelectric material revealing successful formation of skutterudite
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phase and presence of secondary phases within thermoelectric matrix. The regions
of inhomogeneous (Co,Ni)Sb phase distribution have been found in the n-fype
material while the FeSb, phase and unreacted Sb have been present in the p-type
thermoelectric matrix along with small grains of unreacted Fe. At the second
stage, bonding trials have been performed in the leg-to-leg joining configurations
with a nickel interconnect clamped between thermoelectric and bonding material
to reproduce conditions usually found in the prototype module. Such specimens
have been intensively investigated in terms of their mechanical and electrical
performance by measuring the electrical contact resistance Rc and apparent shear
strength (adapted to ASTM D905 standard [99]) along with EDS analysis to
reveal contacts quality and formation of any undesirable phases at the contacting
interfaces. Two conventional high-temperature joining techniques have been
investigated and included furnace brazing (in argon) using commercial 56 at% Ag
— 22 at% Cu — 17 at% Zn — 5 at% Sn braze (Silver-flo™ 56, Johnson Matthey,
UK) and Ag-paste (Q-INKS S.r.1, Italy). These joining materials are characterized
with good wetting performance on both non-metallized and metallized
skutterudite surfaces and melt in tolerable temperature range between 650 and 660
°C. The characteristic porous microstructure of the Mm,(Fe,Co)4Sbi2 p-type
material has been found near the bonding interface and was proven to be
antimony deficient region. The porous microstructure has been caused by the lack
of thermal stability of the p-fype thermoelectric utilized in this research as the
bonding temperature exceeded materials’ sintering temperature and sublimation of
pure antimony that was originally residing at the grain boundaries. Moreover,
significant amount of joining material was dissolved as the constituent elements
of the braze were found inside the thermoelectric material. Interestingly, Ti (0.3

pum-thick) / Ni (1.2 pm-thick) and Ni (0.1 pm-thick) / Ni(P) (2 pm-thick)



metallization has also been dissolved during brazing tests and due to the lack of
diffusion barrier at the interface, formation of NisSb, and (Ni,Co)Sb reaction
layers has occurred in both Mmy(Fe,Co)4Sbi2 p-type and (Ni,Co)Sbz n-type
materials. The growth of relatively brittle intermetallic compounds at contacting
interfaces is presumably a reason behind the lack of contacts’ high-temperature
stability as specimens did not survive isothermal aging at 450 °C in flowing argon.
This implies that the thermoelectric prototype module could potentially
deteriorate at elevated temperatures due to the lack of high-temperature chemical
stability between Ag-Cu based brazes and skutterudites. The Mo (0.3 pm-thick) /
Ni (1.2 pm-thick) metallization has been proven to effectively block elemental
interdiffusion and reaction layer formation within both n- and p-fype contacts at
high temperature but molybdenum layer delaminated due to the significant
mismatch of thermal expansion coefficients with skutterudite materials.

Two alternative, low-temperature joining materials were realized in the high-
temperature thermoelectric systems for the first time. The Ag-nano (NBE
Technologies, LLC, US) and Ag flake-based (AREMCO Inc., US) joining
materials were tested with three different metallization configuration which
included W (1 pm-thick) / Au (0.05 pm-thick), WSiz (1 pm-thick) / Au (0.05 um-
thick) and Ni (0.1 pm-thick) / Ni(P) (2 um-thick) / Au (0.05 pm-thick) PVD
coated skutterudites. The low joining temperature (< 273 °C) helped with a
formation of continuous bonding lines between thermoelectric and joining
material without visible reaction layer formed, unchanged material microstructure
and Rc < 20 pQcem? when Ni/Ni(P)/Au metallization was used. Initial isothermal
aging tests at 450 °C (in Argon) were proven to be destructive for skutterudites-
based contacts and lack of metallization-skutterudite interface stability might

