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SYNOPSIS

Thermoelectric devices convert heat directly inecticity, and therefore, are very
useful for tapping the enormous waste heat (~60%)erated in various combustion
processes e.g. power plants, industries, autonsmolaled other heat engines. In a
thermoelectric device, n-type and p-type semicotafuegs are connected electrically in
series through metallic interconnects so that efis| are thermally in parallel. The
conversion efficiency of thermoelectric devices Isexpressed by:

T,-T, (M-1)
T, (M+T,/T)’

n= where M =(1+ Z_T)”Zwith T=(T,+T,)/2. ZT is the average

a‘c

figure-of-merit of the thermoelectric material. TA€ is expressed byZT = T (where,

a is the Seebeck coefficient,is the electrical conductivity andis thermal conductivity,
respectively). Currently, the efficiency of therntexric device is ~6-8%, which limits their
use in commercial applications. Nevertheless, #reybeing used in places where cost is
not a major issue e.g. radioisotope generatorsiéep-space satellites and remote power
generation for unmanned systems. Current intenmatioesearch on thermoelectric is
focussed on enhancing td@d. The methods commonly used for enhandginclude (i)
alloys of heavy and light elements i.e. mass diffiee results in scattering of low
wavelength phonons; (i) materials having large gall and complex crystal structure such
as, skutterudites, clathrates and Zintl phased) @ynthesizing materials in the
nanostructured forms; (iv) incorporation of mesdesdaatures in the nanostructured bulk,
which leads to the scattering of high wavelengtlonams; and (v) Slack’s proposal of
phonon glass and electron crystal (PGEC). In amfdithe efficiency of the devices is

governed by various electrical and thermal contacts



Thisthesisaims at: (i) enhancing the ZT of semiconductor alloys by reducing the
lattice thermal conductivity through introducing all-scale hierarchical defects i.e. from
atomic, nano, meso to micro, (ii) investigation of the formation of metallic-interconnects
with legs having low contact resistances, and (iii) fabrication of thermoelectric devices
with minimum thermal shunts. The thermoelectric materials investigated in thissis are:
PbTe, (AgSbTgo1(GeTe)ssTAGS-85), different selenides and SiGe alloys. eSéh
alloys have been synthesized using vacuum-meltivedi-and-quench, and/or high-energy
ball milling. The synthesized alloys have been abtarized for morphology, structure and
temperature dependent thermoelectric propertiese Phototype devices have been
fabricated and tested for their long term stahilithe work done and the obtained results

are organised in following six chapters.

Chapter 1: Introduction

In this chapter, we discuss the physics of thersuigtity, categorization of
thermoelectric materials based on the operatingoéeature and various approaches to
enhance the ZT. Various issues involved in theai¢abon of thermoelectric devices,
including electrical and thermal contacts and tleesimg of the devices are discussed.

Finally the scope of the thesis is presented.

Chapter 2: Experimental Techniques
This chapter describes the details of experimem&thods used for the synthesis,
and characterization of different types of therreowic materials and fabrication of

devices. Thermoelectric materials have been sy sising vacuum melting, melt-and-



guench, and/or high-energy ball milling. Detailstioé equipments used in these synthesis
methods (i.e. rocking furnace, induction meltinghface, ball-mill and vacuum hot press) as
well as the process of the synthesis are describeerview of the various characterization
technigues used in the thesis work are discusseithvincludes X-ray diffraction (XRD),
X-ray photoelectron spectroscopy (XPS), diffusdetbnce UV-Vis spectroscopy (DR-
UV-Vis), scanning electron microscope (SEM), traission electron microscope (TEM)
and energy dispersive X-ray analysis (EDX). In &ddj the details of the setups used for

the temperature dependent measurements of Seebefficient (@), electrical resistivity

() and thermal conductivitykj are described.

Chapter 3: Thermoelectric Generators based on PbTand TAGS-85 Alloys

In this Chapter the results on the synthesis diflsiphase n-type PbTe and p-type
TAGS-85 thermoelectric materials as well as theiorphological and structural
characterization are discussed. The temperaturendepce otr, p and x were measured
for both PbTe and TAGS-85 samples. For both theptesyp was found to increase with
temperature, which is typical of degenerate senguotors, as scattering of charge carriers
with phonons increases with temperature. HoweVAIGS-85 samples exhibited down-
turn at ~625 K, which is attributed to intrinsicogation due to narrow band gap. Tkiein
the temperature 300-600 K, decreases with inargamperature and follows ~1/T
behaviour, indicating predominant scattering ofustic phonons. However at temperatures
>600 K, thek starts increasing, which is attributed to the tddal contribution from
diffusion of bipolarons. The peaKT values obtained for PbTe and TAGS-85 samples were

respectively 0.8 and 1.15.



A new strategy was adopted to fabricate the n-@type legs that have metallic
shoes with ohmic contacts. In order to minimize tihermal and lattice expansion
mismatch between metallic shoe and legs, layectstred legs i.e. Ag/Fe/PbTe+Fe/ PbTe/
PbTet+Fe/Fe/Ag and Ag/Fe/SnTe/TAGS-85/SnTe/Fe/Agrewtabricated. The cross-
sectional back-scattered electron images of the dtbgparly revealed that all the interfaces
are chemically sharp i.e. minimal inter-diffusidrne specific contact-resistances estimated
were ~7-10 pcf Thermoelectric power generators were fabricategdrking the n- and
p-type legs using zircar housing and interconngdiirem by silver strips through diffusion
bonding. The devices exhibited an efficiency o%-6n addition, the devices were stable

in air for more than one year.

Chapter 4: ZT Enhancement in Selenides
In this Chapter, we describe the thermoelectriperties of the selenides with an
emphasis on enhancing th&if. The results obtained on various selenides arensuined
below.
1. PbTe«Se: The effect of Se substitution has been systeniticevestigated PbTe
xS&. For a particular composition of x =0Qdbis highest ~ 292V/K, while K is lowest
~ 0.75 W/m-K, resulting in the higheaT of ~0.95 at 600K. The increasedrfor x=0.5
is attributed to the high distortion in the crydttice which leads to the formation of
defect states. These defect states scatters tlwitpaharge carriers leading to high
as well as higho. The dramatic reduction af for x=0.5 is also attributed to the

scattering of the phonons by the defect states.



2. Cu intercalated TiSe: High temperature (300—-650K) thermoelectric perfarosaof
Cu intercalated GTiSe, (x=0-0.11) material show that Cu intercalatiomgf@rms the
p-type TiSe to n-type CyTiSe, with a value saturating to ~ -90 pV/K (forR.06) at
650 K. Spanning the entire range of Ti$e, samples, very low has been observed
which is attributed to the layered growth structarel rattling effect of weakly bound
Cu atoms in the van der Waals gaps of Tiggers. At 650 K, th&T values of 0.1 and
0.15 are achieved for pure TiSend Cy 11TiSe, respectively.

3. CuCrSe, and AgCrSe: Both CuCrSe and AgCrSg are emerging thermoelectric
materials due to their complex layered structure acts like a phonon liquid electron
crystal (PLEC) system. Thex (at 773K) values obtained for CuCpSznd AgCrSe
were found to be ~ 7 and ~4 mW¢eKi! respectively. The low values are attributed
to various phonon-scattering sources i.e. supieriGo/Ag ions between Crgdayers,
nanoscale precipitates and natural grain boundaifigs lowk values yieldZT of 1 and
0.8 respectively for CuCrgand AgCrSe

4. (AgCrSey)os(CuCrSey)os nanocomposites:A further improvement oZT has been
obtained in the (AgCr$p(CuCrSe) nanocomposites through hierarchically organized
microstructures that significantly lowers the ledtithermal conductivity without any
appreciable change in the power factor. (AgG)SECUCrSe)os nhanocomposites
synthesized via the vacuum hot pressing of a mexafrthe constituents consisted of
phonon scattering centers in a multiscale hieraethashion, i.e. atomic scale disorder,
nanoscale amorphous structure, natural grain boiesddue to layered structure and
mesoscale grain boundaries/interfaces. XRD reslitav that in composite samples

there is a slight migration of Cu into the Ag sitéanocomposite samples exhibit



extremely lowk of ~2 mWem' K™ at 773 K, which is much lower than that of AgGrSe

and CuCrSg The composite samples exhibit a highof 1.4 at 773 K.

Chapter 5: ZT Enhancement in SiGe and Thermoelectric Generators

In this Chapter we describe the results on thehegid of SiiGey alloys using ball
milling as well as melt-quench methods. We have atestrated the highest value BT
~1.84 at 1073 K for ball-milled n-type SiGe nanaostured alloys, which is 34% higher
than the reported value till date. The enhancer&®fl is due to the presence of atomic
size defects, dislocations, and grain boundariasréduce to very low values.

In addition, n- and p- type £Geowere synthesized using melt-quench method. The
advantage of this method is thageSie;o can be prepared in large quantities for device
fabrication. However, th&T values for these samples were in the range oD@ l(at
1073K) largely due to the phase segregations aauh growth. Prototype devices have
been fabricated using Mo as interconnect. The geecantact resistance for each element
was found to be 6.5 frcn, which is quite higher than the resistance ofléys. These
devices were tested at a hot end temperature ICO00th a temperature difference of
600°C between hot and cold ends. The device exhibitedpan circuit voltage of 230 mV
with an output power of ~0.2 W (with load voltagel@0mV and current of 1.74A). The

working efficiency of the device was calculatedb®1.2%.

Chapter 6: Summary

In this chapter, we summarize the main conclusiohshe thesis. It has been

conclusively demonstrated that by introducing wvasidypes of defects, such as, atomic



scale disorder, nanoscale amorphous structure) graindaries at meso/microscales in the
thermoelectric alloys, thei£T can be dramatically enhanced. This is because thefects
can scatter phonons of all wavelengths, and thexgfdramatically reduce the lattice
thermal conductivity. In this regard, layered namoposites (AgCrSg s(CuCrSe)o s have
yieldedZT of 1.4 (at 773 K). Similarly, a record value £7T~1.84 has been obtained in the
nanostructured n-type g9e0. In addition, we have emphasized that the comesistance
play an important role in governing the overali@éncy of the thermoelectric device. This

Chapter is concluded by bringing out the futurepgcof the work.
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resistivity measurement of sample at high tempegatu

Fig. 3.1.Crystal structures of (a) PbTe, and (b) TAGS85ich undergoes a transition from
low temperature cubic (dashed line) to high temjpeearhombohedral phase (solid line).
Fig. 3.2.Phase diagram of PbTe.

Fig. 3.3.(a) SEM image and (b) EDX spectrum of PbTe alloy.

Fig. 3.4.Powder XRD pattern of the synthesized PbTe alloy.

Fig. 3.5.Tauc plot for the synthesized PbTe alloy.

Fig. 3.6.Phase diagram of GeTe.

Fig. 3.7.(a) SEM image and (b) EDX spectrum of p-type TA&bBmaterial.

Fig. 3.8.Powder XRD pattern of TAGS-85 material.

Fig. 3.9.Tauc plot for the synthesized TAGS-85 alloy.
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Fig. 3.10. Temperature dependence of thermoelectric parametem-type PbTe (a}
(heating and cooling data) (b)heating and cooling data) (c) Power factor catad during
the heating cycle.

Fig. 3.11.Temperature dependence of agind (b)C, of PbTe.

Fig. 3.12Temperature dependence (a) total thermal condttivi (b) electrical £,) and
lattice (k) components of thermal conductivity) difference of total and electronic thermal
conductivity - xe) and (d) bipolar thermal conductivity,; plot of n-type PbTe.

Fig. 3.13.Temperature dependente of n- type PbTe.

Fig. 3.14. Temperature dependence of thermoelectric parasadtd (b) p and (c) power
factor of p-type TAGS-85.

Fig. 3.15.Temperature dependence of : £dp) xeandx; of p-type TAGS-85.

Fig. 3.16.Temperature dependenceZat for p-type TAGS-85.

Fig. 3.17.(a) Sequence of filling the materials in die fbe tpreparation of n-type PbTe
thermolegs using vacuum hot press. (b) Photograptypical n-type thermolegs of different
sizes.

Fig. 3.18.SEM image showing various interfaces in a PbTenb&g. Side images show the
elemental x-ray mapping of Ag, Fe, Pb and Te.

Fig. 3.19 Bar chart showing the variation in resistanca-tfype PbTe thermoleg.

Fig. 3.20.(a) Sequence of filling the materials in die foe tphreparation of p-type TAGS
thermolegs using vacuum hot press (b) PhotografiAGfS-85 thermolegs.

Fig. 3.21 SEM image showing various interfaces in a TAGS #3rmoleg. Side images
show the elemental x-ray mapping of Ag, Ge, Fe %nd

Fig. 3.22.Bar chart showing the variation in resistance-ofge thermolegs.
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Fig. 3.23.Photograph of the zircar housing for holding thelegs in (a) square array and (b)
linear arrays.

Fig. 3.24. Photographs of the various thermoelectric devi¢@s2 p-n thermolegs linear
device. Square array thermoelectric devices (bj Zgs (c) 4p-n legs (c) 6 p-n legs and (d)
8 p-n legs.

Fig. 3.25.0utput of a 2 p-n thermoleg device as a functiofoall resistance (R (a) load
voltage (M) (b) current () and (c) power (P).

Fig. 3.26.Long term stability of 2 p-n leg device for 300yda

Fig. 3.27.(a) Integrated thermoelectric module consistingpaf 8 p-n leg device connected
electrically in series. (b) Top view and (c) Sudew of the module.

Fig. 3.28.The open circuit voltage of thermoelectric moduteaafunction of temperature
difference between hot and cold ends.

Fig. 4.1(a) Room temperature powder x- ray diffraction gais of PbTeSe (b)
Magnified (220) peak of PbTgSe. Inset shows the lattice parameter of PhBs as a
function of x.

Fig. 4.2.SEM images of (a) PbTe (b) PkE8e& s and (c) PbSe.

Fig. 4.3. Temperature dependence of (a) Seebeck coeffiGigrib) electrical resistivity)
(c) thermal conductivitylk) and (d) dimensionless figure of metit for PbTe.,Se..

Fig. 4.4.Work function of PbTg,Se as a function of x.

Fig. 4.5.Crystal structure of Cu intercalated TiSe

Fig. 4.6. (a) Representative experimental x-ray diffractidata and simulated data for

CwTiSe (x=0, 0.06, 0.08, 0.11). (b) c/a ratio and (ait gell volume as a function of x.
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Fig. 4.7 SEM image of fractured surface of (a) Ti%&d (b) Cu11TiSe, and (c) HRTEM
image of Cy1TiSe.

Fig. 4.8.(a) Back scattered electron image of, GliiSe, and elemental x-ray mapping of
(b) Cu-K,, (c) Se-l, and (d) Ti-K,.

Fig. 4.9. Temperature dependent (a) Seebeck coefficien{l@nesistivityfor CuTiSe, (x=
0, 0.005, 0.02, 0.04, 0.06, 0.08, 0.11). Inset shelectrical conductivity with increasing
carrier concentration.

Fig. 4.10. Temperature dependent (a) total thermal condagtiand (b) lattice thermal
conductivity(k; = x —xe ) for CuTiSe (x= 0, 0.005, 0.02, 0.04, 0.06, 0.08, 0.11).

Fig. 4.11.Temperature dependent plot for CyTiSe, samples. Inset shows tA& at 670 K
as a function Cu content.

Fig.4.12 Photograph of (a) n- and p-type thermolegs of 1&USe, and TiSe respectively,
and (b) 4 thermoleg device.

Fig. 4.13 Structure of CuCrSewith Cdk type layers of CrSe(represented as edge shared
octahedra) and disordered ‘Giations layers.

Fig. 4.14.(a) Experimentally observed and simulated powdenydiffraction pattern for
CuCrSe. (b) Back scattered electron (BSE) image and Xalayental mapping of Cu, Cr
and Se in the powder CuCeSmmples.

Fig. 4.15.Scanning electron microscope (SEM) image of thet@ir@d surface obtained from
the hot pressed pellet of CuCgSa) and (b) respectively shows low and high maggiion
images.

Fig. 4.16 High resolution transmission electron microsc¢pEM) image of hot pressed

CuCrSe. In the image (b) white dotted line shows the mglaoundary and image (c) the
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region inside white dotted lines shows the presefc@noscale precipitates with amorphous
structure inside a crystalline matrix. For claritye white dotted region of image (c) is
magnified as image (d).

Fig. 4.17. Temperature dependence of the thermoelectric piepeof hot pressed CuCrsSe
(a) electrical resistivityy). Inset shows the plot of Imonic versus IF for T > 365 K. (b)
Seebeck coefficientaf. (c) Temperature dependence of the power fa&arallel () and
perpendicular({l) symbol represents the measurement of samplesidtiom the hot pellet in
parallel and perpendicular to the hot press divec{d) Temperature dependence of carrier
concentrationr{) derived from Hall effect measurement.

Fig. 4.18. Temperature dependence of (a) thermal diffusi(ity specific heat (c) thermal
conductivity for CuCrSg In the diffusivity and specific heat plots, thata for sample sliced
perpendicular (shown by) to the hot pressing direction is multiplied bytd®show them
clear.

Fig. 4.19. Temperature dependence of the Raman spectra f6rSguin the temperature
range 300 K — 443 K.

Fig. 4.20.Temperature dependence of dimensionless figukéeoit (ZT) for CuCrSe.

Fig. 4.21.Electronic absorption spectra for the samples.

Fig.4.22. Powder X-ray diffraction pattern for (a) AgCeSe(b) CuCrSg (c)
(AgCrSe)os(CuCrSe)oscomposites. (d) Magnified view of the highest nsi¢y (012 XRD
peak for all samples.

Fig. 4.23XRD pattern for the hot pressed (AgCsrg(CuCrSe)o s pellets.

Fig. 4.24.SEM images of (a) AgCrs¢b) CuCrSe(c) (AgCrSe)os(CuCrSe)o scomposites.
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Fig. 4.25.Transmission electron microscope (TEM) image »fGaCrSe (b) AgCrSe, and

(c) (AgCrSe)os(CuCrSe)os In the images, region inside white dotted linésves the
presence of nanoscale features with amorphoudsteuc

Fig. 4.26. (a) Survey (b) Se 3d XPS spectra of pure AggrSEuCrSe and
(AgCrSe)o s(CuCrSe)ossamples.

Fig. 4.27.Back scattered electron (BSE) image and X-ray eftgal mapping of Cu, Cr and
Se in the AgCrSg CuCrSe and (AgCrSgo s(CuCrSe)o s samples.

Fig. 4.28. Back scattered image of hot pressed (Ages3sCuCrSe)os sample. The EDX
spectrum of two different regions of the samplshiswn at right.

Fig. 4.29. Thermoelectric properties of all hot pressed sasih) electrical resistivity).

(b) Seebeck coefficient. (c) Power factord(/p).

Fig. 4.30.(a) Thermal diffusivity (D) and (b) specific hg&ip) results for AQCrSe CuCrSe
and (AgCrSgo. 5(CuCrSe)o s samples.

Fig. 4.31.Temperature dependence of thermal conductilty (

Fig. 4.32. Temperature dependence of #iefor all hot pressed samples. (f) x dependence of
ZT andk (at 773 K) for (AgCrSg1x(CuCrSe)x.

Fig.4.33. Schematic showing naturally obtained hierarchicaichitecture of the
(AgCrSe)os(CuCrSe)o s sample. In the composites, the atomic scale (dubealisordered
Ag and Cu atoms at high temperature), nanoscale t@the presence of amorphous phase,
dislocations, grain boundaries ) and mesoscal€(S@ precipitates in the uniformly mixed
matrix of composite) disorders results in scattgioh phonons of all wavelength. The green
and purple circles in the middle schematic shovespfesence of nanoscale disorder in the

pure CuCrSgand AgCrSgmatrix.
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Fig. 4.34. (a) EstimatedZT for (AgCrSe)os(CuCrSe)os sample during the heating and
cooling cycle. Inset showZT (at 773 K) for three numbers of (AgCeRg(CuCrSe)os
samples prepared under same synthesis run. (b) dépendence of the electrical resistivity
(p) for (AgCrSe)os(CuCrSe)os sample at constant temperature of 773 K.

Fig. 4.35.(a) Sample photograph before stability test (infa photograph after stability
test.

Fig. 4.36. Transmission electron microscope (TEM) image of@ASe)os(CuCrSe)os
samples after 12 hrs of annealing at 773 K. Inithage, region inside white dotted lines
shows the presence of nanoscale features with &maspstructure.

Fig. 5.1.Crystal structure of SiGe alloy.

Fig. 5.2.Si-Ge phase diagram indicating the solidificamdrbiy sGey 2.

Fig. 5.3.. SiGe alloy synthesized by melt quench methochighly oxidized surface with
greenish yellow tint (b) surface appears grey aoll compared to (a) indicating slight
oxidation.

Fig. 5.4. XRD pattern of melt quench SiGe alloy: (a) rapitegched and (b) slow cooled
(Inset shows separate (111) peaks of Si and Ge).

Fig. 5.5.Band Gap of 3isGe) » by diffuse reflectance UV spectroscopy.

Fig. 5.6.Back scattered electron images and the correspgmxdiay elemental mapping
images of melt quenched SiGe alloy.

Fig. 5.7.XRD pattern of SiGe alloy milled for 6 hrs, 24 M8 hrs, 72 hrs, 96 hrs.

Fig. 5.8.Electronic absorption spectra for SiGe alloy pomlokdl milled for 6 hrs, 24 hrs, 48

hrs, 72 hrs, 96 hrs.
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Fig. 5.9.BSE and x-ray elemental mapping image of mechiniedoyed and hot pressed
n-type SiGe alloy.

Fig. 5.10.TEM images (a) 24 hrs (b) 48 hrs (c) 72 hrs (dh&6 ball milled n type — SiGe
alloy. The region within dotted white line show® thanoscale features within the bulk. The
arrow marked in image (c) shows the presence tiatiton.

Fig. 5.11. TEM images of hot pressed SiGe alloys samplesapeep (for different ball
milling time) from the SiGe alloys powder. The mgienclosed within the white dotted line
shows the nanoscale defect structure in the SiGexma

Fig. 5.12.Temperature dependence of (a) Seebeck coeffidgmesgistivity and (c) power
factor of melt quench p-type SiGe alloy.

Fig. 5.13.Temperature dependence of £dp) x-«e (C) x; and (C)x ;i of melt quench p-type
SiGe alloy.

Fig. 5.14.Temperature dependenceZdf of melt quench p-type SiGe alloy.

Fig. 5.15.Temperature dependence of (a) Seebeck coeffihgnesistivity and (c) power
factor of melt quench n-type SiGe alloy.

Fig. 5.16. Temperature dependence of (a) thermal conductwitly(b)ZT of melt quench n-
type SiGe alloy.

Fig. 5.17. Temperature dependence of the thermoelectric piiepeof hot pressed Si-Ge
alloy (a) electrical resistivity (b) Seebeck coe#nt (c) power factor and (d) total thermal
conductivity. (e) Lattice thermal conductivity (fyure of merit. For comparison purpose the

results of other groups are also plotted in theesigure.
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Fig. 5.18. Temperature dependence of the thermoelectric piiepaf hot pressed SiGe-72
alloys sample (&, estimated by different methods (b) Thermal diffitgi(c) Thermal
conductivity and (d) Figure of meriZ{).

Fig. 5.19.Temperature dependent specific heat (Cp) of thetestsed SiGe alloys samples.
Fig. 5.20. (a) Bar chart showing th&T research in SiGe alloy till date and (b) schematic
representing mechanism of wide spectrum of ph@oattering.

Fig. 5.21.(a) TEM image of the SiGe-72 sample after anneain$000°C for 4 days. The
region encircled with white dotted line shows tlesgnce of dislocations in the sample. (b)
ZT values (at maximum temperature ~ 1073 K) for $he numbers (S1-S6) of SiGe-72
samples prepared under same experimental condition.

Fig. 5.22.a) schematic and (b) photograph of the unicoupeSiased TEG.

Fig. 5.23.Characteristics of typical single p-n couple SiGsddl TEG as a function of T
(a)open circuit voltage (M ) (b) load voltage (V) (c) load current (hand (d) power output
(P).

Fig. 6.1.ZTmax0f various materials studied in this thesis.

Fig. 6.2. Schematic representation of technology developnoénthermoelectric power

generators requiring competence at multidisciplirsmiences at different length scales.
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Chapter 1

Introduction
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1.1 Physics of thermoelectricity

Thermoelectricity deals with direct conversion deeperature difference across two
ends of a material into electric voltage [1,2]. n@ersely, when a voltage is applied to the
material, it creates a temperature difference adios two ends [1,2]. At the atomic scale, as
schematically shown in Fig. 1.1, an applied temjpeeagradient across a material causes
charge carriers (electron or holes) to diffuse fitwn hot side to the cold side, resulting in the
generation of a voltage across the material. Inedalnaccording to free electron model,
conduction electrons are treated as a free flowes "Fermi Gas"[3,4]. Heating one end of
the metal, Fig 1.1, increases the thermodynamiendda potential of the charge carriers
(electron or holes), which allows electrons to uh# towards cold end [5,6]. Thus a higher
density of charge carriers builds up at the cold, evhich continues to build up until the
force due to the coulomb repulsion balances theefof thermal diffusion. Therefore the net
flow of charge carriers towards the cold end of ti&erial results in an electric potential
difference between the ends of the material. Hea¢emperature differencaT, in an ideal
metal produces an electric potential gradient, These two gradients are related by the

Seebeck coefficient defined byu:%[l,Z]. The sign of Seebeck coefficient or

thermopower can be positive or negative, which ddpaipon the nature of charge carriers
(holes or electrons) in the material, as shownign E1. The magnitude ef in a material is
physically represented by the entropy per unitgbaarried by electrical currents. In metals,
since the charge carriers are large in numberd rdg@rmal equilibrium is obtained and thus
the net value o# is very low [7].

Thermoelectricity encompasses three independeteiytified effects: Seebeck effect,
Peltier effect, and Thomson effect. In additioreréhis another effect known as Joule heating
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that is generated whenever a current is passedghra resistive material. Joule heating is
though related, but not considered as a part ofrtbelectric effect. The Seebeck, Peltier and
Thomson effects are thermodynamically reversiblegnas Joule heating is irreversible

[1,2].

€ ee u e ©oef CoLD
. . e e e e e ®e o
h h h
hh, ho& lth i h coLb
hoh h hy h hop b

Fig. 1.1 Idealized bar of a metal demonstratingrtioelectric effect.

1.1.1 Seebeck effect

In 1821 Thomas Johann Seebeck found that a ciraadgle from two dissimilar metals
with junctions at different temperatures, as shanwfig. 1.2, produces an electric potential
(voltage) which can drive an electric current iglased circuit[8]. The Seebeck effect is a
classic example of an electromotive force (emf) kadis to measurable currents or voltages
in the same way as any other emf. The magnitudki®femf depends on: (i) The nature of

materials forming the couple. Metals, such as,ns@he, antimony, iron, cadmium, zinc,
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silver and gold are thermoelectrically negative;ilevhmetals, such as, mercury, copper,
platinum, nickel and bismuth are thermoelectricalbgitive. (ii) The temperature difference
between the two junctions. This model for metaa te extended to semiconductors or
insulators by invoking the electronic distributias a function of thermal energy. As shown
in Fig. 1.3, the band structures are quite diffefenmetals, semiconductors, and insulators.
However, under a temperature gradient the higherggnconduction electrons at the hot end
will migrate to the cold end that has unoccupieatest of lower energies, leading to a

Seebeck coefficient.

Fig 1.2 Schematic of a Seebeck loop.

At T=0 K, since there are no thermal or other emsrgor exciting electrons,
therefore electron energy states are filled stariiom the lowest state, obeying the Pauli’s
exclusion principle, to a highest occupied energyesknown as the Fermi energy:(E3].

At T > 0, electrons can be excited to higher enesigyes. The concentration of electrons
(nae) with energies betweek and E+AE, can be estimated by integrating the Fermi-

distribution functionf(E), and the density of electronic statg&):

E+AE

Nie) = J.E f (E)-g(E)-dE (1.1)

Wheref (E) is given by
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1

f (E) = m (12)
The number of states per unit energy is given by:

dn
9(E)= (1.3)

dE

At T= 0K, f (E) reduces to a step function, wit{E)=1 for E<gk- and = 0 for E>E For T >
OK the f (E) remains an exponential function representing tlaissical distribution of
electrons. The energy statef@) = 1/2 represents the state that has the samelplibbaf
being occupied as well as unoccupied and is knownthe Fermi level (B for
semiconductors. Emust vary with temperature so that the electrarceatration, according
to Eq.1.2, is constant if integrated over all ereggFor metals, electrons withigk of Er
contribute to conduction. In a semiconductor, abovbelow E there exists a region where

g (E)= 0, see Fig.1.3, which is known as band gap,analue is of the order of 0.3-3.0 eV

at 300K.
overlap
N .
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Metal Semiconductor Insulator

Fig 1.3 Schematic showing the band structure dftatine metal, semiconductor and insulator at low
temperature.
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Fig 1.4 Schematic showing a shift of Fermi le\i&) (upon doping a semiconductor with acceptor and
donor.

Under high energy approximation i.e. E >g #E) reduces to Boltzmann distribution

function:

1
f (E) = m (14)

The population of electrons in the conduction bendoverned by this distribution,
and clearly depends on both the band gap and temoper As a result, the carrier
concentration and electrical conductivity of a ssnductor exhibit strong temperature
dependence. For intrinsic semiconductors, the nusniieexcited electrons are equal to the
number of holes. For extrinsic semiconductors, tig@f an impurity determines the electron
and hole concentrations at thermal equilibrium. Zkewn in Fig. 1.4, the doping of
semiconductors results in a shift in the FermilleBased on the number of valence electrons
of the impurity atom, an electron will be donatedaaccepted from the conduction band,
resulting in shifting Fermi level towards conductiband (i.e. n-type semiconductor) or

towards valance band (i.e. p-type semiconductdne 3ign of the Seebeck coefficient is a
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strong indication to whether the majority carriare holes or electrons in a semiconductor
i.e. negative Seebeck coefficient indicate electras carriers, and a positive indicate holes as

the dominate carriers[7].

1.1.2 Peltier Effect

The Peltier effect is viewed as the inverse of 8ex=beck effect. In 1834, French
physicist Jean-Charles-Athanase Peltier discovéradwhen electric current is maintained
in a circuit consisting of junctions of two disslari conductors, one junction gets cooled
while other one gets heated[9]. For example, iir@iit consisting of a battery connected by
two pieces of copper wire to a length of bismuthrewia temperature rise occurs at the
junction where the current passes from coppersmbih, and a temperature drop occurs at
the junction where the current passes from bismithopper. Peltier effect is stronger in
circuits containing dissimilar semiconductors. PRudtier heat generated at the junction per

unit time,dQ/dt is given by:

C2 = (7, - 1)l (1.5)

where za (=aa.T) andzg (=as.T) are the Peltier coefficients of conductor A aBd
respectively and is the electric current (from A to B). Peltier tio@ent is defined as the
amount of energy in joules that is absorbed orvalat a junction when one coulomb of
charge flows through it for one second. It may b&d that the total heat generated at the
junction may not only be due to Peltier effect botle heating may also contribute.

The Peltier heat is a consequence of the differem¢be Fermi levels (or chemical
potentials) of two dissimilar metals, as shown ig.A.5. When a current passes from the

material of lower Fermi level to the material ofher Fermi level, it absorbs heat from the
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lattice of the lower Fermi level material, causicmpling at the junction. A reversal of the
current causes heating at the junction as the er@agiers dump heat back into the lattice as
they go from a higher to lower Fermi level. Thetieeleffect is also described in terms of
entropy, where energy in the form of heat is evdblwdnen the carriers flow from a material

with higher entropy to one with lower entropy[10].

A B
E; (A) \ .
B Process 11
Heatin,
Process | ( g
(cooling) -
E (B)

Junction

Fig 1.5 Schematic showing the mismatched Fermildeoktwo dissimilar metals leading to
cooling or heating at the junction depending ugmndirection of the current.

1.1.3 Thomson effect

In 1854, British physicist William Thomson discogdrthat evolution or absorption
of heat takes place when electric current passesidh a circuit composed of a single
material that has a temperature difference alosgeihgth[11]. This transfer of heat is
superimposed on the common production of heat &gsdcwith the electrical resistance to

currents in conductors. For example, if a metabwiarrying a steady current is subjected to
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external heating at a short zone (while the restares cooler), heat is absorbed from the
metal as the current approaches the hot zone, eastdhtransferred to the metal just beyond
the hot zone.

If a current density is passed through a homogeneous conductor, thegdroeffect

predicts a heat production ra@ per unit volume of

Q=-KJAT (1.6)
where AT is the temperature gradient alkds the Thomson coefficient, which is defined as
the amount of energy in joules that is absorbeevoived due to one coulomb of electricity

flowing between two points in an unequally heateaterial differing in temperature byQ.
The K is related to the Seebeck coefficient d{s.:g—i. This equation however neglects

Joule heating and ordinary thermal conductivity[12]

Heat release/absorption Q(x)

i i |
e e i e ! e e
e ee——) : COLD
e e ! '
€ INeRE e e
& = f i e i
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Fig 1.6 Schematic showing the Thomson effect.

1.2 Application of thermoelectricity

The thermoelectric devices based on Peltier andesge effects are used for
applications in refrigeration and electrical povwganeration, respectively [13]. The basic

requirements to achieve a significant thermoelegerformance are the same for both

29



generators and coolers. However, in practice bgibg of devices are usually very different
from each other in design and construction, duéhéodifference in temperature range of

operation and the intended application.

Region of peall T

ZT

108 10w 10%0 1071
Carrier concentration (cf)

Fig. 1.7 Variation of:, o, x, power facto{a?p) andZT on the carrier concentration (reproduced with
permission from Snyder et lat. Mater. 7 (2008) 105-114 © 200&ture Publishing group).

One of the critical requirements for the developmenh efficient thermoelectric

devices is selecting proper materials with higlifegof-merit,ZT, which is defined as:

a o
K

ZT =

T (1.7)

where o is Seebeck coefficients is electrical conductivity andx is thermal
conductivity[14,15,16]. The parametews o and x strongly depend on the carrier

concentrationr{) of the materials, and their dependences are safieaity shown in Fig. 1.7.
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It is evident from Fig. 1.7 that decreases with increasing (i.e. as one moves from
insulating to metallic region), while andx increases. As a result, the power factde) and

ZT show maxima for then values in the range of 1010°%m?,

indicating that highly
degenerate semiconductors are good candidate dahétmoelectric applications. The high
ZT of materials demand enhanced power factar) (but lowerr.

A degenerate semiconductor essentially is a semiadar with high level of doping

such that it behaves more like a metal than asraceeductor. Therefore the of these

materials can be expressed by:

g=—=neu (1.8)
P

The dependence ofon o has been derived using Boltzmann transport themanich is

expressed using the Mott equation [17,18,19,20]:

_ 7 k*T dIina(E)
a__ P —

19
3 q dE (1.9)

E=E,
Whereo(E) is the electronic conductivity determined as acfiom of the band filling or
Fermi energy, E If electronic scattering is independent of enerthen o(E) is just
proportional to the density of states (DOS)Eat For degenerate semiconductors, if one
ignores the effect of scatteringcan be also expressed in terms of DOS using [21]:

(1.10)
j DOSE)dE

whereE, is the valence band edge.
The Bethe-Sommerfeld equation of Seebeck coeffidiendegenerate statistics and

single-band case is given by [22,23]:
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a =

oo|:L,

ﬁ(kBT){ 1 oln(E)+ 1 d,u(E)}
q n(E) dE w(E) dE

:iﬁ(kBT){g(E)+ 1 dﬂ(E)} (1.11)
3¢ n(E) w(E) dE

Where@ is DOS term anelLm is the scattering term.
n(E) U(E) dE

It may be noted that DOS for free-electron caselated to m* by equation [21]:

_ ()
DOS—WJZEF (1.12)

Thus for metals and degenerate semiconductors (uhdepproximation of parabolic band
and energy-independent scattering), the expressranis inversely proportional ta and is

given by [24,25,26]:

2 A
g =8k m*T( ”j (1.13)

3gh? 3n
wherem* is the effective mass, is the electronic charge ahds the Planck’s constant.

From above formulations, it is evident that theueabf power factora’s) depends on
several conflicting parameters: fijncreases with, but it leads to a decreasenin(ii) a will
increase if them* increases (eq. 1.13), but increasmd also implies that thet would
decrease, which in turn, will reduzeHowever, the relation betwean* andp is complex
and depends upon several factors such as electstmicture, scattering mechanism and
anisotropy.

According to equation 1.7, th8T can also be enhanced by reducing the thermal
conductivity ), which comes from three sources i.e. electroniattice and bipolaronic

[25,18]:
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K=Kt Ki+ Kpi (1.14)
Here k. is the heat transported by charge carriers (eleabr hole) and is directly

related to thesthrough the Weidmann-Franz laxy = LoT = netd T [25, 18], wherd is the

Lorentz factor and its value for free electron®.i4x10® FK2C?, which however can vary
with carrier concentrations is thelattice thermal conductivity due to the propagatain

phonons, and;is the contribution due to bipolar diffusion andlwee described later.

1.2.1 Thermoelectric refrigerators or Peltier cooles

The thermoelectric refrigerators make use of maltiat contain a number
of thermocouples connected electrically in seried thermally in parallel [1,27,28]. This
enables the cooler or heat pump to be operated @mopower source that delivers a
manageable current with a reasonable voltage diogassumptions are that there will be no
thermal resistance between the thermocouple anlkeiesource or sink and all the heat flow
between the source and sink, takes place withirthitsenocouple. Thus, it will be supposed
that thermal radiation and losses by conduction emavection through the surrounding
medium are negligible [27]. The quantity of greatesportance for a refrigerator is the
coefficient of performance (COP), which is defiregthe ratio of the heat extracted from the
source to the expenditure of electrical energyth# thermocouple were free of losses
associated with heat conduction and electricalstasce, the COP would reach the ideal

value; that is, the value for a Carnot cycle [1,I3}e ideal COP can be much greater than

unity as it is given b);r% T where T, and T; are the absolute temperatures of the source
h c
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and sink, respectively. For thermoelectric coolsystem the efficiency is given by its

coefficient of performance, COP, which is given by

cop_=_Te M-TT.
T,-T, M+1

(1.15)

whereM = (1+ ZT)"2with T =(T, +T,)/2and ZT is the average figure-of-merit of the

material. Thermoelectric coolers usually utilizevidband gap degenerate semiconductors

e.g.BbTes, having an energy gap of <0.3 eV.

1.2.2 Thermoelectric power generators

Thermoelectric power generators essentially con®$t a large number of
thermocouples (p and n legs) connected electriocakyeries and thermally in parallel to form
a module. Heat from a variety of sources is suggiteone surface of the module (referred to
as the hot side) and rejected at a lower temperdtom the opposite surface (referred to as
the cold side/ heat sink). The p- and n- legs aireefl by a metal interconnect [27,29]. The
voltage produced by the Seebeck effect will cauggeat to flow through the load,
generating electrical power. The voltage at thel isareduced from the open circuit voltage
by the Ohm's law (V = IR) voltage drop due to timiernal resistance. Maximum efficiency
(7 max is reached when the load and internal resistameesearly equal because this is close

to the maximum power achieved from load matchirgjiargiven by [1,12,27]:

CT.-T, V1+2zT-1

max T _
"1+ ZT +T%
h

(1.16)
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The first term of the equatio;q!-“_l__—-rC is the Carnot efficiency and the second term of

h
V1+27T -1 Th
1+ 7T +T%
h

schematic of the power generator is shown in Fi§).. Bor power generators, depending upon

the equation is the reduced efficiency which isuaction of 7T ie e

the source temperature, materials having relativagrrow band gap degenerate
semiconductors are utilized. For example, in the temperature range Hies is used, for

the temperature range of 723-773 K, n-type PbT2€¥) [30,31] and p-type TAGS-85 (0.6
eV) [32] are utilized while for very high temperega 1173-1273 K, SiGe (~1eV) [33,34] are

employed.
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Fig 1.8 Schematic of a thermoelectric power gewerahowing different electrical and thermal
interfaces. The electrical and thermal contactstasce should be minimum. Moreover, the device
should have minimum thermal shunt path.
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1.3 Fabrication issues with thermoelectric generats

As shown in Fig. 1.8, fabricating efficient thernesric generators from individual
thermoelectric p- and n-legs is a big challenge r@ogires following three major key issues

to be addressed [27,29]:

(i) Fabrication of n- and p-legs with higI_lT in the temperature zone of application.
(i) Electrical contacts having very low resistance aious interfaces, as schematically
shown in Fig. 1.8.

(iif) Maximum heat transfer through device while minimgthe thermal shunt path.

Efficiency (%)

or — 4

0 200 400 600 800 1000

AT (K)

Fig 1.9 Theoretical maximum efficiency in electijcgeneration (cold source is at 300K) (reproduced
with permission from Gang et al Progress in NatBmence: Materials International 6 (2012) 535—
549. © 2012 Chinese Materials Research Society).

1.3.1 High ZT n- and p-legs

In order to have highly efficient TEG, the most on@ant requirement is that

materials of both n- and p-legs should have Agiof nearly similar value at the operating
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temperature. The maximum theoretical efficiency e=tpd for power generators as a
function of temperature difference between thedmat cold ends (assuming the cold end is at
400 K) for materials having differe@T is shown in Fig 1.9. It is evident that theordtica
for a material oZT ~10, the theoretical conversion efficiency of 985s possible foAT of

~500K [13,35].
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Fig 1.10 ZT vs T plots of conventional thermoelectric n- and p-typaterials (reproduced with
permission from Snyder et al. Nat. Mater. 7 (200@)-114.(c) 2008 Nature Publishing group).

On the experimental side however the situation Hgh ZT materials is quite

different. The temperature dependenceZat for various n- and p-type thermoelectric

materials, commercially employed for device faltimma are shown in Fig. 1.10. It is seen

that the highest T of different materials lies in the range of 0.2-[125]. Depending upon the

ZT, materials can be characterized based on thenatpg temperature range: (i) for low

temperatures range 150-200°C;R% and SbkTes [36,25]; (i) mid temperature range 450-

500°C: PbTe and TAGS-85 [25], and (iii) high tengtere range (>800°C), SiGe alloys [25].

usi

In order to achieve high efficiency in TEG, it issential that devices are fabricated

ng highZT materials with a large temperature gradient. SEitgary with temperature, it

37



is not possible to use the same material througtimuentire, large temperature difference.
One way to circumvent this problem is to use défgrmaterials that can be segmented
together in such a way that a material with h&ghat high temperature is segmented with a
different material with higlZT at low temperature. In this way, both materialgrage in

their most efficient temperature ranges [37,383P,4However, when two materials are

being segmented for large temperature gradienticgions, one must consider the

L [41,42]. This is because

thermoelectric compatibility factor, expressed 8s: (1+ ZTT)
a

to maintain maximum efficiency the same electricatrent and similar heat must flow
through each segment. If the compatibility factidfed by more than about a factor of 2, not
all the segments will perform with the best effi@ees, and as a result, the overall efficiency
of the devices will be substantially less than thegdicted from the individual material’s
averageZT [42]. It is therefore evident that in order to dhtaigh efficiency, new materials
exhibiting highZT in different temperature range need to be invattd In recent times a

good efforts have been made in this direction, Wiaie reviewed in the next Section.

1.3.2 Electrical contacts

As shown in Fig.1.8, the electrical resistancelw® TEG depends not only on the
electrical resistance of the thermoelectric legsdiso the electrical resistance of the metal
interconnects and the contact resistance betwetmcamnects and thermoelectric legs.
Moreover, in most of the materials, a metallizedhtaot layer is required between the
thermoelectric legs and interconnects. The cornggelr and interconnects should have high
thermal and electrical conductivity. All of thesesistances are temperature dependent, and

therefore, exact computation of the TEG resistaam&ea function of temperature is very
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complex. However, assuming temperature indepengeheedevice resistance, R, can be

approximated as [1]:
ol . Py

R=n £/" 4+ 2P 4 1.17
”{/x A F‘} .

Where,p is resistivity of legsR; is a sum of interconnect and contact resistance pe
couple,l is the length (height) anél is the cross-sectional area of the thermoeleldgs. If
the contact resistance is very high then the devetéiciency reduces drastically as (i) the
current generated by device will reduce, and (ig tise in temperature at contacts due to
Joule heating will disturb the temperature gradiéesding to a decrease in thermopower.
Making good electrical contacts in thermoelectrievides is challenging as the device
operates under a large temperature difference, hwldads to thermo-mechanical stress,
diffusion and the chemical reaction between mdge@ad interconnects. Ebling et al have
reported both experimentally [43] and by simulatjéd] that a major loss of averagd and
power output takes place due to poor contact | lcteatact materials should have following
properties:

(i) Electrical and thermal conductivities should be mugigher as compared to
thermoelectric material;

(i)  Coefficient of thermal expansion (CTE) should rhatwith the thermoelectric
material. This is because a good match of CTE kmtwihe contact and the
thermoelectric material is necessary to have arcieft TEG. A system with
significant CTE mismatch would experiences higlerfacial stress, and thus, lead to
high risk of in situ fracture of the device. Thisndition is not desirable as TEG's are

mainly used for remote applications over the yeahe acceptable limit of the CTE
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(iii)

(iv)

mismatch depends on the mechanical properties thf dmntact and thermoelectric
material.

Chemically stable over the life time of the modaled should not interact with the
thermoelectric materials at the high working terapgre [27]. A minor reaction
between the TE materials and the contact barnarsais sufficient to form a strong
bond. This is because severe reactions betweerotitact and the TE materials lead
to the formation of intermetallics, which contributo high contact resistance.
Moreover, the presence of voids or cracks at therfece causes failure of the
contact. Thus, the selection of the contact mdtshauld be such that extensive
reaction with the TE material and diffusion intcetfE material are avoided. In
addition, the thickness of the buffer layer shdugdminimized as it consuma3 and
leads to parasitic loss.

Low contact resistance at the interface between ¢batact layer and the
thermoelectric layer. In order to compare the duabf contacts fabricated with
different cross-sectional area, the term specifigtact resistivity. (uQ-cnr) is used
which can be estimated by multiplying the contagistance by the cross-section

area, p. = R, x A, where R, is the contact resistance aAds the cross- sectional
area. Ideally, for good contactg, should be < 1uQ-cn? Reduction of specific

contact resistivity is also a major criterion besi@TE matching and interfacial
reaction. This problem arises due to the contactwdrn the metal and
semiconductor, which can be averted by band alighirbetween the contact layer
and the TE material. The specific contact resistiof a metal-semiconductor contact

is related to the barrier height and doping conmagion and according to Schottky-

40



Mott theory, is related to work functionp) and electron affinity ) of these
materials.
(v) Ability to be made very thin to reduce total elexzit and thermal resistances;
(vi) Ability to form strong mechanical bonds with thetimoelectric layer.
These stringent requirements put the limitationstten choice of contact materials.
Therefore, efforts are needed to make contactsateamnot only with low resistances but
should be mechanically/chemically strong for theeragion of the device for prolonged

periods, which are typically several years.