influence the reliability of high-temperature modules but needs more quantifying.
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It has also been shown that Solid-Liquid Interdiffusion (SLID) is a possible
technique for bonding metallic interconnects with thermoelectric material using a
novel, aluminium — nickel multi-layered system. Two different process conditions
have been tested and included bonding at temperature below melting of
aluminium (< 660 °C) and at its melting point (660 °C). The same bonding
parameters have been found to create contacts with a final microstructure falling
in the two-phase region comprised of AlzNi and Al3Niz intermetallic compounds
with a different AI3Ni/Al3Ni; ratio depending on the joining conditions. High-
temperature reliability and microstructural changes in the joining material have
been evaluated in terms of isothermal ageing at 450 °C in flowing Ar, showing
that the homogenisation process leads to the reduction of Al3Ni phase in favour of
growing AlzNiz. In addition, it has been proven that avoiding residual aluminium
in the joint by using a higher process temperature is advantageous for improved
stability. The resulting electrical contact resistances and apparent shear strengths
for components with residual aluminium have been measured to be (2.8 £ 0.4) x
10° Q-cm? and 5.1 + 0.5 MPa and with aluminium completely transformed into
ALNi and AINi; IMCs were (4.8 = 0.3) x 10° Q-cm? and 4.5 = 0.5 MPa
respectively. The contact specimens bonded with this technique were
characterised with relatively poor mechanical performance and thermoelectric
prototypes did not survived clamping with uniaxial pressure of 1 MPa needed for
the high-temperature performance measurement. In-depth failure analysis
performed on contacting interfaces suggests that Ni(P) layer, a source of nickel
needed for the AI-Ni reaction to occur, is not stable at high-temperature
applications and alternative pure nickel could be implemented. The high

phosphorus contents within Ni(P) layer, as well as nickel significant depletion, led



to P-rich interfacial layer formation along with relative brittle Ni-P and Fe-P
IMCs, being responsible for contacts poor mechanical stability.

The proposed fabrication techniques were characterised in terms of their
practicability and based on their electrical, mechanical and microstructural
performance the decision of prototype fabrication has been made. Three module
prototypes based on various joining techniques and metallization configurations
have been successfully fabricated. Two modules consisted of Mm,(Fe,Co)4Sbi2 p-
type and (N1,Co)Sbs n-type thermoelectric materials metallized with Ni (0.1 pm-
thick) / Ni(P) (2 um-thick) / Au (0.05 pm-thick) layers were bonded to Ni(P)/Au
plated DBC alumina substrates using Ag flake-based joining material (AREMCO
Inc., US) and Ag-nano paste (NBE Technologies, LLC, US) respectively.
Additionally, prototype module made of WSiz (1 pm-thick) / Au (0.05 pm-thick)
metallized p- and n-type skutterudites has also been presented. The high-
temperature performance of prototype modules was measured using in-house
developed testing rig in the air. The highest performing 7 couple thermoelectric
module had Pyx of 608 mW and power density of 695 mW/cm? measured at AT
=450 °C in air. This module was developed using Ag flake-based joining material
(AREMCO Inc., US) and skutterudite materials with metallized with Ni (0.1 pm-
thick) / Ni(P) (2 pm-thick) / Au (0.05 pm-thick) thermoelectrics. It was assumed
that relatively high-performance of developed prototypes was achieved thanks to
the continuous, and crack-free contact interface formed by using low-temperature,
Ag-based joining material. These interfaces were also characterized with low
electrical contact resistance and reasonably good mechanical performance so that

continuous electron and heat flow was allowed.
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Results presented in this research have potential for further exploration in the

high temperature thermoelectric systems, not only limited to Skutterudite-based

(CoSbs3) materials.

Co-sintering of metallization layers and thermoelectric powder by Spark
Plasma Sintering (or hot pressing) has a great potential in reducing time-
consuming module fabrication process. This can be further optimized for
thermoelectric-metallization-interconnect joining at one-step assembly
process. Initial tests revealed that metallization layer used to delaminate
during cutting into thermoelectric legs (machining) when standard diamond
cutting disc is used. It is believed that delamination can be avoided if
thermoelements are individually co-sintered to desirable final shape.