1.3.3 Minimization of thermal shunt path

In order utilize maximum heat available at the seurnot only the good heat
exchangers at hot and cold ends are needed buttoeeasure an efficient flow of heat
through the thermoelectric device. Similar to tHectical resistance, the total thermal

conductance of the device can be approximated]by [1
K:n[@ +%+KS} (1.18)

where ks is the parallel thermal loss per couple, and needse minimized. In order to
minimize the thermal shunt path, it is essentialde housing material in such a manner that
its thermal conductivity is much lower than that tbermoelectric legs. In addition, the

housing material should provide mechanical supjporthe device.
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Fig.1.11 Current state of the art in bulk thermogle materialsZT as function of temperature and
year illustrating important mileston (reproducedhapermission from Zhao et al, Energy Environ.
Sci. 7 (2014) 251-268.(c) 2013 Royal society adrofstry).

1.4 Approaches to enhance th&T

In recent years, there has been significant amoiurgsearch towards the synthesis of
new thermoelectric materials with enhanc8d. Fig 1.11 shows the major milestone
achieved forZT as a function of both year and temperature. Algothis landscape is
rapidly evolving because of continued advances@nfteld, only top performing materials
are shown in this histogram [45].

In order to further discuss the approaches by wthelZT can be enhanced, equation

1.7 can be re-written as [46,47]:

2
71="99 1= (azn(EJqT (1.19)
K, +K K
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It is evident that the&T can be improved if both the terms i&’n and u/x are
increased. Unfortunately, the parameters of bothtdims are counter-indicated i.e. if a
mechanism that improves one can become deletetiotise other. In the case @fn, as
shown in Fig. 1.7, the general rule in metals amgped semiconductors is that with
increasingn, the value ofx decreases (i.e. according to egn. 1.19). Simijlanky termy/« is
counter-indicated because introducing defects analifities in the material scatters phonons
which significantly reduce (beneficial effect), but they also reduce thgdeleterious
effect) owing to enhanced scattering of chargeiear However, the requirement for

improvedZT is that the material should have higlalong with low.

1.4.1 Enhancement of Seebeck coefficient

In order to enhancgT, it is important to enhance the valugxdh, which is purely an

electronic property, and therefore, governed bydamils of the electronic band structure

and scattering mechanisms. The approaches to gecrem are based on the engineering
distortions of the DOS near the Fermi energy. terditure following approaches have been
utilized to enhance®n. These include (a) modifying band structure by etegation of
multiple valleys, (b) Electronic resonance staie$, Electron energy barrier filtering, (d)
Highly mismatched isoelectronic doping, (e) Modgatdoping and (f) Depressing bipolar

effect .

a. Modifying band structure by degeneration of multiple valleys
As evident from equation 1.13, the thermopowea given carrier concentration can

be enhanced by increasing the overall DOS effeatnass,m*. The m* is given by the
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expressionm* = N/°m, * , wheremy*~ 1/(d°E/ dk?) is the band effective mass aNglis the

number of conduction bands [48, 49]. Thog, can be enhanced either by a material having
flat bands (i.e. higlm,*) or by increasing thhl, (e.g. materials having multiple valleys). The

implications of the enhancement wg* and N, are discussed below by citing appropriate

examples.
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Fig. 1.12 Higher effective mass in La-doped PbTadéeto a higher Seebeck coefficient (a) but
actually a lowelZT (b) in the entire temperature range (reproducetl permission from Pei et al,
Adv. Mater. 24 (2012) 6125-6135. © 2012 WILEY-VGHrlag Gm bH & Co. KGaA, Weinheim).

In case of materials having flat bands, thiewould be very high, which will lead to
a higha value. However, as discussed earlier, increasedlso reduces the, and therefore,
o. As a result the overall power factor &F of the material may decrease. This in fact has
experimentally shown by Pei.et al. They have dap#gpe PbTe with either | on the Te site
or La on the Pb site, in such a manner that theecazoncentration remains same (i.e. 1.8
x10" cm®). It has been shown that* in La doping is ~20% higher than that in | doping

(near the optimal doping level) in the whole tenaere range. The value Bf was 4 in both
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the cases. The net effect of increasedis to increaser in La doped sample, as shown in
Fig. 1.12(a). However, the overdr of La doped sample was found to be lower thanl the
doped samples, as shown in Fig. 1.12(b), mainly tdude reduction in the charge carrier

mobility [49].

Si Sig7Geg 3 Ge

Ge %

Fig. 1.13 The schematic band structure of SiGeydheproduced from ref. 47).

The ZT of the materials can be improved through enhanoemem* only if the
charge carrier mobility is not affected and this ¢ achieved for materials having bands
with multiple valleys. Thus in case of n-type mtks to enhance thil,, multiple band
valleys should be in conduction band, while forype materials they should be in the
valence band.

The n-type SiGe provides a classic example of band convergenadmauction
band that increaseBl,. Si and Ge, though similar in structure, are défe in band

configurations. The primary minimum of the condantband in Si is found along the zone
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center and X pointA) with N, =6 and the second minimum at the L point (L) wikh=4. In

Ge the band at the L point is the primary minimuithw, =4 while theA band withN, =6 is
found at a higher energy. Alloying Si with Ge chasghe energy position of L andvalleys
relative to the top of valence band and it has lfeend that they cross each other around the
composition of Si/Ge) 3 leading to an enhancement in thgvdlue. As a result, the ZT of

the n-type SiGe alloig drastically improved [50].

~500 t  ~900

.\‘03/ 1 \¢/ \¢/ T(K),

AE-,

Fig. 1.14 (a) Brillouin zone showing the low degemy hole pockets (orange) centred at the L point,
and the high degeneracy hole pockets (blue) aloeg tine. (b) Relative energy of the valence bands
in PbTqssSe 15 At, 500K the two valence bands converge, regulitntransport contributions from
both the L anct bands. C, conduction band; L, low degeneracy hated;X, high degeneracy hole
band (reproduced with permission from Y. Pei etNakure 473 (2011) 66-69. (c) 2011 Nature
Publishing Group).

Another classic case of band convergence has legemted in lead chalcogenides,
particularly PbTe and PbSe. Typical first Brillouione and valence band structure of PbTe
is shown in Fig. 1.14. As shown in Fig. 1.14(agrthare 8 low degenerate half hole pockets

(orange) centred at the L point (id,=4), and the 12 high degenerate hole pockets (blue)
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along thex line (i.e.Ny=12). The corresponding relative energy ofIhend L valence bands
of PbTeis shown in Fig. 1.14 (b). It may be noted thate¢his only one conduction band. It
has been shown that with increasing temperatueeettergy position of the L band shifts
downward and at 500K bothand L valence bands converge, resulting in entmeneinN,

[48].
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Fig. 1.15 Seebeck coefficient as a function of terature for lead chalcogenidég. PbTe, PbSe and
PbS. The Seebeck coefficient is in general higlerpftype materials as compared with n-type
analogues with a similar carrier concentrationrep{oduced with permission fromdhao et al,
Energy Environ. Sci. 7 (2014) 251-28) 2013 Royal Society of Chemistry).

The temperature dependentor various lead chalcogenides is shown in Fig51ltlis
evident that for p-type lead chalcogenidesdhe much higher than that of corresponding n-
type with a similan. For example, p-type PbTe thas +270 uVK® (at 773 K) as compared
to -180 uV K* for n-type PbTe with sameof 3x10° cm®. The excess for p-type PbTe is
attributed to additional contributions franband [51,52,53]. The n-type PbTe do not exhibit

such contribution because of the single band natitiee conduction band.
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Fig. 1.16 Schematic representation of the DOShefvialence band of pure PbTe (dashed line) and
TI-PbTe (solid line) in which a Tl-related levetieases the DOS. The temperature dependentE of
for TlooPlyesTe (black squares) andbiPkyooTe (blue circles) and reference sample Na-PbTe
(purple diamonds) (reproduced from ref. 51).

b. Electronic resonance states

As represented by the equation 1.11, thean be enhanced if the DOSEtcan be
enhanced significantly. In literature, in fact thieas been achieved by doping the
thermoelectric materials in such a way that thegynéevel of the dopant lies in the vicinity
of the Er of the thermoelectric material. The distortion daeesonance in the energy levels
enhances DOS at th& [47] . In general, the sharper the local increase irSD@e larger
the enhancement m* and ina. For, ThoPlyesTe, it has been shown that #hén the whole
temperature range enhances by a factor betweeantl. 3. However, th&T value at 773 K
was found to be 1.5, which is quite high as compareindoped sample [54], see Fig.
1.16(b). It may be noted that the enhancemeit due tom* compensates for the loss in
mobility, as a result highe£T is obtained. Similar behavior has been reporte8rnrdoped

Bi,Te; [55]. In this case, Sn provides excess DOS abbumn&V below the valence band
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edge at room temperature. Similarly, Cr is foun@reate impurity levels at 100 meV above
the conduction band bottom of PbTe [56 ], Al dopiogns resonant levels in PbSe [57] and

Cd forms resonance level in PbTe [23].
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Fig 1.17 (a) Schematic showing the energy barnkerihg mechanism in (a) multilayers (b)
nanoparticle dispersed in matrix. Due to the endegel mismatch at the interfaces, an energy
barrier is created which filters the low energyctiens.

c. Electron energy barrier filtering

The magnitude o# is governed by the entropy per unit charge cate@lectrical
currents. Thusg can be improved by an approach known as energyifiy, whereby
energy barriers are employed to block the low-eneigctrons and therefore, increase the
average heat transported per carrier by the highggrelectrons [27]. Such effects has been

observed in the thermoelectric multilayers, as shawFig. 1.17 (a) [58,59,60]. In case of
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bulk materials, nanostructured grains are ofteduded in the matrix of thermoelectric
materials, and the interfaces act as effectiveggnéiters, as schematically shown in Fig.
1.17 (b). In both cases, grain boundaries actaaseb for filtering process i.e. low energy
charge carriers (E<f are blocked at the barrier, while high energycetn (E>E) pass
through. It however may possible that these intedacan also substantially reduce the
carrier mobility, and therefore, energy filteringpaoach requires careful design of the
nanostructures so that optimum power factor is iobth27]. There are several reports
claiming the observation of energy-filtering effetiut these claims are limited to only small
enhancements in the power factors. For exampléhbitfiree B-Zn,Sh; based composites
incorporated with (BiTes)o oSk Tes)os, ~30% increase in thermoelectric power factor has
been obtained through an energy filtering effeaisea by carrier scattering at interface
barriers [61]. Dy doped TAGS-85 shows enhanceménh®a due to an energy filtering
mechanism. Here the potential barrier has occultedto the mismatched atomic sizes and

the large magnetic moment of the Dy atoms presethtd lattice [62].

d. High mismatched isoelectronic doping

High mismatched alloys (HMA) are a kind of semicoars containing
isoelectronic elements with very large differenéesterms of atom size, ionicity, and
electronegativity, and therefore exhibit unusual d anfundamentally different
electronic/optical properties. As an example, progéoying of (Si,Ge)Sn can result in a
direct bandgap. The synthesis of HMA involves dhgy of isovalent but highly
electronegative mismatched constituents at dilaecentrations. However, due to large

miscibility gaps, synthesis of HMA is usually ddfilt.
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In HMAs, the hybridization between the extendedestaf the majority component
and the localized states of the minority comporresults in a strong band restructuring,
leading to peaks in the DOS and creation of newantls near the original conduction or
valence band edge. These narrow subbands formd¥/ks have a heavy effective carrier
mass due to their localized origin and give risa gharp DOS distinct from those of the host

material, which are responsible for high[63].
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Fig. 1.18 DOS v£&-E- plot of O impurity in ZnSe showing a peak in DO&nofEg that enhances
thea of the system. (reproduced from ref. 60).

In order to explain this strategy, Lee et al haweestigated the effect of O impurities
on the thermoelectric properties of ZnSe from a lwiotion of first-principles and analytic
calculations. It is demonstrated that dilute amsurft O impurities introduce peaks in the
density of states (DOS) above the conduction bamihmam and that the charge density near
the DOS peaks is substantially attracted towardding due to their high electronegativity,

as schematically shown in Fig. 1.18. The impunitgieiced peaks in the DOS result in a sharp

51



increase of the room-temperaturend power factor from those of O-free ZnSe bycioia

of 30 and 180, respectively.
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Fig 1.19 Schematic showing the modulation dopinatetyy for SiGe nanocomposite alloys.

e. Modulation doping

Modulation doping is implemented in such a way thatresulting free electrons are
spatially separated from the positive donor iond tirat the scattering of moving electrons
by the dopant atoms is avoided. Due to the separaBlectrons remain free and their
mobility remains high. As a result the conductiwitythe materials become high, leading to
an enhanced power factor [64]. Modulation dopedh@es are usually two phase
nanocomposites made out of two different typesamiograins. Rather than uniformly doping
the sample, the dopants are incorporated into ong/ type of nanograins. Charge carriers

spill over from the doped nanograins to the undoprelightly doped matrix phase, leaving

52



behind ionized nanograins. Thus the electrical ootidity of the two-phase composite can
exceed that of the individual components, leadg tigher power factor [65]. Increase in
the electrical conductivity also increases the tebmic part of the thermal conductivity
because the charge carriers are also heat caSeithis strategy should also focus to reduce
the lattice part of the thermal conductivity. Figl19 shows the schematic of modulation
doping where SiGe; has been considered as the matrix angG®iP; as nanograin
(phosphorous is used as a dopant in the nanograin).

In this case, Si rich matrix (§Ge;) is chosen mainly due to the larger valley
degeneracy of Si compared to Ge (as discusse@®dB0D], which leads to more available
energy states for the carriers to fill in addittonthe reduction in cost. The conduction band
edge of the nanograin is higher as compared todhatatrix grains. This facilitates easy
transfer of electrons from nanoparticles to matwich results in an increase in the
mobility, as the ionized impurity is confined toetmanograin. The enhanced mobility
increases the power factor by 20%. On the othed hacorporation of SiGe;P; decreases
the thermal conductivity. However, the increaspomwer factor compensates for the increase
in thermal conductivity and as a result #ieimproves by 10% [64]. Power factor of the p-
type SkeGesBis uniform sample was improved by 40% using the matthuh-doping

approach [65].

f. Depressing bipolar effect

As discussed earlier, the thermoelectric materiale narrow band gap
semiconductors and thus have mixed carriers (elestand holes) in each band, especially at
high temperature, i.e. electrons in the valencellzam partially hop to the conduction band

and vice versa. This diffusion creates electrorehmdirs: the so-called bipolar effect [30,
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30,46, 66]. Bipolar effect has the disadvantageabee the minority charge carriers get

thermally excited across the band gap and thusdses the overatl[67,68,69].
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Fig. 1.20 Larger (or wider) band gap increasesAhef a thermoelectric at high temperatures by
inhibiting the formation of minority carriers of ppsite sign, according to the model calculation.
(Reproduced with permission from Pei et al, Adv.téla 24 (2012) 6125-6135. © 2012 WILEY-
VCH Verlag Gm bH & Co. KGaA, Weinheim).

Bipolar effect can be depressed using followinge¢hways: (i) increasing the
majority charge carrier concentration which shifftis Fermi level and may decrease the onset
of minority carrier effect by increasing the energguired to do so; (ii) increasing the band
gap, which delays the onset of thermally activat@dority carriers at high temperature

[16,67,69, 70,71]; and (iii) synthesis of mesoscalerostructure with grain boundaries.
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These grain boundaries act as an interface whioduges interfacial potential and thus
scatter electron and holes differentially, there®yeriorating the bipolar effect [72]. The

energy for bipolar diffusion can be roughly estiethas:

— E;
K= Aex (1.16)
2Tk,

Where «,; is the bipolar thermal conductivity, A is a condtdfy* is the band gap for the

bipolar diffusion , i.e. plot of In;) vs 1/2 kT) givesEg* (min. energy for bipolar diffusion
to take place) and is comparable to the band gépeahaterial [31].

As shown in Fig. 1.20, it has been found thatZfieof wide band gap material is in
general larger than that of low band gap matenalparticular at high temperature due to the
depression of the bipolar effect. In order to prtivie, PbTe has been alloyed with a wider
band gap compound, such as MgTe [73,74] or CdT@§l=and the results are shown in the
inset of Fig. 1.20. It is seen that MgTe has a gsoldbility in PbTe, which increases the
band gap of the PbTe/MgTe alloy and therefore aseeZT value in the whole temperature
range. On the other hand CdTe forms only compesgite PbTe at low temperatures (<600
K), as a result there is no changeZzih However, at high temperatures >600 K, PbTe/CdTe

alloy formation takes place, which widens the bgagd, and hence enhances ZIiig49].

1.4.2 Reduction in thermal conductivity

In addition to improving power factor, th&T can be enhanced by reducing the
thermal conductivity, in such a way that the chargeier mobility is not reduced. The total
thermal conductivity«) of a material is given by equation 1.14sually, the contributions

from ke andxyp are much smaller than thatmaf However x,; becomeslominant only at high
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temperatures. The is dominating as phonons of different wavelengibistribute to the heat
conduction, and therefore, in literature variouprapches have been adopted to reduycde
literature three general strategies have succégs@dopted to reduce lattice thermal
conductivity, which includes, (a) alloy point defescattering [17], (b) complexity through
disorder in unit cell [25] and (c) introduction alf length scale hierarchical architectures for

scattering phonons of different wavelengths [72].

a. Alloy point defect scattering

The conventional method to redugeand to improve th&T of the material is to
decrease the phonon mean free path. This can levadhby alloying, which creates point
defects in the crystal lattice due to mass fluatumatThe judicious way to synthesis the alloy
is to substitute the host atom by isoelectronianelet which will minimize the carrier
scattering . The classical example of this metlsothé Si«Ge, alloy, where both Si and Ge
have similar crystal structure and thus latticeeori$ preserved. Substitution of Si by Ge
reduces the: by an order of magnitude as compared to the urdi@eHowever, in this
process the: gets reduced due to the fluctuation in the eleqiotential felt by charge
carriers as they move through the crystal. Thistetal potential is generated due to the
difference in the electronegativity of Si and Gespitex being reduced, a net increas&ih

was obtained.

b. Complexity through disorder in the unit cell
Schematic of some of the complex crystal structtines$ yield low lattice thermal

conductivity are shown in Fig. 1.21.
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Fig. 1.21 Complex crystal structures of variousrri@electric materials (a) skutterudites (b)
clathrates (c) LaTe, (d) B-Zn,Shks (e) Zintl phase YbMnSh; ( reproduced with permission from
Sootsman et al, Angew. Chem. Int. Ed. 48 (2009688339.© 2009 WILEY-VCH Verlag Gm bH &
Co. KGaA, Weinheim).

The skutterudite structure crystallizes in the CaAygpe structure which is composed
of eight corner shared XY(X=Co, Rh, Ir; Y=P, As, Sb) octahedra. In fact, tBeAs-
structure type is a severely distorted versionhef perovskite ABtype structure [18]. Fig
1.21 (a) shows that the linked octahedral produgeid at the centre of the (%) cluster
which can accommodate large metal atom as a rdfilgrl.21(b) shows the type | structure
of clathrate which can be represented by the gefaraula XY ¢Ess (NasSiss for example),
where X and Y are “guest” atoms encapsulated indifferent polyhedral cages&and B,
while E represents tetrahedrally coordinate frant&vaboms. In these cages, the guest atoms
are thought to effectively “rattle” and scattettilz# phonons, suppressing the lattice thermal
conductivity [77]. LaTey exists in the TP, structure [78] which is shown in Fig.1.21 (c). Te

atoms sit on the P site and experience six-foldrdioation with La via a distorted
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octahedron. The structure accommodates vacancitgeaare earth site, and up to one-ninth
of the lanthanum atoms can be vacant. The preseheacancies provides disorder and
distortion in the lattice, which enhances phoncaitecing and contributes to the low lattice
thermal conductivity. The crystal structureZn,Sh; is shown in Fig.1.21 (d), and has one
Zn site and two independent Sb sites. One sitesdered in Zn and thus leads to some
non-stoichiometry in the compound [79,80]. The ctemipy of the Yh,MnShy; unit cell
crystallizes in the complex structure of @& Sby; shown in Fig.1.21 (e) [42,81]. It consists
of one [AISh]® tetrahedron, one [SP polyatomic anion, four Sbanions situated between
[AISbs]® and [Sk]" units, and 14C4 per formula. The Zintl formalism describes theaisu
as covalently bound with electrons donated fromidinéc YE** sublattice to Sb atoms in the
structure.

The temperature dependences of the lattice thezamaluctivity for several materials
having complex crystal structures are in Fig. 1122Zn,Shs;, extremely lowx, arises from
scattering sources at multiple length scales wischtter a broad range of phonon
frequencies. These sources include: (a) Partiabupied interstitial sites, leading to point
defect scattering,(b) Soft, anharmonic bondingindscated by the high ionic conductivity
and low energies of the various interstitial modg2], (c) ‘Nanodomains’ of the low
temperature ordered structure revealed in the heghperature structure through pair
distribution fuction (PDF) analysis [83] . In ¥AMnShy, the lowx, is primarily attributed to
the ionically connected components providing a kgisl structure, in a manner similar to
Zn,Shs, except that for YMnShy;, defects appear not to play role, in addition he t
complexity (limiting the phonon mean-free path) amehvy atomic mass (reducing the

fraction of atomic vibrational modes that carry theHficiently) of the crystal. In case of
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skutterudites, the smaller and heavier ion in tléls, create disorder in the lattice, in
addition to the rattling effect and thus redueesThe presence of vacancies inzl&e,,
provides disorder and distortion in the lattice,ichh enhances phonon scattering and
contributes to the low. In case of BgGasGeso (Clathrate), in addition to the open nature of
the framework which reduces, the guest atoms inside, the cage are thoughffaotigely
“rattle” and scatter lattice phonons, suppressirext In case of AgTlTes, one of the main
reason for extremely low is relatively long TI-Te bonds which produce véow frequency
phonons [84]. In TAGS, the reduction i can be attributed to an increase in the
anharmonicity of the lattice vibrations (phononsjich reduces heat propagation through

the lattice.

SiGe

. CeFe;CoSb,,

Hfg 75210 »5NiSn
Bi,Te,

PbTe

TAGS
AgyTITe
90116 La, ,Te,
N Yb,,MnSb,,
0 Zn4Sb;';"7" —— BagGa 5Gey
0 200 400 600 800

T(°C)

Fig. 1.22 Complex crystal structures that yield laitice thermal conductivity (reproduced with
permission from Snyder et al. Nat. Mater. 7 (200@)-114.(c) 2008 Nature Publishing group).
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Fig 1.23 (a) Contributions of phonons with variedan free paths to the accumulaigdalue for
PbTe at different temperature. (b) Schematic iatgin of all length-scale structures for high
performance thermoelectric systems where majoribariing factors for reducing the lattice thermal
conductivity are indicated. (c) maximum achievabBilevalues for the respective length scales: the
atomic scale (alloy scattering: red, Te; blue, §een, dopant), the nanoscale (PbTe matrix, grey;
SrTe nanocrystals, blue) to the mesoscale (graimdery scattering). (reproduced with permission
from Biswas et al Nat. Chem. 3 (2011) 160-166 2@)2 Nature Publishing group and J. He et al
Mater. Today 16 (2013) 166-176.(c) 2013 Elsevitek)L

c. All length scale hierarchical structuring
In thermoelectric materials the heat is carried yafvam hot end to cold end by
phonons having a wide range of wavelengths i.enfte1000 nm, and their contributions are
schematically shown in Fig. 1.23 (a). In order ¢atter these low, mid and long wavelength
phonons, it is essential that the material contagadtering centres of the equivalent sizes, as
schematically shown in Fig. 1.23(b). As discussedhie previous section, atomic defects,
atoms of different masses in the lattice, dislaradj displacements of layers etc. acts as

effective scattering centres for low wavelength s (0.2-5 nm). However, for mid and
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long wavelength phonons, one need to incorporaenimoscale precipitates in the matrix.
These nanoscale precipitates and their coherentsamit-coherent grain boundaries act as
effective scattering centres for mid wavelength ngws (5-100 nm). Long wavelength
phonons (>100 nm) are scattered by the mesoscaile lgpundaries [72]. The enhancement
of ZT due to the presence of the scattering cenetrgfefeht sizes is shown in Fig. 1.23 (c).
It clearly indicates that th&T is ~1.1, if the material has only atomic scaletecatg centers.

If the materials also have the nanoscale precgstathe ZT enhances to ~1.7. By
incorporating the mesocale grain boundaries,4hecan further be enhanced to 2.2. For
example in SiGe alloy, th&T is ~1 due to the mass differences of Si and G&hwieduces
the k. The varied contributions to phonon scatteringshyctures at all length scales i.e.
atomic-, nano- and meso-scale, has been demomwstiatspark-plasma-sintered (SPS)
samples of PbTe-SrTe (4 mol%) doped with 2mol%AeecordZT value of 2.2 (at 915 K)

has been reported [85].

1.4.3Slack’s proposal: phonon glass and electron cryst@PGEC)

As discussed in the previous two sections thatetigancement of T requires (i)
enhancement of power factor and (ii) reductiorhim thermal conductivity. This implies that
charge carriers should move in the thermoelectratenmals with high mobility, which is
analogous of having an electron crystal. On therofifand, all heat carrying phonons should
be scattered, which is analogous of having a phaylass. Slack has proposed that the
material having “phonon glass electron crystal” H&} like nature would exhibit very high
ZT[1,86]. The PGEC approach has stimulated a sagmt amount of new research and has

led to significant increases K1 for several compounds.
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1.5 Scope of the thesis

Currently, the efficiency of the thermoelectric geator is ~6-9%, which limits their

use in commercial applications. It is evident frma earlier discussions that there are several

issues in fabricating the high efficiency thermatie generator, which includes t& of

materials and fabrication of low contact resistandéerefore, the motivation of the present

thesis is two folds:

(i

(ii)

Synthesis of well established thermoelectric malkeri and fabrication of
thermoelectric devices with low contact resistandesr this purpose, we have
selected n-type PbTe and p-type TAGS-85 alloys, tied emphasis was on the
preparation of metallic-interconnects with therngsldaving low contact resistances
and fabrication of TEG with minimum thermal shunt$ie prototype devices have
been fabricated and tested for their long term ilgtabWe have demonstrated
thermoelectric devices with 6% efficiency.

Synthesis of higlZT materials through reducing the lattice thermaldeantivity by
introducing all-scale hierarchical defects i.enfratomic, nano, meso to micro scale.
The thermoelectric materials investigated includ&eént selenides ( i.e. Se doped
PbTe, Cu-doped TiSeCuCrSe, AgCrSe, CuCrSg/AgCrSe nanocomposites) and
nano-structutured SiGe alloys. These alloys hawen lsynthesized using vacuum-
melting, melt-and-quench, and/or high-energy baillimy. The synthesized alloys
have been characterized for morphology, structund gemperature dependent
thermoelectric  properties. We have demonstratedT of 1.4 for

(AgCrSe)os(CuCrSe)os at 773 K and record value of 1.84 at 1073 K ine&S#&Boys.
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The experimental work and the obtained resultsiodtaduring the thesis work are
organized as follows.

In Chapter 2, we describe the details of experialantthods used for the synthesis,
and characterization of different types of therreottric materials and fabrication of devices.
Details of the equipments used in the synthesithefmoelectric materials viz. vacuum
melting, melt-and-quench, and/or high-energy ballimy as well as the process of the
synthesis (i.e. rocking furnace, induction meltinghace, ball-mill and vacuum hot press)
are described. Overview of the various characteozaechniques used in the thesis work
are discussed, which includes X-ray diffraction R X-ray photoelectron spectroscopy
(XPS), diffuse reflectance UV-Vis spectroscopy (DR-Vis), Kelvin probe, scanning
electron microscope (SEM), transmission electracrascope (TEM) and energy dispersive
X-ray analysis (EDX). In addition, the details dfet setups used for the temperature
dependent measurements of Seebeck coefficient,trieddc resistivity and thermal
conductivity are described.

In Chapter 3, the results on the synthesis of sipblase n-type PbTe and p-type
TAGS-85 thermoelectric materials as well as theiorphological and structural
characterization are discussed. SEM images and Edhdlysis of electrode and
thermoelectric material interfaces revealed chellgicgharp interfaces even after a long
period of operation of the devices. The averageifip contact resistance (for all contacts in
the devices) was found to bel0 pQcn?. For a hot end temperature of 773 K and a
temperature difference of 683 K, two leg devicekilgied typical output power of1.2W
(at current of 17 A) with a working efficiency of% The devices have been continuously

operated for 8 months without any degradation.
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In Chapter 4, we describe the thermoelectric ptagseof the selenides (i.e. Se doped
PbTe, Cu-doped TiSe CuCrSe, AgCrSe, CuCrSe/AgCrSe nanocomposites) with an
emphasis on enhancing th&r. In the case of PbTgSg, a dramatic reduction im value
has been achieved in n-type Pp3®® s due to atomic mass fluctuation in addition te th
increase in thermopower. This has led to an inergashe dimensionless figure of mezit
to 0.95 at 600 K. Usually, Tigés used as a low temperature thermoelectric nztasi the
band gap is (<0.3 eV). In our study, Cu was infetea in TiSe and high temperature
thermoelectric properties were measured. The ssrgXhibited very low value due to the
layered growth structure and rattling effect of Wgdound Cu atoms in the van der Waals
gaps of TiSe layers.ZT value of 0.1 and 0.15 has been achieved for pu$e, Tand
Cuw 11TiSe, samples, respectively, at 650 K. Very levof CuCrSe bulk has been achieved
due to the phonon scattering by various sources asi¢i) superionic Cu ions between CrSe
layers, (ii) nanoscale precipitates in the bulk &ngnatural grain boundaries due to layered
structure of the material. This led to a very high ~1 at 773 K. High thermoelectric
performance has been obtained in (AgG)&£CuCrSe)os nanocomposites due to the
scattering of phonons by all-scale natural hieraetharchitectures, which resulted in a high
ZTof~14at773 K.

In Chapter 5, we describe the results on the sgighef SGey alloys using ball
milling as well as melt-quench methods. It has b&sown that the ball-milled SiGe alloys
exhibit much superioZT values as compared to the material synthesizet)uselt-quench
method. A highest value &T of ~1.84 at 1073 K has been obtained for balledilh-type

SiGe nanostructured alloys, which is 34% highentite reported value till date.
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In Chapter 6, we summarize the main conclusionsthef thesis. It has been
conclusively demonstrated that by introducing vasitypes of defects, such as, atomic scale
disorder, nanoscale amorphous structure, grain dsoies at meso/microscales in the

thermoelectric alloys, the#T can be dramatically enhanced essentially by lowgexi
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Chapter 2

Experimental Techniques
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2.1 Introduction

This chapter describes the details of experimentthods used for the synthesis and
characterization of different types of thermoeliectnaterials (i.e. PbTe, TAGS-85, various
selenides and SiGe alloys) and their characteoatiror the synthesis of thermoelectric
materials in this work, we have used melt-growtheltrand-quench and mechanically
alloying processes. For melt-growth and melt-aneagh processes, several facilities were
fabricated in-house, including rocking furnace, uation melting casting furnace and
vacuum hot press. On the other hand, the mechineddying of thermoelectric materials
has been performed using high-energy ball milliBgecifically, tellurides and selenides
were synthesized by melt-growth method, while th&eSalloys were synthesized using
either melt-and-quench method or by mechanicayaitpmethod.

The synthesized thermoelectric alloys have beenracherized for structure,
composition and morphology. The structure of théemals have been investigated by X-ray
diffraction (XRD); composition using energy dispees X-ray analysis (EDX) and X-ray
photoelectron spectroscopy (XPS); and morpholognpguscanning electron microscopy
(SEM) and transmission electron microscopy (TENN).sbme cases, the band gap of the
alloys have been estimated using diffuse reflegad¥-Vis spectroscopy (DR-UV-Vis).
Similarly the work function of the alloys has beestimated using scanning Kelvin probe
method. A brief discussion on the working of thesghniques is presented.

The thermoelectric properties, namely, Seebeckficaait, electrical resistivity and
thermal conductivity have been measured as a famaif temperature. The details of the

setups used for the measurements of thermoelgetr&aneters are discussed.
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2.2 Synthesis of thermoelectric materials

Both tellurides and selenides have the congruentingepoints of <1000C, and
therefore, they were synthesized using melt-gromvéthod. On the other hand, SiGe not
only have high melting temperature (>1360 but also have an issue of phase separation [1],
which will be discussed in Chapter 5. These linotad demand SiGe to be synthesized using
either melt-and-quench method or by mechanicay@tpmethod. In this Section, we briefly

present the methodology of these synthesis techaiqu

2.2.1 Melt-growth method

In the melt-growth method, the constituents of aley being synthesized are mixed
in the stoichiometric ratio and heated above theeatic melting point of the alloy. This
method is applicable only for eutectic mixtures thee solidus and liquidus temperatures are
identical, which indicates that the mixture meltsnpletely at one temperature known as the
eutectic point. A slow cooling of the melt resuitsthe formation of ingots of the alloy.
However, extreme care needs to be exercised parlicwith respect to (i) any presence of
oxygen, and (ii) segregation if the constituentgehaide difference in their physical density.

Presence of oxygen easily oxidizes the materiaichvidegrades the thermoelectric
properties of the synthesized alloy. To avoid otialg we have filled the constituents of the
alloy being synthesized in a clean and degasseguhijeabottle, which is then sealed in a
quartz ampoule under a vacuum of =1@rr. A typical photograph of such an ampoule is
shown in Fig. 2.1. The graphite bottle serves twoppses: (i) it avoids a direct chemical
reaction of the melt with quartz ampoule; andifiicase of an increased vapour pressure of

the melt, it shuns the explosion of the quartz ango
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Fig. 2.1 A photograph showing the material fille@dghite bottle enclosed in a vacuum sealed quartz
ampoule.

Fig. 2.2 A photograph of the in-house built rockfoghace.

Another issue with melt growth can be the segregatif constituents if they have
wide differences in their physical densities. Foaraple, in PbTe, the densities of Pb and Te
are respectively, 11.34 and 6.24 gicin such a case, heavier element will settle datthe
bottom of the melt, which eventually will resulttine formation of an inhomogeneous alloy.

In order to circumvent this problem, we have desithand fabricated a ‘Rocking Furnace”,
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as shown in Fig. 2.2, in which the cylindrical faoe (55 cm long and 30 cm diameter)
oscillates by 45 (with respect to the horizontal plane) on eithdesThis movement of the

furnace is accomplished by a stepping motor anthaepary gear head. A temperature of
1273 K can be attained in this furnace. The mettosled slowly to room temperature. A
continuous rocking of the furnace allows homogesemixing of the constituents in the

melt, and therefore, avoids any kind of segregatidme quartz ampoule is then break to
obtain an ingot of the alloy. A typical photographa PbTe ingot is shown in Fig. 2.3. This
ingot is subsequently grinded using mortar pestl®ltain a homogeneous powder of the

alloy.

Fig. 2.3 Photograph of PbTe ingot obtained fromrtiedt growth.

2.2.2 Melt-and-quench growth method

The melt-growth method, as discussed above, issodtble if the solidus and
liquidus lines of the mixtures are different e.g.the case of SiGe which is described in
Chapter 5. If a gap exists between the solidudigoaius lines and the melt is cooled slowly

then as per the Lever rule, inhomogeneous alloyposition may take place, which is
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undesirable for thermoelectric applications. Thinsprder to obtain an alloy of a single
composition, melt is quenched to room temperatmd,therefore, this technique is known as

melt-and-quench method.
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Fig. 2.4 (a) Photograph of the melting-castingnéoe and (b) Photograph showing the inner view of
the chamber with induction coil and water cooledruld.

For the melt-and-quench synthesis of alloys, weelhgasigned an induction melting
furnace, which was fabricated by Hind HiVac, Bawogal The photograph of this system is
shown in Fig. 2.4 (a). It essentially consistanfinduction heater that can hold a crucible of
500 cc volume. The temperature of the crucible lmamttained to a maximum of ~20@)
either under a vacuum of $Qorr or under argon pressure. The vacuum is aleastng a

turbo-molecular pumping system. The main featufethis system are: (i) due to induction
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heating, the melt has a convection flow which shilmessegregation of the constituents, (ii)
appropriate dopants can be added into the melight temperatures, and (iii) the graphite
crucible can be tilted by >9Qo facilitate the quenching of melt onto a wateoled Cu

crucible.

b Hook Handle
f Latch

Control Panel

Ventilation grid

Bowl
Lock

Safelock

Bowl Holder
Cover plate

Fig 2.5 (a) Photograph of the ball mill used in firesent work (Fritsch make Pulverisette 5). (b)
Schematic showing: (1) rotation of the grinding k&w2) centrifugal force; and (3) movement of the
support disc.

2.2.3 Mechanical alloying

Mechanical alloying is a solid-state powder prosestechnique in which constituent
elements of the alloy are mixed using a high-endxgy mill. This technique is capable of
synthesizing homogeneous equilibrium as well asewrlibrium alloy phases. In addition,
depending upon the time and energy of ball-millittgg grain size could be in nanoscale,
which is beneficial for the reduction of thermahdactivity in thermoelectric alloys. In the

present work, we have used the commercial balingi{Fritsch make Pulverisette 5), and its
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photograph is shown in Fig. 2.5 (a). The grinditack is crushed and ground by grinding
balls in 2 grinding bowls which were allowed toata at 300 rpm. The centrifugal forces
from the rotation of the grinding bowls around thaivn axis and from the rotating support
disc act on the contents of the grinding bowl, whgonsists of material to be ground and the
grinding balls. The grinding bowl and the suppastcave opposite directions of rotation, as
shown in Fig 2.5 (b), so that the centrifugal fereet alternately in the same direction and in
the opposite direction. The result is that thedjrig balls run down the inside of the bowl's
wall as friction effect and the grinding balls ltlite opposite wall of the grinding bowl as
impact effect. The impact effect is amplified b timpact of the grinding balls against each
other. The no loss of material is ensured by thenb&c seal between the grinding bowl and

the lid.

Fig. 2.6 (a) A photograph of the in-house built wam hot press. (b) Schematic of uniaxial
compaction of material in a die.
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Fig. 2.7 (a) Photographs of a stainless steelaidabrication of devices. (a) top and bottom @aié
the zig. (b) Mounting of p-n themolegs along wittips. (¢) Mounted 16 p-n thermolegs device ready
for vacuum hot pressing.

2.3 Fabrication of thermolegs and interconnects

Thermolegs are n-type or p-type pellets prepared ftheir respective powders
(synthesized using melt-growth, melt-and-quenchhotbior ball milling) in such a way that
metallic strips (i.e. Ag, Ni, Mo, W used as intemoect) can be bonded to their ends with low
contact resistance [87]. This is a very stringeasridition due to following problems: (i) in
most of the cases, the metal diffuses into therewdet material, which not only degrades
the property the thermolegs but also increasesdhéact resistance; (ii) a large lattice and
thermal expansion mismatch between metallic stnigh @nermolegs can lead to mechanical

cracking at the interface, and therefore, are nibalsle for long term use. To overcome these
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problems, thermolegs are often pressed from powafegsaded layers so as metallic shoes
are obtained at both the ends. The nature of grideus depends upon the thermoelectric
material, which will be discussed later. In orderfabricate thermolegs, we hagtesigned
and fabricated an uniaxial vacuum hot press, anpghbtograph is shown in Fig. 2.6 (a). This
system consists of a vacuum chamber (base vacuurl@¥ torr) that houses a graphite
heater furnace (upto ~1500°C) and has a ramp folyiag a pressure of upto 10 tonsfcm
using a hydraulic press. The synthesized alloy mogvére filled in a specifically designed
stainless steel die in which 9 pellets can be uallgxcompacted simultaneously using
vacuum hot furnace at high temperature and highspre, as schematically shown in Fig.
2.6(b). The applied pressure and the temperatuo®mpaction are decided by the material
properties, such as melting point, vapor pressiae e

The vacuum hot press is also used for making ddfubonding between thermolegs
and metallic strips as well as fabricating deviogbereby several p-and-n thermolegs are
interconnected electrically in series by metalligps. Diffusion bonding essentially is a
solid-state welding technique that is capable afipg similar and dissimilar metals/alloys
[88]. Diffusion bonding works on the principle aflgl-state diffusion, wherein the atoms of
two surfaces intermingle at elevated temperatui lsigh pressure. For this purpose, a
special stainless steel zig was fabricated soltégi-n thermolegs device can be fabricated.
The photographs of top and bottom parts of this migunting of thermolegs along with Ag
strip on bottom part of zig and loading of the fmgt of zig are shown in Fig. 2.7. This zig is
then transferred to vacuum hot press for diffusionding that is often carried at temperature
range between 773-1173 K(depending upon the mbageréhinterconnect) under an applied

pressured of 5-10 kg/dm
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2.4 Morphology and structural characterization techiques

2.4.1 Scanning electron microscopy equipped with ED

We have used scanning electron microscope, SEMd€mM@ESCAN VEGA) to
investigate the surface morphology of the thernwegte alloys. The SEM provides
information relating to topographical features, ptmiogy and phase distribution [89]. A
photograph of SEM used for morphological charaz&ion in the present study is shown
in Fig. 2.8. SEM produces images of a sample whiecased beam of electrons is scanned
across its surface. The electrons interact withmatan the sample, producing various
signals such as, secondary electrons and chasdicterx-rays, which are then detected to
obtain information about the sample's surface togagy and composition, respectively.

SEM can achieve resolution of ~10 nm.

Electron gun

. Energy dispersive
s X ray spectrometer

Column

Data acquisition
system

Fig.2.8 A photograph of the scanning electron nscape equipped with energy dispersive x-ray
analysis system.
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The compositional analysis has been carried outguginergy dispersive Xx-ray
analysis system (OXFORD INCA) equipped with SEM.eTminimum detection limit
(MDL) of the EDX is about ~1 wt%. X-rays are pragéd as a result of ionization of an
atom by high-energy radiation wherein an inner Isekdctron is removed. To return the
ionized atom to its ground state, an electron feohigher energy outer shell fills the vacant
inner shell and, in the process, releases an anujuenergy equal to the potential energy
difference between the two shells. This excessggnerhich is unique for every atomic
transition, will be emitted by the atom either asXaray photon or will beself-absorbed and
emitted as an Auger electron. For example, if thehkll is ionized and the ejected K-shell
electron is replaced by an electron from the L Ishthle emitted X-ray is labeled as
characteristic & X-ray and is the signature of the elements presetite matrix. The hole
that exists in L shell will be filled by an eleatrérom a higher shell, say the M shell, if one
exists. This M-L transition may result in the enossof another X-ray, labelled in turn
according to one of the many M-L transitions poesilihe cascade of transitions will
continue until the last shell is reached. Thusarinatom with many shells, many emissions
can result from a single primary ionization. In ERechnique, quantitative estimation is
done by the analysis of the X-rays. For this puepdisst X-ray spectrum is obtained for the
specimen and standards under defined and reprddusiimditions. Then the quantitative
calibration is done by developing the X-ray inténsatios using the specimen intensity and
the standard intensity for each element presenthé sample and carrying out matrix
corrections (ZAF correction). In mixtures of elerteenmatrix effects arise because of
differences in elastic and inelastic scatteringcpsses and in the propagation of X- rays

through the specimen to reach the detector. Fareqminal as well as calculation reasons, it is
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convenient to divide the matrix effects into thadse to atomic number,;ZX-ray absorption,
Ai ; and X-ray fluorescence;.FNhenever the quantification is done, our instrotreelects

the ZAF correction by default and does the analysis

2.4.2 Transmission electron microscopy (TEM)

Transmission electron microscopy was used to daternthe presence of
nanoparticles or secondary phase in the systene, Hagh energy electrons (up to 300 kV
accelerating voltage) are accelerated to nearlgpeed of light. The electron beam behaves
like a wavefront with wavelength about a millioma&s shorter than light waves. When an
electron beam passes through a thin-section speaifre material, electrons are scattered. A
sophisticated system of electromagnetic lensesstxcthe scattered electrons into an image
or a diffraction pattern, or a nano-analytical $pgun, depending on the mode of operation
[90]. Each of these modes offers a different insggout the specimen. The imaging mode
provides a highly magnified view of the micro- amahostructure and ultimately, in the high
resolution imaging mode a direct map of atomic regeaments can be obtained using high
resolution TEM (HRTEM). The diffraction mode (elent diffraction) displays accurate
information about the local crystal structure. Ttanoanalytical modes (x-ray and electron
spectrometry) tell which elements are present éntitiny volume of material. These modes of

operation provide valuable information.

2.4.3 X-ray Diffraction

For determination of the structure of the thermciele alloys so obtained, x-ray

diffraction measurements were carried out. We ysedder X-ray diffractometer (Proto
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XRD) in 6-208 scan mode to characterize the orientation andtsiel of the samples. Fig. 2.9

shows the photograph of the Proto make XRD system.

Fig.2.9 Photographs of the x-ray diffractometen{fiXRD) used in the present work.

The X-ray source used was Cy Kaving wavelength of 1.54A. For all samples, the
diffracting surface of the sample must be flat aligned with the plane of the sample plate.
The desired area must be positioned on the rotatémter of the goniometer. Since the
wavelength X) of X-rays coincides with the atomic spacing (d)the solids, it diffracts in
those orientations of2 where the Bragg condition of diffraction [91].i2d sif® = n\ (6
being the angle which incident beam makes withpllaee of the sample) is satisfied. High
speed solid state linear detector (i.e. Si-strifgcter having 64 mm x 8 mm sensor area) is
employed. This detector allows simultaneous mudtighannel collection that enables
collection times up to 200 times faster than a emtional scintillation counter. The direct
detection of x-rays using silicon strip technolajgo has the advantage of excellent signal-
to-noise ratio. The recorded diffraction pattewese least square fitted using software, PD

analysis, to determine the lattice parameters
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2.4.4 Diffuse reflectance spectroscopy

The energy gapg;) of the thermoelectric materials has been estidhaging diffuse
reflectance UV-visible-IR spectroscopy [92]. Sidaht cannot penetrate opaque samples
e.g. thermoelectric alloys, it is reflected on thaface of the samples. If incident light
reflects symmetrically with respect to the normia¢] it is called "specular reflection," while
incident light scattered in different directions aalled "diffuse reflection." The diffuse
reflectance measurements, as shown in Fig. 2.&0zaried out using integrating spheres by
placing the sample in front of the incident lightwdow, and concentrating the light reflected
from the sample on to the detector using a sphahearbarium sulfate or KBr coated inside.
The obtained value becomes the reflectance (relateflectance) with respect to the
reflectance of the reference standard white boahich is taken to be 100%. When light is
directed at the sample at an angle of 0°, speceaftgcted light exits the integrating sphere

and is not detected. As a result, only diffuseaa#d light is measured.