Low temperature joining techniques based on Ag material are proven to form
high-performance electrical contacts in the prototype thermoelectric modules.
These joining materials are fulfilling all requirements highlighted in Chapter
2.3, but more work is needed to confirm their reliability at higher service
temperature. It is also recommended to control the thickness of joining
material (< 30 um), heating ramp and pressure applied during the joining
process as they normally influence properties of sintered contacts.
Solid-Liquid Interdiffusion (SLID) bonding technique using Al-Ni interlayers
can be further implemented into other medium-high and high temperature
regime thermoelectric systems. In the presented research Ni-P interlayer was
used as a source of elemental nickel needed for the joining reaction to occur
but its depletion led to a formation of brittle P-rich layer at the thermoelectric-
Ni(P) interface and mechanical failure. Therefore, it is recommended to
investigate other nickel-based interlayers that could be preferably phosphorous

(and boron) free.



It is recognized that numerous long-term reliability issues remain and must be
further investigated. Thermoelectric-to-interconnect contacts must be analysed in
terms of their high-temperature stability and standard testing procedure should be
conceptualized. Initial isothermal aging tests revealed lack of high-temperature
mechanical stability so more work on the long-term reliability is needed such as
thermal shock and cycling along with accelerated life testing. These tests should
also be performed on the prototype module level. Effective diffusion barrier to
supress Sb and Co diffusion must be demonstrated on skutterudite-based
thermoelectric materials. Metallization layers must be produced with good
diffusional phase stability and excellent electrical and thermal performance. It is
desirable to further investigate alternative n- and p-fype skutterudite material

synthesis techniques so that higher than reported z7 values can be achieved.
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Appendix A: EDS analysis

Figure A. 1: EDS analysis of the MmyFes«CoxSbi> p-type thermoelectric material (Mm-
mischmetal) after consolidation at 600 °C for 5 min using SPS revealing the formation of (1)
Mmy(Co,Fe)sSbis (3.49 at% Ce — 1.33 at% La — 4 at% Co — 18 at% Fe — 73 at% Sb), (2) FeSb, (28
at.% Fe—72 at.% Sb), (3) Fe-rich FeSb, (50 at.% Fe—S50 at.% Sb) and (4) pure Fe (100 at% Fe)

phases with elemental mapping of Fe, Sb, Co, La and Ce.
Sb Lal

Co Kal Ni Kol

Figure A. 2: EDS analysis of (Ni,Co)iSbs n-fype thermoelectric material after
consolidation at 750 °C for 5 min using SPS with elemental mapping of Sb, Co and Ni.
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Figure A. 3: EDS elemental mapping of the nickel (Ni) — silver-flo™ 56 braze (Ag
56 at% - Cu 22 at% - Zn 17 at% - Sn 5 at%, Johnson Matthey, UK) interface after
brazing at 655 °C for 5 minutes in Ar. Chemical composition of phases: (1). Ag 76 at% -
Zn 13 at% - Cu 9 at% - Sn 2 at% - Ni 1 at%; (2). Cu 67 at% - Zn 23 at% - Ag 8 at%, Zn
1 at% - Sn 1 at%; (3). Ni 36 at% - Cu 32 at% - Zn 24 at% - Ag 2.5 at% - Sn 4 at%.
Elemental mappings of silver (Ag), copper (Cu), zinc (Zn), tin (Sn) and nickel (Ni) are
also included.
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Figure A. 4: EDS EDS analysis of the Ti (0.3 um-thick) / Ni (1.2 pm-thick)
metallized MmyFes4«CoxSbiz p-type thermoelectric material after furnace brazing at 655
°C for 5 min using Ag56-Cu-Zn-Sn braze (Johnson Matthey, UK) with elemental
mapping of antimony (Sb), iron (Fe), cerium (Ce), lanthanum (La), cobalt (Co), nickel
(N1), silver (Ag), zinc (Zn), copper (Cu), tin (Sn) and titanium (Ti).
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Figure A. 4 (Continued)
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Figure A. 5: EDS analysis of Ti (0.3 um-thick) / Ni (1.2 pm-thick) metallized