Measurement light

b
Reference light

Standard white board

Sample

Fig.2.10 Schematic showing the principle of diffusBectance measurements .
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The diffuse reflectance spectroscopy was carriadgusmodel Jasco V-670. The
samples were prepared by piling a small amountefthermoelectric alloy on a layer of
barium sulfate powder, after which the sample powdgs spread into a thin uniform layer

using a glass rod. TheE; of the samples is measured using Kubelka-Munk
equatiorhF (R, )= A(hw -E, )" where F(R,) is Kubelka-Munk function and is

proportional to the absorption coefficient),( h is Planck's constany, is frequency of

vibration, A is proportional constant, and 1/2 is used that is applicable for samples having
direct allowed transition. Thva(Rm)Zis plotted against thiev, and a tangent is drawn to

the point of inflection on the curve. The pointiofersection of the tangent line and the

horizontal axis determines tlg value.

2.4.5 X-ray photoelectron spectroscopy

XPS uses a soft X-ray source (Al-& Mg-K,) to ionize electrons (by knocking out
the core-level electron) from the surface of adsaample (top few atomic layers). The
binding energies of these electrons are measureithvare characteristics of the elements
and associated with chemical bonds (chemical stafbe advantages of XPS technique are
(i) quantitative analysis of elements and chemstales of all elements except hydrogen and
helium, (ii) typical element detection limits arel @tomic percentages from the top few nm,
and (iii) samples can be conductors, semiconduaoissulators [93,94]. In this work, we
have used XPS system (RIBER system model: FCX €00%isting of Al-K (1486.6eV)
and Mg-Ky (1253.6eV) X-ray sources and MAC-2 electron amalyZ he binding energy

scale was calibrated to Au-fline of 83.95eV. For charge referencing advenigic-1s
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peak set at 285eV was used. Each data set wasdimscted for the non-linear emission

background. The data was then fitted with Gausisiaction to find the peak positions.

2.4.6 Kelvin Probe Microscopy

The work function of the sample was measured uaimbgient scanning Kelvin Probe
Force Microscopy (SKP 5050) and its photographhews) in Fig. 2.11. In brief, Kelvin
Probe (KP) is a versatile technique that measwetact potential difference (CPD) between
two surfaces brought in close proximity [95]. Whelectrically connected, electrons flow
from the semiconductor with the smaller work fuontito the metal with the larger work
function. The surfaces (not in physical contacyedep equal and opposite charges and act
like a parallel plate capacitor. The voltage depetbacross capacitor is the CPD. The Kelvin
apparatus consists of a probe surface and a saugbee acting together as a parallel plate
capacitor. The work function of the probe is knoln calibrating against a standard Au
coated clean surface, so the work function of Hrade can be determined. Backing voltage
Vp is adjusted such that voltage across the ciragapgpears, at which poing is equal to
Vcrp. TO ensure more than one measurements, entirgectioom previous measurement
should dissipate, therefore the probe is vibraded 27 kHz) to produce varying capacitance.

The output voltage as a result of oscillatiof:= (V.. -V, )JRC,esin(at + f), where, R is

current-voltage converter feedback resistaii¢es a ratio of average distance between probe
and sample to the amplitude of oscillation callesd modulation index, and, is the
capacitance. Lock in amplifier which is a phasesgam detector is appropriate to detect null
output condition when signal to noise ratio is view. It multiplies the input signal with a

reference signal and integrates over a span ofonss The resulting signal is a DC signal,
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where the contribution from any signal that is abtthe same frequency as reference is

attenuated to zero. It also attenuates the ouba$e signal of same frequency.

system

Digital control
- unit

Fig. 2.11 A photograph of Kelvin Probe system.

2.5 Measurement of thermoelectric parameters

In order to measure th&T of the synthesized materials, all the thermodlectr
parameters, namely, p, o andx were measured as a function temperature. The sletfil

the equipments used for these measurements atssiestbelow.

2.5.1 Hall effect measurement

Determination of carrier concentratiom’ ‘in the thermoelectric alloys was
performed by an in-house built Hall measurememnupetThe underlying principle in the
Hall Effect is that the mobile charge carriers nmgviwith velocity ¢) in an electrical
current (s) experience a force Lorentz from an applied magriietid (B). This forceF =

(v x B), pushes the moving charges at right angles tauhent [96]. As charge builds up
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on one side of the sample it produces a Hall veltaghereg=-e for electrons and=+e

for holes and e the magnitude of the electron @hadrg coulombs. This voltage is

perpendicular to both the current direction and riregnetic field directiony,, = EE;Z%

wheren is the density of charge carriers if’nB the field in teslalsthe current in amps,

andd the sample thickness in meters.

2.5.2 Seebeck coefficient and electrical resistiyit

Simultaneous temperature dependent measuremeitte alectrical resistivity and
Seebeck coefficient of the samples in the range-18F3 K were carried out using a
commercial LSR-3 system manufactured by Linseisp8pand its photograph is shown in

Fig. 2.12.

Fig.2.12. Photographs of the Seebeck and electesativity measurement set up (model: LSR-3).
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_ Upper electrode block

Current electrod Thermocouples Constant current
Measure temperature T1 and T2 (dV, power supply

Lower electrode block

Primary furnace

Secondary heater

Fig.2.13. Schematic of the measurement set up BFRS

The working principle of the system is schematicalémonstrated in Fig. 2.13. A
sample of cylindrical or prism shape is verticggsitioned between two electrodes. The
lower electrode block contains a heater, whileghtre measuring arrangement is located in
a furnace. The furnace surrounding the measuringngement heats the sample to a
specified temperature. At this temperature the sg&xy heater in the lower electrode block
creates a set temperature gradient. Two contadiigmocouples then measure the
temperature gradien; andT,. A unique thermocouple contact mechanism permgbdst
temperature accuracy measurements of the electnarfotcedV at one wire of each of the
two thermocouples. The dc four-terminal methodsedito measure the electric resistance of
the sample. A constant curreht is applied at both ends of the sample and changeltage
dVis measured. The thermocouple junction is preasedheld by mechanical springs to the
samples surface creating a good thermal and elactiontact. The voltage leads are not a
single wire, but are built to be both a voltagallead thermocouple. The thermocouple leads

(voltage leads) are housed in a twin bored ceramide. The junction, or head, of the
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thermocouple is exposed at the end of the ceramiie, tand the junction itself is carefully
designed to be flat (parallel) to the samples serfalhe errors associated with the

measurement of Seebeck coefficient and resistivigkpected to be 3-5%.

2.5.3 Thermal conductivity

High temperature (303-973K) thermal conductivity thle sample is measured
indirectly. There are several methods for indineatieasuring high temperature thermal
conductivity, such as the comparative techniqudient line source method, and laser flash
thermal diffusivity method [97]. In this thesis omwe have chosen laser flash method. For
this method the total thermal conductivity is cédted using equatiork = DCpd,whered is
density,C, is specific heat anD is thermal diffusivity. The determination Bf C, andd are

described below.

(@) (b)
Dewar
Detector.
Heating
iris Element
/ Furnace
Laser ‘_\ ‘ Sample

Fig.2.14 (a) Drawing of the system LFA-1000 andghptograph of the thermal diffusivity system,
LFA-1000.
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Fig.2.15 (a) Schematic of the determination of iredrdiffusivity and (b) A typical experimental data
of t;» measurement by laser flash method.

Thermal diffusivity : The thermal diffusivity was measured using Lisseade LFA-
1000, and its schematic drawing and photographaw s in Fig. 2.14. This equipment works
on the principle of Laser flash method, as scherallyi shown in Fig. 2.15. The size of
samples needed for these measurements is: 1-2 roknaiid diameter of 10.2 mm or 12.7
mm and the laser source used is Nd-YAG laser. fra red detector used is kNooled
Hg-CdTe. Thin disc specimen is subjected to a lmgénsity short duration radiant energy
pulse; see Fig. 2.15 (a). The energy of the pudsabsorbed on the front surface of the
specimen and the resulting rear face temperatsee(thermogram) as a function of time is

recorded; see Fig. 2.15 (b). The thermal diffugiiD) is calculated from relation:

D= 0.138785% , Where L is the sample thickness, dpglis time required for the rear
b

face temperature rise to reach 50 percentages ofakimum [98,99,100]. When the thermal
diffusivity of the sample is determined over a temgture range, the measurements are
repeated at each temperature. The scattér ineasurement can be as high as 5% at room

temperature and almost 10 % at 500 K. The erroracize due to the variations in measured
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thickness of the sample. Another possible sour@rof can be the graphite coating which is
employed indiffusivity measurement. Too thick coating or p@athesion to the sample can cause

significant errors, especially for thin samplesJJLO

Cp, measurement: The C, measurement was done by comparative method. Here, t
maximum of the temperature raise in the sampleommpared to the maximum of the
temperature raise of a reference sample. Bothuttkeown and the reference sample were
measured under the same conditions in a singleusing the sample robot. So the energy of
the laser pulse and the sensitivity of the inframetector were the same for both

measurements. The temperature raise in the sampleeccalculated according the following

equation: AT = *E , WhereAT is raise in temperature (K is weight of the sample (g),
m

p

andE is Energy (J). Since the energy is the same foipa and reference, the, of the

CpAT,m
ATm,

S

sample can be calculated according the followingaégn: Cpg = , Where the

subscript S and ‘r’ stands for the sample and reference respectivelprder to achieve a
good accuracy, the absorbability and emissivitygaiple and reference must be the same
(same coating), and the absolute heat capaCipyM/eigh) of sample and reference must be
similar. A scatter in heat capacity of 15% has beleserved. The primary sources of error
are operator error, baseline shift and inappropriaterence sample. Ideally the reference
should be chosen to give a signal close to the unedsample to reduce errors. Otherwise,
above the Debye temperature and in the absenceaskpransitions, {hormally increases
slightly with temperature. The best data qualitgahis comparison to the Dulong-Petit law

which states that the constant volume heat capabibye the Debye temperature is approx.
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3kg per atom, orC,)* =3NTAkB. C, is related toC,by C, =C.* +9a2T,3rD , ais the linear

coefficient of thermal expansiong; is the isothermal compressibility amtlis the density.

The measured, above the Debye temperature should be close drtlsligbove than the
Dulong-Petit value and increases slowly with terapge. When the correction is applied,
the measured and calculated heat capacities (bgnDtPetit law) usually agree within 2%.
When the values disagree more than about 5%, e&etification is recommended before
using the measured values. If the measured vaheearexplainable, it is recommended to
use the corrected Dulong-Petit value.

Density measurement: The geometric density of the sample is measured by
calculating the volume from the geometry and dinerss of the sample (for regularly
shaped sample). The density of the sample wasassured by Archimedes’s method by
immersing the sample in a liquid. But this methodn coverestimate the density
measurement if the liquid is absorbed in the poféss can be checked by measuring the
weight in air both before and after the measurementhe liquid. But the density
measurement is fairly accurate at room temperatneeit is assumed to be independent of

temperature.

2.5.4ZT calculation
As discussed in Chapter 1, the figure-of-mefit)(is calculated from the equation:

2
ZT :a—T. As mentioned by Hsin et al, the difference<ihcalculation can be 20% and
OK

that uncertainty increases with The heat capacity is the largest contributioth&error inc

which can be significantly reduced by comparisorthte Dulong-Petit value. In addition
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systematic differences due to different technignesieasuring Seebeck coefficient can add

on the order of 5% uncertainty, which also increageongly withT.

2.6 Setup for evaluation of thermoelectric generators

2.6.1 Efficiency measurements

In order to estimate the efficiency of thermoeleagenerators, a setup was fabricated
and its photograph is shown in Fig. 2.16. It esaliptconsists of a 2 inch diameter uniform
heater, which can be heated upto 873 K using adeatyre controller. The temperature of
the heater can be controlled within +1 K. The he&enounted upside down on a spring-
loaded movable mount. The basement of the mourgistsnof a water cooled cylinder. The
thermoelectric device is mounted between the heatdrwater cooled cylinder. For testing,
the voltage across the device arising due to timpéeature gradient between hot and cold is
measured using a multimeter. The temperatures & cold ends were measured using
thin wire (2um) thermocouples placed between the hot/cold endstlae devices. The
efficiency is estimated from the ratio of outputngw of the thermoelectric generator and the

power supplied at the input of the generator.
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Fig. 2.16. Photograph of the device characterinagigt up.

2.6.2 Setup for thermal stability measurements

A set up has been fabricated to test the long tetability of thermoelectric
materials. The photograph of the set up is showhign 2.17(a) which comprises a steel
chamber with four pressure contacts for the measeme of resistivity of the sample at high

temperature for prolonged period.
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Fig. 2.17. (a) Photograph of the long term stgbitieasurement set up. (b) The four-probe resigtivi
measurement of sample at high temperatures.

In order to measure the long term stability of theelectric samples, they are
mounted on a heater placed inside a steel chanmoeelactrical contacts are taken by four
fingers of silver (pressure contact), as showniq E.17 (b). Before starting the resistivity
measurement, first the chamber was evacuated t62mbar and after that argon gas was
purged in the chamber and a pressure slightly highan atmospheric pressure was
maintained by argon gas. The resistivity of the @anis measured as a function of time at

elevated temperature to ensure the thermal stabflithermoelectric materials.
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Chapter 3

Thermoelectric Generators
based on
PbTe and TAGS85 Alloys
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3.1 Introduction

In this Chapter we present various results on #ehrtology development of
thermoelectric power generators using conventigeabticonductor alloys. As discussed in
Chapter 1 (Section 1.3.1), depending upon #g. thermoelectric materials can be
characterized based on their operating temperatnges: (i) low temperatures range (150-
200° C) : BiTe; and ShkTes; (i) mid temperature range (450-500°C): PbTe &aAd>S85,
and (iii) high temperature range (>800°C): SiGeyal Thermoelectric devices, operating in
the low temperature range are manufactured by sirtiee international companies such as
Toshima Manufacturing Co. Ltd. , Japan, as Pettoerlers, whereas PbTe/TAGS-85 based
TEG and SiGe based TEG’s were used by NASA in thgaice missions. These devices are
however commercially unavailable. Therefore, iteissential to develop an indigenous
technology for the fabrication of these TEG. Axdssed in Chapter 1, the TEG fabrications
have several challenging issues, including synshekihighZT single phase n- and p-type
materials, fabrication of thermolegs having low teah resistances with interconnects, and
suitable packing of the device with minimum heaitrdtpath.

In this Chapter, we present our results on thentelclyy development of TEG based
n-type PbTe and p-type TAGS-85 alloys, which campberated at a hot temperature of 450-
500°C for prolonged durations. First we brieflegent the crystal structures of PbTe and
TAGS-85. We then describe the synthesis of singkese n-type PbTe and p-type TAGS-85
alloys using melt growth method. The synthesizedensls have been characterized for
structure, morphology and thermoelectric propertiéd/e discuss how graded layers of
different materials are essential for the fabrmatof n-type PbTe and p-type TAGS-85

thermolegs with metal shoes having very low contasistances. Finally we demonstrate
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fabrication of TEG having different numbers of tmetegs, and their evaluation. We
demonstrate that fabricated devices exhibit ancieficy of ~6% and are stable under

continuous operating conditions for more than 2gea

Fig. 3.1 Crystal structures of: (a) PbTe, and (B)GB-85, which undergoes a transition from low
temperature cubic (dashed line) to high temperahombohedral phase (solid line).

3.2 Crystal structure of PbTe and TAGS-85

The crystal structures of PbTe and TAGS-85 are shiowig. 3.1. PbTe crystallizes

in the face centered cubic phase (rocksalt-typ@jngaspace groumeém with lattice
parametera =6.463 A [102,103]. The cubic phase of PbTe isimeth when subjected to
thermal cycling. The TAGS-85 alloy has the composibf (GeTey.gs(AgSbTe)o.15, which
retains the crystal structure of GeTe with Ag &fdon the Ge sublattice. GeTe exists in two

major crystalline forms: room-temperatute(rhombohedraR3n) and high-temperaturg

(cubicFmém, rocksalt-type) phases [104,105,106]. The tenipezeof the transition from
the rhombohedral to the cubic phase depends onaimosition: in the presence of excess

Ge, the transition takes place at 733 K, whilehim presence of excess Te, it occurs at 663 K
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[105]. This phase-transition temperature has inaglhn in weakening of the mechanical

properties of the material.
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Fig. 3.2 Phase diagram of PbTe.

3.3 Synthesis of single phase PbTe and TAGS-85
In this Section we describe the synthesis of n-fyp&e and p-type TAGS-85 single

phase alloys using melt-growth method, as desciibb&hapter 2.

3.3.1 Phase diagram and synthesis of PbTe

The phase diagram of PbTe is shown in Fig. 3.2clvimdicates that stochiometric
PbTe has a congruent melting point at ~ 1197 K. Hird e system forms an eutectic at 83.5
at% Te with a melting point of 678 K [107,108,10H)). PbTe alloy solidified from a
stoichiometric melt exhibits a carrier concentratiof the order of ~§ cm?® at room

temperature. For lower Te concentration, coolinghef PbTe melt other than the congruent
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melting point, results in Pb as secondary phadebifie. Thus the alloy becomes n-type in
nature. On the other hand, for higher Te conceaatratooling of the PbTe melt other than
the congruent melting point, results in Te as sdaonphase in PbTe that makes it p-type
[111,112]. Thus, the nature of carrier type arsddoncentration can be tailored by an
appropriate thermal annealing.

In order to synthesize n-type PbTe, Pb and Te ttoasts were weighed in
stoichiometric ratio and filled in a graphite beitwhich was then enclosed in a vacuum
sealed quartz ampoule. The quartz ampoule washbated at 1223 K in a rocking furnace
to obtain a homogeneous melt. The melt was sloayed (333 K/h) to room temperature. It
was observed that some of the Te vapors (at higipeeature) leaked out of the graphite
bottle, which is expected as the Te has signiflganigh vapor pressure. As a result the

obtained ingot is expected to be slightly deficiente.
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Fig. 3.3 (a) SEM image and (b) EDX spectrum of Phll@y.

Typical SEM image of a fractured surface of theoings well as a recorded EDX
pattern is shown in Fig. 3.3. The SEM image exkilaitmicrostructure that is dense and

textured, a typical of molten alloys. Analysis odDX spectrum revealed that there are no
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traces of impurities. The composition of the sampés found to be rich in Pb i.e. Rde
(composition normalized withespect to Te). The value &fin different experiments was
found to vary between varied 0.02 and 0.06. Tésslt is expected as some loss of Te was
found during the melting of the sample, as disadisabove. This indicates that the
synthesized alloy is n-type, which was indepengetihfirmed by the Hall and four probe
measurements. The carrier concentration of thepe-tPbTe alloys were estimated as

~5x1F%m*at room temperature.
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Fig. 3.4 Powder XRD pattern of the synthesized Pdiltg.

The XRD pattern recorded for the powdered n- typ&dPalloy is shown in Fig 3.4.
No peaks corresponding to the unreacted elementaprrities were observed, which is in
agreement with EDX results. The patterned coulditbed to the cubic (rocksalt-structure)

with lattice parameter of 6.463 A, which is in agreent with reported literature.
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Fig. 3.5 Tauc plot for the synthesized PbTe alloy.
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The band gap of the PbTe alloy was measured udiiugel reflectance spectroscopy,

and a resultant Tauc plot is shown in Fig. 3.5. ad gap value of ~ 0.29 eV has been

estimated, which is close that reported ( 0.31@Miterature [30].
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Fig. 3.6. Phase diagram of GeTe.
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3.3.2 Phase diagram and synthesis TAGS-85

TAGS-85 [(AgSbTe):5(GeTe}s] contains 85 mol% GeTe and 15% (AgSpTand
behaves like GeTe as Ag and Sb occupy the Ge Hublathe phase diagram of GeTe is
shown in Fig. 3.5. Stoichiometric GeTe melts coegtly at 998 K. The Ge-Te system forms
a eutectic at 85 at% Te with a melting point of B &. The investigation of pseudo-binary
phase diagram between AgSbhTad GeTe (assuming both of them as single enties
found to be very complex, as thewere indication of several peritectic compound
formation at TAGS-85 compositions alongwith variausor phases of Ag/Te, Sb/Te, Sb
and Ge [113]. Thus, the synthesis of TAGS-85 isaligicarried out from the mixture of
stoichiometric constituents melted at ~1223 K.

In our experiments, Ag, Sb, Te, and Ge constituemie weighed in stoichiometric
ratio and filled in the quartz ampoule, which whert vacuum sealed. The quartz ampoule
was heated at 1273 K, slowly cooled (333 K/h) t8 K9and annealed for 5 h before cooling

to room temperature.

(a) MPEES

—————

—————

I ’ T x T v T b T ki T v |
~~~~~~ 0 2 4 6 8 i0 12 14 16 B 2
Full Scale 1242 cts Cursor: 0.000 ke keV|

Fig. 3.7 (a) SEM image and (b) EDX spectrum of TA8Bmaterial.
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A typical SEM image of the surface of fractured3@S-85 alloy is shown in Fig.
3.7(a), which indicates a textured morphology vetime cracks. The cracks are expected to
occur during the cooling when the sample undergaephase transition from high
temperature cubic phase to low temperature rhonthehphase. Absence of other phases
indicates the formation of homogenous material.e BDX spectrum, as shown in Fig.
3.7(b), indicates the presence of only Te, Ag, @d &b and the quantitative analysis
exhibited the composition of (AgSble ¢GeTepss wWhich is close to the stoichiometric
TAGS-85. It may be noted that unlike PbTe that bee® Te deficient, TAGS-85 remains
stoichiometric after synthesis. This differencelige to the fact that PbTe is synthesized in
graphite bottle which is vacuum sealed in quartpaue. At high temperature, the Te vapor
leaks out of the graphite bottle making PbTe shigheficient in Te. On the other hand, as
the constituent elements of TAGS-85 do not reath Wie quartz ampoules, and therefore,
constituents are taken directly into the ampouled sealed. In absence of any leakage,
TAGS-85 remains stoichiometric. The Hall measuresaevealed that the synthesized

matter is p-type with carrier concentration of ~8%icni®at room temperature.

o TAGS-85
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Fig. 3.8 Powder XRD pattern of TAGS-85 material.
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The Powder XRD pattern of synthesized TAGS-85 nmedtés shown in Fig. 3.8,
which is identical to that of GeTe, confirming thReg and Sb occupy the Ge sublattice. The
peak positions at (024) and (220) in the XRD pattier indication of Ag/Sb ratio in the
sample. It has been reported that the peaks a) @#(220) shifts toward lowe@2value
with the increasing Ag content [104]. The peak poss of (024) and (220) of our sample, as

shown in the inset of Fig.3.8, corresponds to Agidio of 1.
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Fig. 3.9 Tauc plot for the synthesized TAGS-85xallo

The band gap of the synthesized TAGS-85 alloy wamssured using diffuse
reflectance spectroscopy, and a resultant Taudgkitown in Fig. 3.9. A band gap value of
~ 0.4 eV has been estimated, which is close thpairred ( 0.6 eV) in literature [32]. It may
be noted that the energy band gaps of Aggbdied GeTe are 0.007eV [114] and 0.6 eV,

respectively. Therefore, observation of a band gba©.4 eV supports the inference that
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TAGS-85 is not a composite of AgSkylamd GeTe, rather it is an alloy in which Ag and Sb

occupy the Ge sublattice.

3.4 Thermoelectric properties of PbTe and TAGS-85

In order to calculate the temperature dependen&l dobr synthesized n-type PbTe
and p-type TAGs-85, all the three parameterg and x were experimentally measured,

which are discussed below.
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Fig.3.10 Temperature dependence thermoelectricnpeas of n-type PbTe (@) (heating and
cooling data) (bp (heating and cooling data) (c) Power factor caiad during the heating cycle.

3.4.1. Temperature dependent thermoelectric propeigs of PbTe

(a) Temperature dependence o& and p
The temperature dependencesxaindp were measured for n-PbTe samples in the

temperature range of 300-900 K during both headimg) cooling cycles. The obtained results
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along withcalculated temperature dependence of power faBfer ¢*/p) are shown in Fig.

3.10. The major inference drawn from these figares

(i)

(ii)

The p value at 300 K is ~4.8(x-m which monotonically increased to ~33um at
900 K. This behavior is typical of highly degeneraemiconductor. Thg of the
alloy at room temperature was calculated to ber@®/¢'s™. It may be noted that for
cleaved PbTe single crystal samplesghalue at 300 K is in the range of 0.12-0.67
HQ-m, which is lower by nearly an order of magnitu@milarly, thep of the
cleaved PbTe single crystal samples was found ia Hee range of 500-1000 éRfi
's1[115]. These results clearly indicate that thetscity of grain boundaries in our
polycrystalline samples increases ghenostly due to the lowering of charge carrier
mobility.

The room temperature values @fis -100uV/K, which linearly increased to ~ -
280uV/K at 850 K. These values are similar to thosgorted for polycrystalline
PbTe samples. The negative sign of ¢thmdicates that synthesized alloy is n-type.
However for temperature >850 K, tieshows an upturn which is attributed to the
onset of bipolar diffusion as intrinsic carrierg &xcited across the energy gap. This
onset is also reflected in the (discussed later). The bipolar diffusion adversely
affectsa due to a rising contribution of minority carrieasd increased activation
energy at elevated temperatures (as discussedctio®d.4.1f). The negative effect
of the onset of bipolar diffusion am can be obtained by calculating the band gap

(E,) using the equation [116]:

E, =2eq,,T, AB

max " max
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wheree is the electronic charge. THg,,in equation 3.1 is the temperature at which

the transport property changes due to the changkentransition from majority

charge carriers to bipolarons. The value calcdlagng this relation comes out to be

0.46 eV which is slightly higher than that obtairigddiffuse reflectance method.

(iii)

No appreciable hysteresis has been measured oatedpermal cycling, indicating

that the alloy does not degrade upon heating td bégnperatures. This has an

implication that thesynthesized n-type alloy is suitable for TEG amilans whereby

TEG’s are subjected to a repeated thermal cycling.

(iv)

The power factor (P.F.) shows a maximum value df03QWmK?at ~550K. The

P.F. decreases at high temperature due to theaseia the which outweighs the

increase im.
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Fig.3.11 Temperature dependence ofXand (b)C, of n-type PbTe.
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Fig.3.12. Temperature dependence (a) total thecoraductivity,x (b) electrical £¢) and lattice ()
components of thermal conductivity) difference of total and electronic thermal coctiVity (riotar-
xe) and (d) bipolar thermal conductivity,; plot of n-type PbTe.

(b) Temperature dependence ok

As discussed in Section 2.5.3, temperature depeedefix was calculated from the
temperature dependence of thermal diffusivi2y &nd specific heat plot€f). Typical plots
recorded for the synthesized PbTe samples are showiy. 3.11 with an assumption that
the mass density of the sample remains unaltertdtamperature. Th€, calculated by the
comparative method at room temperature is 0.1% Jgvhich matches well with the value

obtained by Dulong Petit law i.e. 0.149"8g". This value is also close to that reported in
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literature (i.e. 0.2 JK™) which was obtained using DSC [117]. As mentioire&ection
2.5.3, theC, value is the primary source of error4iT calculation [101]. The density of the
sample was calculated to be 7.5 g%mhich is 93% of theoretical density.

As shown in equation 1.14, the total thermal cotiglitg is the summation of the
three componentsq. , x and ;. At high temperature, the minority carriers getestain
intrinsic excitations not only decreases the Sdebeefficient, but also increases the thermal
conductivity due to the bipolar diffusion. In ordey clarify the contribution of bipolar

thermal conductivity,k,;at high temperature, the,, is separated from the, ,according to

ot

the proposed method,, — ., =k, + k., where, k., was calculated by Wiedemann’s

ot ele?

Franz law. Since the acoustic phonon scatteringreslominant at low temperature before

bipolar diffusion is significant, «,, —«..equals ta,,, which is proportional to fin

ot

accordance to the equation

<) Mg
K =35 22 | MV 26 3.2)
h yT

where g, is the Boltzmann’s constant, h is the Planck’sstamnt, M the average mass per
atom, )/ the Gbneisen parameter, V the average atomic volume afid the Debye
temperature. As the temperature is increased tbehigemperaturex,, —«,.starts to
gradually deviate from a linear relationship betweg, and T! because the bipolar diffusion
starts to contribute to the thermal conductivitheTk,; at high temperatures was estimated
by extrapolating the linear relationship betwegp and T

Fig. 3.12 shows the temperature dependence ®f , x| , k- ke andxp. The major

inference drawn from these figures are:
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() The x shows an initial decrease with temperature uptd B3 which at higher
temperatures take an upturn. The initial decreaseis expected because in case of
degenerate semiconductors the phonon scatterimgases with temperature. The
increase ink for temperatures >630 K is attributed to the amlaipdiffusion of
electrons and holes i.e. bipolar contribution (a@sussed in Section 1.4.2). In order to
gain an insight into the contribution af,; at high temperatures, its value was
estimated [31].

(i)  xewas calculated from the Widemann Franz lawx.e LoT, wherelL is the Lorenz
number (2.44x18 WQK?), which is plotted in Fig. 3.12 (b).

(i) - keis plotted against ¥, as shown in Fig. 3.12(c). At low temperaturesfteing
of acoustic phonon is predominant and follows lindapendence on™ which is
evident in Fig. 3.12(c) as the experimental datdiriearly (shown by solid line).
Thus in this temperature range x. equals tog .

(iv) However, for temperatures >630 K, x. deviates from the linearity and show an
upturn due to the bipolar conduction. Thus, thetrwoution of ki is estimated by
subtracting the extrapolated valuexpfi.e. the fitted line) fromx- xe, which is plotted
in Fig 3.12(d) shows they vs T plot at high T. It is evident that at high
temperatures, the contributions fraem are predominant, which should be effectively

suppressed as it degradeis addition toa.

(c) Temperature dependence ofZT for n-type PbTe
Based on the experimentally measuse@d andx the temperature dependenceZat

is calculated and is shown in Fig. 3.13. It is seettZ T attains a highest value of ~ 0.7 in the
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temperature range of 675 -725 K. This curve is alnentical to that reported in literature
and shown in Fig. 1.10. This data show that thehggized n-type PbTe material can be

effectively used for devices operating upto 730 K.
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Fig. 3.13 Temperature dependeideof n-type PbTe.

3.4.2. Temperature dependent thermoelectric paramets of TAGS-85
The temperature dependences:gh, and U% for the synthesized TAGS-85 alloys

are shown in Fig. 3.14. It is seen that all threeves exhibit a change in slope near 773 K,
which is related to the phase transition from a-temperature rhombohedral structure to
high temperature cubic phase, as discussed earliGe positive sign of the indicates

TAGS-85 has p-type conduction with holes as the ontgj charge carriers. Hall
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measurements show the hole concentration of ~>t6° at room temperature. The value
of a at 300 K is +102.3 uV/K, which increases to +19%¥/K at 748 K. A decrease imfor
temperatures >750 K, as discussed, is due to thelaoi diffusion. The temperature
dependence of theis typical of degenerate semiconductors wherentrease of the with
temperature is mostly associated with an increasearrier scattering by phonons. The
plateau of the vs T plot is associated with the phase transisigrliscussed earlier. Beyond
700 K, thep value decreases with temperature and this isatad to theonset of intrinsic
conduction. The power factor thus calculated fromndp values is shown in Fig. 3.14(c),

which shows a nearly constant power factor valudégimperatures >500 K.
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Fig. 3.14 Temperature dependence of thermoelguariameters: (&) (b) p and (c) power factor of p-
type TAGS-85.
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Fig. 3.16. Temperature dependenc&©for p-type TAGS-85.

The temperature dependencexaineasured for the the TAGS-85 alloy is shown in

Fig. 3.15, which is quite complex owing to rhombdia to cubic phase transition as well as

112



contributions from bipolarons. A change in thepslon thex at ~400 K is attributed to the
phase transition from low temperature rhombohetirahe high temperature cubic phase.
This phase change is also evidentidrandx; as shown in Fig. 3.15(b). At temperatures
>620 K, an increase in theis attributed to the onset of bipolar diffusio8ince thep of the
sample is lowxk. is dominates ovek;, The calculated temperature dependenc&bis
shown in Fig. 3.16, which exhibits a highest vabfe~1.2 at 730 K. This temperature

dependent o T is almost identical to that reported in literature

3.5 Preparation of thermolegs with low contact restances

As discussed in Chapter 1, one of the biggest ehgdls in fabrication of
thermoelectric devices is optimization of n-typed ap-type thermolegs having suitable
metallic shoes with Ohmic interface contact resistés. The metallic shoe is essential for
connecting n-type and p-type thermolegs using metaterconnects. In this Section, we
present fabrication of n-type PbTe and p-type TAZGBSthermolegs with metallic shoes
based on the concepts of graded layers, whichmigttakes care of CTE mismatch between
different layers, but also prevents the inter-diffun of interconnect material into n and p-
type thermolegs. In this regard, thermolegs wimt#ter ranging from 5 mm to 15 mm and
height with aspect ratio 1:1 were fabricated. keaidcase, the dimension of the thermolegs of
the device should exhibit similar resistance so ¢gaal current passes through both the legs.
This can be possible by either altering the diamefethe pellets or by matching the
resistance of the two pellets. In our case, thendtar and height of the two pellets were kept
same. So the resistance of the two thermolegs matehed by altering the thickness of the

different buffer layers which were intentionallytioduced to take care of the coefficient of
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thermal expansion mismatch between different layed prevention of inter-diffusion of
interconnect material into n- and p-type thermalegs

In our device fabrication, we have used thermotdgfiameter 7.5 mm and height of
8 mm based on the mechanical strength of the tHegaaand optimum size of the final
device. Thermolegs of smaller diameter were algsgwd but it seems to be fragile whereas

larger diameter thermolegs yielded bigger sizénefdevice.

3.5.1 n-type PbTe thermolegs

In order to prepare n-type PbTe thermolegs, we haser the graded layers as
schematically depicted in Fig. 3.17. The die whsdiwith different powders in the sequence
Ag disc/ Fe/PbTe+Fe/PbTe/PbTe+Fe/Fe/Ag disc. Achssen as shoe at both ends because
Ag strips can be utilized for connecting variousrtholegs and Ag-Ag bonding can be easily
made by diffusion bonding process. However, Ag caroe directly connected to PbTe, as
Ag diffuses into PbTe, which hampers the long tetability of the thermoleges. This has
demanded the introduction of interfacial Fe layemeen Ag and PbTe. The good part of Fe
is that it is immiscible with Ag at equilibrium i.éhey do not interdiffuse [118,119, 120,121].
However, the negative aspect is that the thermadmsion coefficients of PbTe (28.9 prit K
at 298K) and Fe (11.8 pm™Kat 298K) are very different. Therefore, hot-pregsif
Ag/Fe/PbTe/Fe/Ag thermolegs lead to cracking atRe#bTe interface and the thermolegs
are easily broken. In order to solve this problangraded layer of a homogeneous material
consisting of 50% Fe +50% PbTe was inserted betweeand PbTe, as the mixture has the

intermediate value of thermal expansion coeffitien
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8 mm 7.1 mm

Fig. 3.17. (a) Sequence of filling the materiaiglie for the preparation of n-type PbTe thermolegs
using vacuum hot press. (b) Photographs of typiggipe thermolegs of different sizes.

The S.S. die filled with the materials in the segpeeshown in Fig. 3.17 was vacuum
hot pressed at ~873 K under a base vacuum of 2 tatBby applying a load of 700 kg/ém
for 2 h. The load was released at the beginnintpetooling schedule. It may be noted that

873 K is the optimum pressing temperature of n-tgide. At temperature <873K, the
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thermolegs have poor mechanical strength; whilédomperatures >873 K the PbTe tends to
sublime. Similarly, the applied load of 700 kgfcmas found to be optimum, as at low
pressures the density of the pellets was low wdtileigher pressures the pellets were found
to deform. Photographs of different n-type Pbfermolegs having different sizes are
shown in 3.17. However, for device fabrication,rthelegs of 7.5 diamater and 8 mm height
were optimized based on the mechanical strengtheofhermolegs and optimum size of the
final device. Smaller diameter thermolegs were ifeawhile larger diameter thermolegs
yielded bigger size of the devices of similar ottpoitage.

One of the requirements of the good thermolegkasthe interface should be stable
for a long period under operating conditions. Teestigate this, we have kept n-type PbTe
thermolegs at 773 K for 4 weeks. The thermolegsewart along the vertical axis and
polished. The cross-section of the sample was ithaggng SEM and elemental x-ray
mapping and typical images are shown in Fig. 3T& back-scattered image of PbTe
element (shown at the centre of Fig. 3.18) cleadyeals chemically sharp interfaces
between Ag, Fe, (PbTe + Fe) and PbTe. This is éarfupported by the x-ray elemental
mapping of Ag, Fe, Pb and Te elements (shown asisidges in Fig. 3.18). No interaction
between PbTe and Fe is observed. These resulis agreement with the reported phase
diagrams of PbTe—-Fe and Fe/Ag and indicate thlé Qigplity of the bonding achieved
between PbTe and Fe[122]. The contact resistance cakculated for the interface of
different graded layer(both #te top and bottom) and PbTe material by the siragletion,

RPbTethermtmg = 2x'%gr.sldedlayes + RPbTe and It came out to be OQT( RPbTethermhag :13m and

Ropre= 1.1002).
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Fig. 3.18 SEM image showing various interfaces ifPlale thermoleg. Side images show the
elemental x-ray mapping of Ag, Fe, Pb and Te.
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Fig.3.19 Bar chart showing the variation in rgsise of n-type PbTe thermoleg.
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More than 1000 n-type PbTe thermolegs (size: 7.5 diemand 8 mm height) were
prepared. The resistance of the thermolegs wersumeg using four-probe method, and the
statistics showing the resistance variations isMshim Fig. 3.19. It is seen that majority of
the thermoleg have resistance < @,mvhich were used for the device fabrication. Ityrba
noted that some sample exhibited high resistanb&hwwvere due to the presence of cracks

at the interfaces and were not used for the ddalmecation.

0.25pum
600 um
300 um

8mmil TaGs-g5 || 6.15mm

Fig. 3.20. (a) Sequence of filling the materialslia for the preparation of p-type TAGS thermolegs
using vacuum hot press. (b) Photohraphs of TAGBtbkegs.
3.5.2 p-type TAGS-85 thermolegs

The preparation of p-type TAGS-85 thermoleg, asswdtically, as shown in Fig.
3.20, is similar to that of n-PbTe thermolegs exdkep fact that buffer layer used in this case
is SnTe. The use of SnTe buffer layer has two sidgges: (i) it is p-type thermoelectric
materials [123,124] (ii) its thermal expansion ¢imént 13x10° pm K* (at 298 K) is in
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between the values for Fe ( 1210m K') and TAGS-85 alloy (14x1dum K% (iii) it

acts as a diffusion barrier to Ag in TAGS-85 ang firovides low bond resistance and good
aging characteristics [1] . As a result SnTe miaisithermal stress induced cracking at the
interface. However, SnTe being a layered mateaaing weak mechanical strength, a very
thin layer of SnTe is added during pellet fabricati The die filled with the materials in the
sequence shown in Fig. 3.18 was vacuum hot prestsef23 K under a base vacuum of 2
x10°torr by applying a load of 650 kg/éfor 2 h. The load was released at the beginning of
the cooling schedule. The vacuum hot pressing patersiwere optimized in such a way that

both PbTe and TAGS-85 thermolegs are of similagltisi

Ag Ge
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w
Q
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800 pm

Fig. 3.21. SEM image showing various interfacesaifAGS thermoleg. Side images show the
elemental x-ray mapping of Ag, Ge, Fe and Sn.

The cross-sectional SEM image and elemental x-raypmmg for TAGS-85 thermolegs

are shown in Fig. 3.21. The back-scattered imalgews at the centre of Fig. 3.21) clearly
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reveals chemically sharp interfaces between Ag, $®€Je and PbTe. This is further

supported by the x-ray elemental mapping of Ag, &®,and Ge elements (shown as side
images in Fig. 3.21). No reactions between PbTe @mfe as well as SnTe and Fe are
observed. These results clearly indicate that $:@e excellent buffere layer for preparation

of p-type TAGS-85thermolegs with Ag metallic shoes

:
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Fig.3.22. Bar chart showing the variation in rzsise of p-type thermolegs.

More than 1000 p-type TAGS-85 thermolegs (size:n7md dia and 8 mm height) were
prepared. The bar chart depicting the statistiaesiStance variations is shown in Fig. 3.22.
It is seen that majority of the thermoleg have stasice <4 2, which were used for the
device fabrication. However samples exhibiting higbistance (i.e. >4 €) are much higher
in numbers as compared to that of n-type PbTe.s Ehattributed to a phase transition in

TAGS-85 that occurs from high temperature cubicsph@ low temperature rhombohedral.
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This structural phase transition might generatessts at the interface leading to cracks and
hence high resistance. For the same reason, TAGHB&Molegs were more fragile as
compared to n-type PbTe, and therefore, handlingAGS-85 thermolegs requires a bit
extra care. The contact resistance was calculdedhe interface of different graded

layer(both at the top and bottom) and TAGS-85 nmdteby the simple equation,

RTAGS—SSIhermoIeg = szgradedlayes + RTAGS-85 and It came out to be 00511( RPbTethermlEg :11m

and R,,;.= 1.0m).
3.6 Fabrication of thermoelectric generators

3.6.1 Fabrication process

As discussed in Chapter 1, apart from the premaratf n-type and p-type
thermoelectric thermolegs having ohmic contact stasce metallic shoes, appropriate
housing that only cannot hold the thermolegs b atinimizes the shunt heat from hot end
to cold end. This implies that the housing matesiabuld have: (i) much lower thermal
conductivity as compared to that of n- and p-théegs, and (ii) it should be machinable. In
this regard, asbestos € 0.14 Wm'K™) and zircar £ = 0.1 Wm'K™) are found to be
suitable. Asbestos though inexpensive but is knd@rcause serious health hazards in
humans, and therefore handling requires special ¢de have used both asbestos and zircar
for the housing of the thermoelectric devices. Tgpiphotographs of the zircar housing
suitable for mounting n-type and p-type thermolegsquare and linear arrays are shown in
Fig.3.23.The size of the drilled holes are meant to tightife thermolegs and protrude 0.5

mm each side for making interconnects with silvaps.

121



Zircar Housing

Fig. 3.23. Photograph of the zircar housing fordia} thermolegs in (a) square array and (b) linear
arrays.

2 p-n legs

Fig.3.24. Photographs of the various thermodteaenerators. (a) 2 p-n thermolegs linear
thermoelectric generators. Square array thermawamnerators (b) 2p-n legs (c) 4p-n legs (d)r6 p-
legs and (e) 8 p-n legs.
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After fitting the n-type PbTe and p-type TAGS-8%itmolegs in the housing, they
were mounted in the zig, as described in Chapt@ih2.silver strips were placed on the top
and bottom sides of the thermolegs in such a way nhtype and p-type thermolegs are
connected electrically in series, and then coverethe upper part of the zig. The mounted
zig was loaded to vacuum hot press (base vacuu@xtd° torr) and the diffusion bonding
of silver strips with thermolegs was achieved tgraperature of 673 K under a pressure of 5
kg/cnf. The bonded silver strips were found to be meddlyi strong. The photographs of

various linear and square-array thermoelectricasvare shown in Fig. 3.24.

3.6.2 Evaluation of the thermoelectric generators

(a) Characteristics of thermoelectric generators

All the fabricated thermoelectric generators weneal@ated for their heat-to-
electricity conversion using a home-made setupriest in Chapter 2. To begin with, we
describe characteristics of a two-thermolegs thetentric generator having total resistance
of 4 mQ, which was placed between hot (773 K) and coldases (363 K). This has
resulted in a constant temperature difference & K8between hot and cold ends of the
device. The device exhibited an open circuit vatad 130mV. Typical characteristics of
the thermoelectric generator as a function of lemistance (B are shown in Fig. 3.25 (a).
It is seen that the voltage (Vacross the load increases as thenRreases. The load current
(Ip) is calculated from the VR, ratio, and is plotted in Fig. 3.25(b). Thedecreases and the
R_ increases. The output power of the thermoeleggiterator is shown in Fig. 3.25(c), and
it is evident that the maximum output power~df.2 W is obtained for Rof 4 mQ, which is

equal to that of device resistance (in accordan¢kd maximum power transfer theorem). At