(N1,Co):Sbs n-type thermoelectric material after furnace brazing at 655 °C for 5 min

using Ag56-Cu-Zn-Sn braze (Johnson Matthey, UK) with elemental mapping of

antimony (Sb), cobalt (Co), nickel (Ni), silver (Ag), zinc (Zn), copper (Cu), tin (Sn)
and titanium (Ti).
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Figure A. 6: EDS EDS analysis of Mo (0.3 um-thick) / Ni (1.2 um-thick) metallized
MmyFes.xCoxSbiz p-type thermoelectric material after furnace brazing at 655 °C for 5 min
using Ag56-Cu-Zn-Sn braze (Johnson Matthey, UK) with elemental mapping of Sb, Ni,
Fe, Ce, Co, Mo, Ag, Cu, Zn, Sn and Os.
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Figure A. 6 (Continued)
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Figure A. 7: EDS analysis of Ni/Ni(P) coated MmyFesxCoxSbi p-type

thermoelectric after joining to Ni(P) coated Cu at 655 °C for 5 min using Ag56-Cu-Zn-Sn
(Johnson Matthey, UK) braze with elemental mapping of Sb, Ni, P, Ce, Co, Fe, Ag, Cu,

Zn, Sn and La.
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Figure A. 7 (Continued)
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Figure A. 8: EDS analysis of Ni/Ni(P) coated (Ni,Co);Sb; n-type thermoelectric

after joining to Ni(P) coated Cu at 655 °C for 5 min using Ag56-Cu-Zn-Sn (Johnson
Matthey, UK) braze with elemental mapping of Sb, Ni, P, Co, Ag, Cu, Zn and Sn.
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Figure A. 8 (Continued)
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Figure A. 9: EDS analysis of Ti (0.3 pm-thick) / Ni (1.2 um-thick) metallized

MmyFes«CoxSbir p-type thermoelectric bonded to nickel using silver paste at 652 °C in Ar
with elemental mapping of Sb, Ni, Fe, Ce, La, Co, Ag and Ti.

50pm

VIII



f 50pm 1

Ti Kal

50pm
Figure A. 9 (Continued)

Electron [mage 7

Mag Data 10

Al Kal

Spectium 28
4
Spectrum 29
r

25pm
Ni Kal P Kal

Sb Lol Cu Kal

f 25pm f 25pm

Figure A. 10: EDS analysis of MmyFes<CoxSbi2 p-type interfaces bonded to Ni(P)
coated Cu interconnect using Al-Ni SLID technique (at 585 °C for 15 minutes in Ar) with
elemental mapping of Al, Ni, P, Sb, Cu, Fe, Co, La and Ce.
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Figure A. 10 (Continued)
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Figure A. 11: EDS analysis of (Ni,Co):1Sbs n-type interfaces bonded to Ni(P) coated
Cu interconnect using Al-Ni SLID technique (at 585 °C for 15 minutes in Ar) with
elemental mapping of Al, Ni, P, Sb, Cu and Co.
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Figure A. 11 (Continued)
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Figure A. 12: EDS analysis of MmyFes<CoxSbi2 p-type interfaces bonded to Ni(P)
coated Cu interconnect using AI-Ni SLID technique (at 660 °C for 4.6 min in Ar) with
elemental mapping of Al, Ni, P, Sb, Cu, Fe, Co, La, Ce.
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Figure A. 12 (Continued)
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Figure A. 13: EDS analysis of (N1,Co);Sbs n-type interfaces bonded to Ni(P) coated

Cu interconnect using Al-Ni SLID technique (at 660 °C for 4.6 min in Ar) with elemental
mapping of Al, Ni, P, Sb, Cu and Co.
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Figure A. 14: Top-view of fractured Ni/Ni(P) plated MmyFes.xCoxSbiz p-type surface
which was joined to nickel interconnect using Ag paste (Q-INKS S.r.1, Italy) after shear
strength testing - red square presents enlarged area shown in the next image along with
elemental mapping of Sb, Ni, Ag and P obtained by EDS analysis.

Figure A. 15: Top-view of fractured Ni/Ni(P) plated MmyFes«CoxSbix p-type
interfaces bonded to Ni(P) coated Cu interconnect using AI-Ni SLID technique (at 660 °C
for 4.6 min in Ar) after shear strength testing. Red square presents enlarged area shown in
the next image along with elemental mapping of Al, P and Ni.



Figure A. 15 (Continued)
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Figure A. 16: EDS analysis of Ni/Ni(P)/Au plated (Ni,Co);Sbs n-type interfaces
bonded to Au coated Ni interconnect using Ag flake joining material (AREMCO Inc.) at
110 °C in the air and isothermally aged at 450 °C for 48h in Ar with elemental mapping
of Ag, Sb, Co, Ni, P.
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Figure A. 17: EDS analysis of Ni/Ni(P)/Au plated (Ni,Co)1Sbs n-type interfaces
bonded to Au coated Ni interconnect using Ag-nano joining material (NBE Technologies,
LLC, US) at 273 °C in open air and isothermally aged at 450 °C for 48 hours in flowing
Ar. Elemental mapping of Ag, Sb, Co, Ni, P are also presented.



Appendix B Simulated performance of

TE devices

Table B. 1: Simulated performance of skutterudite module with Ni (0.1 pm-thick) /
Ni(P) (2 um-thick) / Au (0.05 pm-thick) metallization (‘Model 1”) and WSi, (1 pm-thick)
/ Au (0.05 pm-thick) metallization (‘Model 2”) optimized to 7 couple TE device.

Voltage Current Efficiency Voc
V) ( A)14 Prax (mW) (%) R ro4p (mQ) (mV)
AT

(°C) -« - ~ — ~ — ~ - ~ -«
<3 ) ) ) ) ) ) ) ) <3
R ° ° ° ° S S ° ] S
23 S S S S S S S ) 23
s = = = = = = = = = s =
25 0.015 -0.22 -0.04 3.401 0.66 0.156  0.031 67.39 347.75 30.27
50 0.031 -0.45 -0.08 13.92 2.70 0319 0.064 67.55 34790  61.33
100 0.062 -092 -0.18 58.06 11.32  0.657 0.133 67.86 34824 12554
150 0.096 -1.40 -0.28 13544 26,50 1.007 0.206 68.13 34852 192.13
200 0.129  -1.89 -0.37 24559 48.19 1352 0279 68.37 34876  259.16
250 0.163  -2.37 -047 38794 763 1.691 0.351 68.56 348.95 326.2
300 0.196  -2.85 -0.56 56221 110.78 2.025 0.423 68.74 349.12 393.17
350 0230  -333 -0.66 768.18 151.65 2355 0.495 68.90 34928 460.12
400 0263  -3.81 -0.75 1005.6 198.87 2.68 0.566 69.05 349.01 527.03
450 0296  -429 -0.85 12742 25243 3 0.638 69.2 349.15 593.89
500 0330 -476 -095 15739 31230 33154 0.709 69.35 349.29  660.71

4 The electric current was simulated to be out of positive lead, giving a

negative current value
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Appendix C XRD analysis
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Figure C. 1: XRD patterns of MmyFes4xCoxSbiz p-type material metallized with WSi,
(1 pm-thick) / Au (0.05 pm-thick) layers before and after annealing at 435 °C for 30
minutes, 460 °C for 60 min and 640 °C for 20 in flowing argon.



Appendix D Numerical modelling
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Figure D. 1: Simulated influence of electrical contact resistance Rc and
thermoelement length on the (a) power output and (b) conversion efficiency of
thermoelectric material.
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