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peak power, the values of \And | are respectively, 68mV and 17 A. It is therefevedent
that the thermoelectric generators are low voltaigl current devices. Similarly all other
devices were characterized under identical conttiand the obtained parameters are
summarized in Table 3.1. It is seen that the oupmwter is proportional to the number of

thermolegs in the thermoelectric generator.

03l
0 10 20 30 40

RL (mQ)

Fig. 3.25. Output of a 2 p-n thermoleg generatax asction of load resistance (R(a) load voltage
(VL) (b) current () and (c) power (P).
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Table 3.1: Summary of various parameters of dfiethermoelectric generators.

Generator Voc R. (MmQ) VL (mV) . (Amp) Pout (Watt)
(mV)

2 p-n legs 102 4 69 17 1.2

(square array)

2 p-nlegs 100 3.8 68 18 1.2

(linear array)

6 r-nlegs 45C 19 28t 13.C 3.7

8 p-n legs 568 25 318 12.7 4

(b) Contact resistance of the thermoelectric genetars

I-V characteristics of all the generators were tbua be linear showing ohmic
contacts. The internal resistancei,§Rof a generator has two contributions. The first
contribution is due to material resistance,(Rontributed by (a) PbTe (&g and TAGS
(Rracs) cylindrical shaped pellets, (b) SnTes(R) or PbTe + Fe (Rre«rd and Fe layers
(Rre) iIn TAGS/PbTe elements and (c) silver discs ang@ss{Ryg). The second contribution
is combined contact resistanceBf all the interfaces in each element. Matenakistance
contributions, R, were determined by measurement of four probstresy of each material
(using rectangular bar-shaped samples as des@drbdr) and for a two legs generator were
found to be Ryre = 1.1n02, Ryacs = 0.75 nf2, Rsnre = 45.4 |2, Rppre+re= SUQ, Ree =
0.874Q and Ry = 9.821Q yielding a total materials resistance of R 3.84nf2 . The
resistance of a complete two legs device (having foermolegs) was measured by the four

probe technique to be 3.98(the resistance of the complete thermoelectricegeor was
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also calculated by measured voltages across aalodapen circuit voltage of the generator.
Both measurements yielded similar results). Theddg average contact resistance of two
contacts for each element to beu85 (specific contact resistance = gn?). The
contribution of contact resistance to total dewviesistance is found to be 3.5%. Similar
results were obtained for four and six legs devittemay be noted that the fractional loss of
power due to contact resistance is approximatelyaledo the ratio of contact and
thermoelectric material resistances. For contattiven specific resistance, fractional loss
of power is independent of element area but isrselg proportional to element length. As
the four probe resistance of the device can be unedsccurately (<0.1% error), error in the
measurement of contact resistance arises fromseinothe measurement of resistivity of

each material (10%).

(c) Efficiency of the thermoelectric generators

The efficiency of the thermoelectric generators wasctly measured as a ratio of
electrical power output to heat flow through thevide. For determination of heat flow
through device elements, radiation loss from heaterheat flow through housing were first
determined using thermally insulating material gain asbestos sheets. For the two legs

generator, heat flow was found to be 22W, using thquationQ=KA((jj—T
X

where, Q is the total heat flow,is the thermal conductivity, A is the cross sawicarea, dT
is the temperature difference and dx is the lenfjthe pellet.
For typical 2 p-n leg generator, having two PbTermiolegs and two TAGS-85

thermolegs, the heat flow was calculated t@((®, . + Q acsss), Which comes out to be ~

22W. For calculatin®,,,, ApproWas taken from Fig. 3.12(a) and for calculatigss g,
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KiacsgsWas taken from Fig. 3.15(a) at 773 K, yielding pi¢gl device efficiency of~6%,

which is same as that reported for the commercéalbilable best devices.

(d) Figure of merit of the device
As discussed in equation 1.16, the figure-of mafrithe device was calculated using the

efficiency obtained for the n-type PbTe and p-typ«5S-85 devices, by measuring the total
power output based on the input power given. Thawas found to be ~0.41.

Moreover, 7T was calculated for n-type PbTe and p-type TAGS+#®mftheZT vs T plot
and it was found to be ~ 0.5 and 0.8 respectiv@iyce both n- and p- type thermolegs are

connected electrically in series, therefore theeloT material will dictate the efficiency of
the device. Th&T of the device calculated by the above two methaglsate from each

other by 10%. The deviation can be due to the tfzat the ZT calculated by equation 1.16
takes into consideration the various contact r@scgs present in the device, for e.g. the
contact resistance between the heat source ardkthee, the contact resistance between the
heat sink and the device and the Ag interconnedttha Ag-disc placed at the top of the

thermoleg in addition to the contact resistancegeldped between various buffer layers

added in the thermolegs. On the other hand, Iecalculated from theZT vs T plot
considers only the contact resistances developédeba the buffer layers added in the

thermolegs.
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3.6.3 Long term stability of thermoelectric generatrs

Another important characteristics of good thermcteie devices is that they should
work unattained for prolonged period without any. fim order test the long term stability of
our devices, we have kept a 2 p-n thermolegs ddurciés continuous operation undey af
773 K with a temperature differenc&T() of 683 K in air for almost one year. The ¥f the
device was measured after a certain period of tand,the obtained result is shown in Fig.
3.26. It is seen that the \and out power of the device remained constana foeriod of 300
days. These results clearly indicate the stahilityhe devices for their long term operation.
Several such devices were operated continuouslymiore than 12 months without any

measurable degradation.
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Fig. 3.26. Long term stability of 2 p-n Iggeneratorgor 300 days.

128



Fig. 3.27 (a) Integrated thermoelectric module iimg of four 8 p-n leggeneratorssonnected
electrically in series. (b) Top view and (c) Sidew of the module.
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Fig. 3.28. The open circuit voltage of thermoeleamnodule as a function of temperature difference
between hot and cold ends.
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3.6.4 Integrated thermoelectric modules

As the developed devices are low voltage and higtrent with relatively low
efficiencies, large modules need to be fabricatedenerate reasonable amount of power to
drive the electronic equipments. For this purpose have fabricated large module that
consists of four 8 p-n thermolegs devices conneetedtrically in series, as schematically
shown in Fig. 3.27. For this purpose nickel-plateghper plates were used to pack these
devices from top and bottom ends. These open tioliage of the module was measured as
a function of temperature difference between hat eold ends, and the resultant data is
plotted in Fig. 3.28. It is seen that the openuitreoltage of the device attains a value of

1000mV.
3.7 Conclusions

In this Chapter we have successfully demonstraddxidation of thermoelectric
generators based on conventional n-type PbTe aygepTAGS-85 thermolegs. Single-
phase n-type PbTe and p-type TAGS-85 thermoelentdterials were synthesized using
melt-and-rock method. The temperature dependeinae p andk were measured for both
PbTe and TAGS-85 samples. For both the samglesyas found to increase with
temperature, which is typical of degenerate senguotors, as scattering of charge carriers
with phonons increases with temperature. HoweVAIGS-85 samples exhibited down-
turn at ~625 K, which is attributed to intrinsicogation due to narrow band gap. Tkein
the temperature 300-600 K, decreases with inargamperature and follows ~1/T
behaviour, indicating predominant scattering ofustic phonons. However at temperatures

>600 K,k starts increasing, which is attributed to the addal contribution from diffusion

130



of bipolarons. The pealZT values obtained for PbTe and TAGS-85 samples were
respectively 0.8 and 1.15.

A new strategy was adopted to fabricate the n-@itype legs that have metallic
shoes with ohmic contacts. In order to minimize tihermal and lattice expansion
mismatch between metallic shoe and legs, layectstred legs i.e. Ag/Fe/PbTe+Fe/ PbTe/
PbTet+Fe/Fe/Ag and Ag/Fe/SnTe/TAGS-85/SnTe/Fe/Agrewtabricated. The cross-
sectional back-scattered electron images of the dtbgparly revealed that all the interfaces
are chemically sharp i.e. minimal inter-diffusidrne specific contact-resistances estimated
were ~7-10 @cn?. Thermoelectric power generators were fabricatepazking the n- and
p-type legs using zircar housing and interconngdirem by silver strips through diffusion
bonding. For a hot end temperature of 773 K atehgerature difference of 683 K, two
legs generators exhibited typical output power~df.2W (at current of 17 A) with a
working efficiency of 6%. The generators have beentinuously operated for more than
12 months without any degradation. In addition, weave fabricated integrated

thermoelectric module consisting of four 8 p-n tiyice connected electrically in series.
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Chapter 4

ZT Enhancement In
Selenides
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4.1 Introduction

In the previous chapter we have demonstrated thacion of thermoelectric
generators having an efficiency of ~6% using cotieeal n-type PbTe and p-type TAGS-
85 alloys. These devices though can be used faifgpapplications, such as, in space and
in remote locations, however their use in commae@lis restricted due to the fact that Te
is one of the rarest stable solid elements in #ir¢his crust and its abundance is about 1
Ho/kg, as a result the Te is very expensive. Itherefore important to find suitable
replacements of n-type PbTe and p-type TAGS, whiohone hand either reduces or
minimizes the use of toxic or expensive elementsleron the other hand, thH&T of the
material is not compromised. In this Chapter, wespnt our investigations on the
measurements of thermoelectric properties of varmelenides. Selenides are selected as
abundance of Se is 50 times more than Te and lovets by factor of 5. Moreover, the Se
is relatively nontoxic material until consumed iarde quantities. Various selenides
investigated in this chapter are PhJ®s Cu intercalated TiSe CuCrSe AgCrSe and

CuCrSe/AgCrSe nanocomposites.

4.2 PbTeg_,Se

Commercialized thermoelectric material such as RbTacing severe challenge due
to its low reserve. PbSe compound having similastat structure and similar transport
properties to its Te analogue was less investigdtedto its higher band gap and low carrier
mobility originating from the larger ionic componesf the Pb-Se bondin order to minimize

the use of Te, selenides were considered for thelenotic study. Here, Te was substituted
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by the isoelectronic Se, since a successful styategncrease th&T value has been to
modify an already promising compound by introdugiagnt defects through the synthesis of
isostructural solid solutions. The solid solutigm®vide an environment of atomic mass
fluctuation throughout the crystal lattice (i.e.salider) which induces strong phonon
scattering and generally can lead to significaldlyer thermal conductivity and a largér
value. The canonical example of this is theTB system for which the BiShTe;, BiTes.

xS€ solid solutions are superior to the parenflBi compound.

4.2.1 Synthesis of PbTgSe alloy

The nominal compositions of the sample PhBs (x= 0.0,0.1,0.25,0.5,0.8,1.0),
were prepared by melt growth technique as discussedction 2.2.1. In accordance to the
phase diagram as described in Section 3.2.1, téngeand cooling program was set in such

a way that the alloy becomes Pb-rich with n-typedzactivity without doping deliberately.

4.2.2 Structure and morphology of PbTe,Se, alloy

As discussed in section 3.2.3, PbTe crystallizgstallizes in the NaCl- type cubic

structure (space grouﬁmém), without any noticeable second phase or impuridi® shown

in Fig. 4.1(a). It is interesting to note that ARD peaks shift systematically towards the
higher @ values with increasing x. A more elaborate viewnadst intense200) peak for
different x values is shown in Fig.4.1 (b)he shift of XRD peak to the highe®2s/alue can

be explained as follows: The metallic radius of Pé,and Se are respectively, 180, 142 and

100 pm, indicating that Se in principle can substitfor Te. Thus, by substituting Se at Te
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position should lead to a decrease in the lattiaeampeter and hence the cell volume
[125,126]. This in fact has been observed and ¢lsalts are shown in inset of Fig. 4.1(b),
which reveals that there is a linear decreasetiicéaparameter with increasing x. According
to the Vegard’'s Law - crystallographic parametefsaocontinuous substitutional solid

solution vary linearly with concentration at comgtaemperature when the nature of the
bonding is similar in the constituent phases. TRDXesults confirms that in all the samples
Se is substituting Te and the crystal structure @rdc symmetry are maintained in all the

samples [125,126,127,128].

—
2 (@) (b)
— —~ = 264
0 4
2lal g 5 8 e gelt .
64] e
S h’ S/A \“'_’,Q f gf’l' % PbTe o} 00 02 D:(S;LOB’ 10
o o)
pe PbTen oS¢, = PbTeg gSeg 1
0.95€0.1 950,
8 A o & J \
>
= PbTep 75560 25 *? POTe0.75%0.25
2 A A 5
c
2 | \ PbTeg 55eg 5 o M\ PbTeq 55eg 5
[ A A A +—
I PbTep 2508 | & N\ _PbTeg 25en g
) l N PbSe /\. PbSe
2 L 2 Il A Il A Il A Il A o 2 o 2 2
20 30 40 50 60 70 80 27 28 29 30
20 (degree) 20 (degree)

Fig. 4.1. (a) Room temperature powder x- ray ddfion patterns of PbT¢Sg (b) Magnified
(220) peak of PbT,gSeg Inset shows the lattice parameter of PhBe as a function of x.

Typical SEM images of the fractured surface of bgsized PbTgSe (x= 0, 0.5,
1.0) were shown in Fig.4.2, it reveals the lamediauctures for all the samples, which is
more prominent for the sample having x = 0.5. Témult confirms that doping by Se does

not change the morphology of the samples. Tablesdmimarizes the chemical composition
135



of the samples measured using EDX analysis, whichormalized with respect to the Pb
(at%). The measured composition was found to beedo the nominal composition used for
the sample preparation, suggesting there is no dabsdaterial during the synthesis. In
addition, the EDX analyses of various regions (omcsize) across the samples reveal no
significant variation in the composition, indicajinthat all the samples are highly

homogeneous.

Fig. 4.2. SEM images of (a) PbTe (b) P3R5 and (c) PbSe.

Table 4.1: Chemical composition of the synthesRbidiq.,Sg samples.

Nominal Composition EDX measurement
PbTe PbTe g9
Pb Té¢ o Seon PbTeé 05 S€o 15
PbTe 75 S 25 Pb Tess S& .27
PbTesSes PbTe 43 Se s
PbTeé, Sép s Pb Te 31 S€o69
PbSi PbSt o2
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4.2.3 Temperature dependence of thermoelectric prapties of PbTq.,Se

Fig. 4.3 (a) shows the temperature dependenceefof all the samples. (-) ve sign
indicates n-type conductivity. It can be seen thdhe entire temperature range, P§J®e) 5
shows the highest value @f andthe maximum value af ~ -292uV/K is observed at 700 K.
Fig. 4.3 (b) shows the temperature dependengefof all the samples. It reveals that at a
particular temperature increases with X, however for x = Othere is a dramatic
enhancement gf. At room temperature, the pure PbSe (x =1) shtvddwesp ~1.49uQ-

m, while for PbTesSe sthep ~ 31.43uQ-m.
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Fig. 4.3. Temperature dependence of (a) Seebeekiaient () (b) electrical resistivity «) (c)
thermal conductivityK) and (d) dimensionless figure of metit for PbTe,Se.
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Fig. 4.4. Work function of PbT.gSe as a function of x.

According to Boltzmann transport theory, which ddéses both the electronic and
thermal transport properties of solids, this given by the Mott equation [20] as discussed in
section 1.10 . If the electronic scattering is peledent of energy thea (E) is just
proportional to the DOS at E [129]. At x = 0.5, rlheoccurs a maximum atomic mass

fluctuation; i.e., the disorder in the lattice isximum, and so the high density of defect
. dino(E) .
states scatter the electrons independent of en@gysequently, the?term, which

indicates the variation of the DOS at E, is high o= 0.5, resulting in a large. The
enhancement im for PbTesSe s is 36% compared with PbTe and 54% compared with
PbSe. The large value for PbTesSe s is also supported by the work function measurement
by Kelvin probe method. The details of work funati@nergy difference between the Fermi

level and vacuum level) mapping on an area of 3i@en x 2 mm is shown in Fig.4.4 . These
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images also reveal that samples are highly homageroth the binary compounds PbSe
and PbTe show the respective work function valued.@3 eV and 4.53 eV whereas for
PbTesSe s the work function is 4.65 eV. In other wordscén be said that Fermi level of
PbTe sSeslies in between the Fermi level of PbTe and Pb8&edoth PbTe and PbSe are
isostructural, the difference in the work functicaen be attributed to the differencenrand
thus is evident in thex vs T plot in accordance to eqn. 1.9.But for PdS® s, the lowering
of the workfunction can be attributed to the introtion of defect states near to the bottom of
the conduction band edge which increases the D@Shareby increasas* in addition to
the change im value. Thus the of PbTe sSe sis high in comparison to other samples.

In addition, the dramatic increasepms seen for PbTgSe s compared to PbTe and
PbSe which can be due to the fact that the largmiatmass fluctuation in the crystal
structure of PbTe in Fig. 3.1, increases the degfeadefect formation, which increases the
scattering of electrons and hence gheaalue. Sincex varies inversely with the, i.e., ke p’
! the increase ip for x = 0.5 causes a reductiondniand so an almost 50% reduction in the
k IS seen compared with PbSe and PbTe at 700 K, awnsin Fig.4.3©. At room
temperature, the& of PbTesSe s was 0.85 W/m-K, whereas PbSe shows 3.16 W/m-K.
Moreover, the phenomenon efreduction resulting from alloying due to phonontsaréng
by point defects is well known, being proposed bffel before 1957 [16]. In the case of
PbTesSe s the resulting defect states, i.e., disorder i ¢hystal lattice [18], scatter the
majority charge carriers along with phonons so thatelectrical and thermal conductivities
decrease. The enhancement in dhend the reduction in the thermal conductivity oughe
the increase in the especially at higher temperature, which causeZ o increase to 0.95

at 600 K and is shown in Fig.4.3(d).
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Fig. 4.5. Crystal structure of Cu intercalated TiSe

4.3 Cu intercalated TiSe

In this Section we discuss the thermoelectric n{efiSe which belongs to the
family of transition metal dichalcogenide (TMDC3his material is of great interest as it
belongs to a class of low dimensional material Whiorms a stack of strongly bonded layers
interconnected with a weak van der Waals attracfidns allows an easy intercalation of
various guest species (e.g. alkali metal atomra&usition metal atom, or molecules) between
these layers [130,131, 132,133]. For example, #i§.shows the schematic of the layered
crystal structure of GiSe, in which Cu atoms occupy positions between ti&geTllayers
(which otherwise are bonded with van der Waalsdgycand in TiSglayers, Ti atoms are in
octahedral coordination with Se. This intercalateckign atom allowdo finely tune the
electron occupation of the relatively narrow ‘dnioig existing in these solids which helps in
tailoring the electronic property of the materiala controllable way and can be understood
in terms of charge transfer and increased interlagparation. Here, we report the high

temperature thermoelectric performance of Cu ialated TiSe material (belongs to
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TMDC) above room temperature prepared in broad omitipn range. TiSe parent
compound exhibits p-type conducting nature, whiamgforms to n-type conducting nature
upon Cu intercalation. Extremely lowwas observed in this material which significantly
enhances th&T of the material above room temperature. A 4-théegnaenerator was

fabricated using this combination of material.
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Fig. 4.6. (a) Representative experimental x-rafralifion data and simulated data for,Ti$e, (x= 0,
0.06, 0.08, 0.11). (b) c/aratio and (c) unit eelume as a function of x.

4.3.1 Synthesis of the CT'iSe; alloy

Polycrystalline samples of ¢liSe, (x =0-0.11 at.%) were prepared using melt
growth method. The stoichiometric amounts of Cu49%), Ti (99.99%) and Se (99.99%)
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were sealed in a quartz ampoule under a vacuumd@2Torr and heated at 923 K for 20 h.
After the completion of heating procedure shiny gbeirmaterial was obtained and no
signature of any reaction between material and aepwall were observed indicating
complete reaction among the elements. The obtgoedler samples from the ampoule was
finely ground, pelletized and resealed in evacuatikch ampoule. The samples were again

sintered at 923 K for 50 h to obtain highly compaeiets.

Table 4.2: Consolidated result of change of latiaeameter and unit cell volume as a function of Cu
mol%.

Cu mol% (x Lattice paramett Unit cell volume
0.C 1.69¢ 65.12
0.06 1.702 65.25
0.08 1.703 65.33
0.11 1.706 65.45

4.3.2 Structural and morphological characterizationof Cu,TiSe, alloy

The XRD patterns for pure Tigand CyTiSe, (x= 0, 0.06, 0.08, 0.11) are shown in
Fig. 4.6 (a) which confirms the formation of puriS& phase [JCPDF 830980]. The XRD

data of all samples were refined using FullProfesand the analyses show that the data is

refined to space grouﬁ’éml by considering the preferred orientation. It isrs¢hat Bragg

peak position of the experimental data perfectlyamas with the simulated pattern. The
ratio of lattice parameter (c/a) and lattice volupletted as function of Cu content in the
sample were also calculated from the fitting anghiewn in Fig. 4.6 (b) and (c). It is seen

that both c/a ratio and unit cell volumes increastn Cu content in the samples, which
142



indicates elongation of lattice parameter along thaxis. This confirms that Cu is
intercalated at octahedral sites in the van derlS\@ap between the TiSkayers, which is in
agreement with the crystal structure [134]. Tab&shows the consolidated result of change

of lattice parameter and unit cell volume as a fimmcof Cu mol%.
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Fig. 47 SEM image of fractured surface of (a)efi@d (b) Cu11TiSe, and (¢c) HRTEM image of
Cuw11TiSe.

The SEM images of the fractured pure Ti%ead Cu intercalated Tigsamples are
shown in Fig. 4.7. The samples exhibit layered rholpgy, which is typical of 2-D
transition metals dichalcogenides alloys. The olexkigrains in these sintered materials are
densely packed and show prefferd layered growtlhigh resolution transmission electron
microscopy (HRTEM) image of the guTiSe, sample, reveal sharp lattice fringes with a
interlayer spacing of around 6.03 A.

The homogeneity of the prepared samples has bedmmed by performing the X-
ray elemental mapping. Fig. 4.8 shows a large @8anx45um) back-scattered electron
image of Cy;1TiSe, as well as elemental mapping of Cu, Ti and Se. ifteges clearly

reveal uniform distribution of the elements all oWee sample. The results of SEM, TEM
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and XRD results suggests that the synthesized sanapé uniform with texturing over few
microns in size, which is expected due to layer&gdcture of TiSe The Cu atoms
intercalates between Tidayers at random positions, which are capableedtang local and
short range disorder in the system and alterstbemal transport property of the system.
These Cu atoms not only can scatter the phononsalsot alter the electrical transport

properties owing to the elongation of c-axis of slystem.
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Fig. 4.8. (a) Back scattered electron image of JiSe, and elemental x-ray mapping of (b) Cy-K
(c) Se-L, and (d) Ti-K,.

4.3.3 Temperature dependent thermoelectric properés of
Cu,TiSe,

(a) Temperature dependence gé and «

Fig. 4.9 shows the temperature depengeamda data as a parametric function of x
in CwTiSe. All the samples show smallvalues at room temperature (of the orden@$m)
and follow common metallic trend. For lower Cu @nit(x< 0.04), thep values are higher

as compared to pure TiSeThis is attributed to: (a) lattice deformationedwio Cu
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intercalation and expansion of c-parameter andq(®nching of majority charge carriers
holes due to electrons donated by intercalatedir@licted by lower positive value for x=
0.005). However, the systematic decrease in thenituap ofp is observed as x increases in
CwTiSe, attributed to the increasing carrier concentratibhe‘'n’ of the Cu intercalated

TiSe, samples at room temperature was calculated usialy ddefficient measurement,
n=1/ éRH| The carrier concentration for pure TiSeas found to be 3.3 x ¥bcm® which

reaches to maximum value 2.2 x¥*316m? at x= 0.11. The inset in Fig. 4.9(a) shows dhef
the material at temperature of 670 K as a funabiocarrier concentration. With increasing

o is increasing which is directly proportional te{lof the free charge carrier.
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Fig. 4.9. Temperature dependent (a) resistivity @) Seebeck coefficiefdr CuTiSe, (x= 0, 0.005,
0.02, 0.04, 0.06, 0.08, 0.11). Inset shows eledtdonductivity with increasing carrier concentoati

Thea of pure TiSe shows p-type conducting nature and exhibits laajae of ~100
HV/K. Cu atom has one free electron in 4s outell #ings intercalation of Cu introduces free
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electron in TiSg Small Cu intercalation (x=0.005) do not effeclivehange the majority
charge carrier in pure Tigeand shows comparatively reducedvalue which may be
attributed to the quenching of holes due to tramsfeelectron. Increasing Cu content shows
systematic increase in tlrevalues with negative magnitude revealing transé&iiom from p-
type to n-type conducting nature.values with increasing Cu gets saturated to ne&Qy
MV/IK at temperature of 650 K. The thermal energndo@ap of this material can be
estimated from the maximum value of theusing the equation, 3.1[135]. Here thes
considered to be a function of Fermi level thudtsiy of Fermi level even by fewgT
towards any of the band will significantly affedtet ratio of the hole or electron charge
carriers. This change in the ratio of thés directly reflected on the sign af The calculated
band gap value for TiSend Cy 11TiSe, comes out to be 0.13 eV and 0.11 eV respectively.
The temperature dependencepainda data upto 650 K shows characteristic of conduction
by extrinsic charge carriers, and indicate thafTC3e, in this composition range exhibits
degenerate semiconductors type nature. The p-typeype transition upon Cu intercalation
in pure TiSe shows the possibility of using this combination roterials in developing

thermoelectric device.

(b) Temperature dependence ok

The « in anomalous layer structure compounds a3 iEb (M- transition metal or
organic molecule and Z — S, Se, Te) are expecteoettower comparatively due to the
formation of bulk superlattice structures which & the mean free path of phonons
transferring heat. The temperature dependedata of the CIiSe, samples is shown in

Fig.4.10 (a).
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Fig. 4.10. Temperature dependent (a) total theaoatuctivity and (b) lattice thermal conductivity
(« = k —ke ) for CyTiSe (x= 0, 0.005, 0.02, 0.04, 0.06, 0.08, 0.11)

The x of pure TiSe material was found to be nearly 1.85 W/m-K at BO@hich is
quiet low and comparable to thereported in bulk superlattice structure[135]. isadowx
is attributed to the layered growth microstructofethe material which introduces large
number of interfaces acting as an active phonottesea. Thex of semiconductor mainly
consists two preferred contribution, according tuation 1.14. The electronic thermal
conductivity k) values of CyliSe, has been determined using Weidemann—Franzdaw (
LooT; wherelg is Lorentz numberg is the electrical conductivity an@l is temperature)
which is valid for metal and heavily doped semiaactdr. Since TiSgis a semimetal and
has carrier concentration of the order of®16m*® we have not calculated the electronic
contribution for pure TiSeusing this law. The variation ofk i.e. -k with Cu-
intercalation, as shown in Fig. 4.10(b) clearlyiogades a monotonic decrease. Although
increases with x due to increasing carrier doping the reduction ofk is observed
whichoccurs due to loosely bound Cu atoms. Thesayfrbound atoms rattle and act as an

additional phonon scatterer leading towards lovgetine x; contribution. Cu intercalated
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TiSe (x=0.11) shows minimum showing the dominance of the rattling phenomenaegr o

the contribution of thée.

(c) Temperature dependence o T

Fig. 4.11 shows the temperature dependence ofalbelatedZT value. TheZT of the
material depend upon the power factafs] and x which are primarily affected by the
microstructure, structural ordering and availapildf the majority charge carriers in the

sample. The change #T at 670 K with increasing Cu content is shown setrof Fig. 4.10.
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Fig. 4.11. Temperature dependéeft plot for CyTiSe, samples. Inset shows tEd at 670 K as a
function Cu content.

At lower Cu contenZT initially decreases which is attributed to the uettbn in
power factor value due to decreasedind smalla in addition to enhanced. Further

increasing the Cu content x>0.02, systematic irs@eia ZT value is observed due to
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dominating contribution from power factor and reeldicc due to enhanced rattling
phenomenon. MaximunZT value of 0.1 at 670 K has been achieved for pafe8e
compound exhibiting p-type conducting behaviourwdwer, for n-type CiTiSe (x>0.005)
, ZT increases with increasing Cu content in the safipé&emaximunZT value of ~0.15 has

been achieved for Gy TiSe, sample.

4.3.4 Thermoelectric generator fabrication
Since pure TiSeand Cu intercalated Tiggive similarZT value of ~0.15 at 650 K,
both can be used as a possible combination of @-gpd n-type material for generator

fabrication.

i’

n-typethermoleg;  p-typethermoleg; j

Cup11TISe TiSe, Ag electrode for connecting n & p-type thermolegd an
measuring o/p voltage

Zircar housing to insulate
and hold p-type and n-type
thermolegs

Fig. 4.12. Photograph of (a) n- and p-type theepslof Cy1:TiSe and TiSe respectively, and (b) 4
thermoleg generator.

To accomplish this, rectangular legs of TiSend CyiiTiSewere cut into a
dimension of 2mm x 3mm x 8mm as hown in Fig. 44R Then-type andp-type legs were
packed inside a Zircar housing which is a thermialbyilating microporous ceramic material.

149



This housing minimizes the heat loss in the surdoumnof the modules and supports the heat
flow in vertical direction from hot to cold end. &hthermoelectric elements were then
subsequently connected in series using silver adeatrode. In order to compensate the CTE
between thermoelectric elements and the silvettrelde, a thin layer of silver paste mixed
with small quantity of CilNSe, (x=0 and x=0.11) powder was applied at the intey$aof
both the ends of thermoelectric legs prior to mgkoontacts. The total device resistance
measured using a standard four-probe techniquefouesl to be 65 2. As described in
section 3.5.2, the contact resistance came ouetd2nf) that is nearly 5 2 for each
contact. The elemental efficien€yeiementg Was theoretically estimated using the equation
1.16.

Considering th&T value for concentration x=0 and x=0.11 at 650 K semperature
gradient of 323 K, ideally the efficiency should H&45 %. The device was tested in the set
up as described in section 2.6. According to theimam power transfer theorem, which has
been explained in chapter-3, the maximum outputguoachieved from 2 p-n thermoleg
module at 550 K was found to be 0.64 mWatt. The flea in this device was found to be
0.45 W which gives a device efficiency of 0.1%. Lowutput power value in present device is
mainly attributed to the high contact resistancéhefmaterial. Fig. 4.12 (b) shows the digital

photograph of the device

4.4CuCrSe,

In this research work, the search for the telkificte thermoelectric material has led
to the study of CuCrSewhich is an example of superionic conductor wituid like

substructures (i.e. diffusion of ions within the/stal sublattice) [136] where the concept of
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PGEC has been extended and a new concept of pHigoah-electron-crystal (PLEC) has
been given. In PLEC concept the strategy is togedbex, below that of glass not only by
reducing phonons mean free path but also elimigatome of the phonon vibration modes
by using a superionic conductor with liquid likebstructures (i.e. diffusion of ions within

the crystalline sublattice).

4.4.1 Synthesis of CuCrSgalloy

As discussed in section 2.2.1, polycrystalline dasmpf CuCrSgwas prepared by
melt growth method by grinding stoichiometric quaes$ of copper, chromium and selenium
powder and then sealing it in a quartz ampoule uadeacuum of ~ 3810° mbar. The
sealed quartz ampoules were heated at a tempeodtite 3 K for 72 hrs and finally slowly
cooled to the room temperature. The ingot obtawed re-grinded into fine powder and

Vacuum Hot Pressed (VHP) at 973 K to form densketsel

4.4.2 Crystal Structure of CuCrSe

The layered structure of CuCrSse shown in Fig.4.13. It consists of Gdype layers
of CrSe’ in which the S& anions form distorted octahedral coordination splaound C¥
cations.[137,138] The interlayer space between Lriagers is filled by the Cu ions
occupying two different tetrahedral spaces [13%].low temperatures only one of the
tetrahedral sites is occupied by the Cu and witieiasing temperature Cu ions migrates to
other tetrahedral site and a strong kinetic disoiglanduced above 365 K[140,141,142]. This

strong disorder of Cu ions in CuCeSgtructure is expected to yield very lavand higho.
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Fig.4.13. Structure of CuCrgwith Cdk type layers of CrSgrepresented as edge shared octahedra)
and disordered Cu+ cations layers.

4.4.3 Structure of CuCrSe alloy

The room temperature powder XRD pattern of powdenges of CuCrSeobtained
after grinding of high density pellets is showrFig.4.14 (a) . Presences of multiple oriented
peaks in the XRD spectra suggest the polycrysealtiature of the samples. It can be seen
that diffraction pattern can be indexed using thace group R3m (160), using the PCPDF
file No. 74-0194. The lattice constants calculatisthg the least-square refinement of the
peak positions and are found to be: a = b = 3.67hd c = 19.372 A; which are in good
agreement with the reported values [137,138]. Bndrgpersive X-ray analysis (EDX) gives
the elemental ratio Cu : Cr : Se around 1.03:1281, also confirming the CuCrSe
stochiometry of the synthesized material. The beatksred electron image and X-ray

elemental mapping of Cu, Cr and Se elements forr6eQowder sample are shown in
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Fig.4.14 (b). The uniform distributions of Cu, GrdaSe for CuCrSesamples suggest that

synthesized material is quite homogenous.
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Fig.4.14. (a) Experimentally observed and simulgtedder X-ray diffraction pattern for CuCrSe
(b) Back scattered electron (BSE) image and X-figynental mapping of Cu, Cr and Se in the

powder CuCrSgsamples.

4.4.4 Morphology of CuCrSe alloy
The cross sectional scanning electron microscofMjSimages recorded for the
fractured hot pressed pellet at different magniioces are shown in Fig.4.15. It is evident

that the material is composed of randomly oriengeains having the layered structure,
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suggesting that the measured thermoelectric priepewill not exhibit any anisotropic

property.

Fig.4.15. Scanning electron microscope (SEM) imafgiae fractured surface obtained from the hot
pressed pellet of CuCrg@) and (b) respectively shows low and high maggiiion images.

The high resolution TEM images of CuCsSare shown in Fig.4.16. White line
shown in Fig.4.16 (a) represents a grain boundeeyemt between the crystallites. The image
shown in Fig.4.16(b) and (c) reveals that withig thicron size crystalline grains there are
nanoscale amorphous regions (marked with enclogdete Wnes). Fig.4.16 (d) shows the
magnified view of the region marked by white bowydsquare in Fig.4.16(c), which clearly
shows the nanoscale amorphous regions. Reseatbk ireld of bulk nanostructuring has
shown that nanostructuring of materials scatteespimonons with short and medium mean
free path (~ 3-100 nm), however in order to scaitemons with long mean free path micron
size grains, grain boundaries and layered strustame required [17,70,143,144,145].
Although in the present study of CuCsSthese various nano-scale and micro-scale features
in the CuCrSg matrix are not created intentionally but thesessuigtures can have a

significant role in the scattering of phonons, leemclowering ofx;.
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Fig 4.16. High resolution transmission electronnoécope (TEM) image of hot pressed CuGr3e
the image (b) white dotted line shows the grainfalauy and image (c) the region inside white dotted
lines shows the presence of nanoscale precipitaitts amorphous structure inside a crystalline
matrix. For clarity the white dotted region of inea@@) is magnified as image (d).

4.4.5 Temperature dependent thermoelectric properéis of CuCrSe alloy

(a) Temperature dependence gé anda

Fig. 4.17(a) exhibits the temperature dependengarothe temperature range of 300
K -773 K. The room temperature value pffor CuCrSe is 2 nQ2-cm. The effect of
disordered Cu ions above 365 K is also withessédanemperature dependence.oOne of
the interesting features of Fig. 4.17(a) is thatp increases very rapidly up to 365 K and
after that it shows a very weak temperature depeed@wvith a slight negative slope showing

the trace of a semiconducting behavior in the ra8@feK <T < 773 K).
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Fig. 4.17. Temperature dependence of the therntoelgaroperties of hot pressed CuCsSa)
electrical resistivity £). Inset shows the plot of Ipignic versus II for T > 365 K. (b) Seebeck
coefficient ¢). (c) Temperature dependence of the power faé&arallel () and perpendicular])
symbol represents the measurement of samples $tmedhe hot pellet in parallel and perpendicular
to the hot press direction (d) Temperature depeselehn carrier concentratiom)(derived from Hall
effect measurement.

Weak temperature dependence of resistivity Tor 365 K is possibly due to the
competition between increasing electronic contrdyutof resistivity (i.e. due to enhanced
electron-phonon scattering) and decreasing iomsistieity contribution (thermally activated
behavior due to enhanced hopping of the Cu ionwdet defect sites). Since in the low
temperature range 300 KT<< 365 K electronic contributionodiecironig governs the total
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resistivity therefore by extrapolation of resistyvifrom this range we have obtained the
pelectronic TOr T > 365K. By subtracting the extrapolateg.cionic from the total resistivity we
have obtained the ionic contributiopfic) of the resistivity in the temperature range 365 K
<T < 773 K. The plot of Ipignic with 1/T (for T > 365 K) is shown in the inset of Fig. 4.17(a),
a linear fit of the data suggest the semicondub&ravior of resistivity that is associated
with hopping of Cu ions between the defect stat¥eak semiconducting behavior of
temperature dependent resistivity of CuGr&e T > 365 K is consistent with other ionic
semiconductors such as AgCs§R46]. Fig. 4.17(b) shows the temperature depeod of

o in the temperature range of 300 K to 773 K. It tanseen that of CuCrSe increases
from 100 pV/K at room temperature to 160 pV/K aB K. The positive sign ok indicates
the hole as majority charge carriers (i.e. p-typwre) in the material. Fig. 4.17(c) shows the
temperature dependence of the P.F. for the CyCr#ech clearly shows a dip at 365 K.
For temperatures > 365 K, P.F. increases withidgein temperature, and reaches a value of
9 pW/cm-K at 773 K i.e. nearly three time lower than thetestaf art thermoelectric
materials such as PbTe [147] and TAGS-85[148% ilnportant to note that measurement of
p anda from the samples sliced from a big pellet in gatadnd perpendicular to the hot
pressing direction exhibit nearly same results. ferature dependence festimated from
Hall Effect measurement) is shown in Fig.4.17(d).rédom temperature was found to be

1.3x13° cm®, and above 365 K the concentration drops down4oe<1d° cm®.

(b) Temperature dependence ok

Temperature dependence of thermal diffusivity foCESe is shown in Fig.4.18(a) ,

which clearly shows a jump at 365 K. It is seert dfter the phase transition, the diffusivity
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remains nearly constant throughout the high tentperaange indicating the characteristics
behavior of glassy materials. Fig.4.18 (b) we have also plotted the tempeeati@pendence
of specific heat@,), which also shows the evidence of a structurabpttransition at 365 K.
It may be noted that the high temperat@gvalue was found to be 0.39 J/g-K, which
compares very well with estimated Dulong-Petit ealu 0.37 J/g-Kx was calculated as
discussed in section 2.5.3, with the assumptionghmple remains constant over the entire

temperature range and the estimated value of neasstd for CuCrSgis 6.31 g/cm

K (MW/cm-K)
N ~
o Ul

Fig.4.18. Temperature dependence of (a) thermlsility (b) specific heat (c) thermal conductivity
for CuCrSe. In the diffusivity and specific heat plots, thata for sample sliced perpendicular
(shown byJ) to the hot pressing direction is multiplied byoZshow them clear.
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From Fig. 4.18 (c) it can be seen that the at reemperatur&k ~ 8.6 mW/cm-K and
it decreases with increasing the temperature up6t® K and followed by a temperature
independent value of 7 mW/cm-K up to 773 K. Itngportant to note that for CuCrSthe
observed high temperature is comparable to the recently investigated variousic
semiconductor such as AgCeSHEA46], Zn,Sh; [149,150] and CuSe [136]. Overall
extremely lowk value for CuCrSgin the present case can be related to the scajtefiheat
carrying phonons by:
() Amorphous and crystalline nanoscale precipitatekigion in the crystalline matrix
of the CuCrSg which essentially scatters the phonons with niesmpath < 100 nm.
(i)  The micron size layered grain structure which seatphonons with higher mean free
path ~ few pm and
(i) The high kinetic disorder (almost like a fluid likerangement) produced by the
movement of light Cu ions, probably which not oskatters the phonons of mean

free path of atomic dimensions but also cut off egghone modes[136].

(c)Temperature dependent Raman spectroscopy

Since in crystalline solids Raman spectroscopy sdeaith phonons, therefore
temperature dependent Raman spectra were recad€di€rSe below and above the phase
transition temperature (~ 365 K) in the temperattarge from 300 K to 443 K. The
temperature dependent Raman spectra, shown in.Fg./Aeveals two main peaks at 220
cm * and 259 cnt, which can be associated with the;And E phonon modes of bulk

CuCrSe, respectively [151].
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Fig.4.19. Temperature dependence of the RamanrageciCuCrSein the temperature range 300 K
— 443 K.

The A phonon mode is formed by the displacement of GQu@mnatoms along the z
direction (i.e. along c axis) and, Bhode is formed by the displacement of Cr and Smst
along the x or y-directions (i.e. in the ab plank)can be seen that near the transition
temperature of 365 K, 4 mode becomes a well resolved peak as the tempernatreases
above 365 K, and at the same timgnkode become quite broad with decreased intensity.
This data clearly indicates that at temperatures/@l365 K, some of the phonon vibration

modes gets disrupt due to the kinetic disorderwa®ms along the c - axis.

(d)Temperature dependence oZT

Lastly we have evaluated th& by using measured values @fp andk. Fig.4.20
shows the temperature dependencgfor CuCrSe, and it can be seen that highg3t~ 1
is obtained at 773 K. As discussed above, the ¢f.EuCrSeg is one order of magnitude
lower than the state of art thermoelectric matdigl the thermoelectric performance which
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is evaluated byZT is comparable to them. In CuCsSe clear separation between the
electron conducting channel (i.e. covalently bon@8e" slabs) and the zone of phonon
scattering (disordered Cu ions above 365 K) yi@#sp along with the lowc, hence exhibit
an enhancedZT. This unique feature of CuCrSeesembles with many higlZT
thermoelectric materials such as;G8e and ZgShs. In these materials Se or Sb atoms forms
a suitable crystalline structure for electronic @action and Cu or Zn atoms forms a

disordered channel that scatters the phonons.
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Fig.4.20. Temperature dependence of dimensionigssd-of Merit ZT) for CuCrSe.

Table 4.3: Summary of the thermoelectric paramaibtained for CuCrSeFor comparison purpose
results reported for CuCrsim other work is also given.

Temperature ncm® p (MQ-cm) a@V/K) k(MmW/cm-K) ZT Reference
300 K 1.7x 1¢¢ 1.7¢ 10C - -
300 K 1.3 x16° 2 100 8.6 0.18 This work

773 K 1.4 x1¢*¢ 2.7 16( 7 1 This work
161



A summary of the estimated thermoelectric paramdtarCuCrSgis shown in Table
4.3. From table 4.3 it can be seen that room teatpes values oh, p and a for our

synthesized CuCrsenatches very closely with the reported value.

4.5 AgCrSe/CuCrSe, nanocomposite

As discussed in section 1.4.2(c), the hierarchacahitecture plays an important role
in phonon scattering. In any material, phonons haweide spectrum of wavelengths and
these contribute to the total Analogous to CuCrSeAgCrSe also exhibit particles of
varied dimensions to scatter the phonons. In tlse ed AgCrSe and the composite, the
nanoparticles and the mesoparticle were not addédedately to the system. Instead these
particles were formed during synthesis processvesie very effective to scatter the wide
spectrum phonons. For scattering of phonons theembions of the defects / inclusions
should be comparable to their wavelength. In allpys an atomic scale disorder), mostly
there is a strong scattering of short wavelengtt-(20 nm) phonons due to mass-mismatch
of individual constituent atoms or due to the lobaind strain induced by defects. The
scattering of the mid wavelength (~ 10- 100 nm) m@ws is achieved through the
nanostructuring. The interface between nanoscaleife and matrix plays an important role
in such scattering. The scattering of the long Wwength (> 100 nm) phonons is achieved by
the meso-scale grain boundaries present in theriaat®gCrSe also belongs to the similar
class of superionic conductor. Here, we reportgimmnising thermoelectric properties of a

composite consisting of AgCrsand CuCrSg for mid temperature application. These
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composites are free from Te and other heavy elesreamd exhibits better performance than

tellurides.

4.5.1 Synthesis of AQCrS#CuCrSe, nanocomposite

The polycrystalline samples of AgCrSand CuCrSgwere prepared separately by
melt growth method using the similar heating andliog program as described earlier for
CuCrSe. Composites (AgCrSe) (CuCrSe2) with x= 0-1 samples were prepared by

uniform mixing of pure AgCrSeand CuCrSgin different molar ratio followed by vacuum

hot pressing.

—(AgCrSe,) (CuCrSe,) ,
—AgCrSe,
= CuCrSe,
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Fig.4.21. Electronic absorption spectra for the [dam

45.2 Energy bandgap of CuCrSg AgCrSe, and AgCrSe/CuCrSe,

nanocomposites
Room temperature optical diffused reflectance nregseants were performed on hot

pressed samples to estimate the optical energpfile materials. The spectra were taken in
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the mid IR range (400- 7000 &using a FTIR spectrometer (Bruker 80 V). Theaetnce
versus wave number data were used to estimate gahd bap shown in Fig. 4.21, by
converting reflectance to the absorption data aliogrto Kubelka-Munk equations as

discussed in section 2.4.4.
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Fig.4.22. Powder X-ray diffraction pattern for (a) AgCeSéb) CuCrSe(c) (AgCrSeg)os(CuCrSe)os
composites. (d) Magnified view of the highest insity (012 XRD peak for all samples.

4.5.3 Structural analyses of the nanocomposites

The room temperature powder XRD patterns of powskmples of AgCrSe

CuCrSe and (AgCrSgos(CuCrSe)os obtained after grinding of hot pressed pellets are
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shown in Fig. 4.22(a-c). Presences of multiplerdad peaks in the XRD data of all samples
suggest the polycrystalline nature of the samplas. bottom streaks in Fig.4.22(a-c) shows
the peak position obtained using powder cell sawand reported crystal information file
(.cif) files for AQCrSg and CuCrSg

From Fig. 4.22 (d), it is important to note thatr f¢012) diffraction peak
corresponding to CuCrgé& composite samples exhibit shift (shown by ajrewth respect
to the pure CuCrSesamples, suggesting the possibility of reactiomvben the constituents.
The lattice parameters obtained from the analybith® XRD spectra of these samples is
summarized in Table-4.4, from there it can be dbah lattice parameters obtained for the

pure and composite samples exhibit major changjeeic-lattice parameter.

Table-4.4 Lattice parameters of AgCrgeCuCrSe and (AgCrSgos(CuCrSg)qs obtained from the
analysis of XRD data.

Sample Lattice parameters

AgCrSe, a=b=3.68Aanc=21.22/
CuCrSe a=b=3.68 Aanc=19.39/
(AgCrSe)osCuCrSe)os a=b=3.66 A c = 21.13A (AgCr9e

a=b=3.68 A ¢ =19.36 A (CuCrge

The c-lattice parameters of AgCeSeomponent in the composite sample reduced
from 21.22 A to 21.13A. Since ionic radius of Cul@8 pm) is smaller than the ionic radius
of Ag (~ 144 pm), it suggest the possibility of fer substitution of Cu at the Ag site
resulting in the contraction of c-lattice parametérthe composite samples. In order to
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observe whether there is any texturing with resgechot pressing direction, we have
recorded the XRD pattern of hot pressed pelletdtita shows the absence of any preferred

orientation. Fig.4.23 shows the XRD pattern of i@ssed pellet.

—_— (AgCrSez)O_S(CuCrSeZ)O_5
| CuCrSe, Bragg position

| AgCrSe, Bragg position

st

20 30 40 50 60 70 80

20 (degree)

Intensity (a.u.)

Fig 4.23. XRD pattern for the hot pressed (AgG)sfCuCrSe)qs pellets.

4.5.4 Morphology of the nanocomposite

The cross sectional scanning electron microscoMjSimages recorded for the
fractured hot pressed pellets of all samples aosvshn Fig.4.24 (a-c). The SEM image of
the composite sample (Fig. 4.24(c)) also indicatest it has more numbers of grain
boundaries (due to smaller grain size) as comptretie pure sample. From these SEM
images it is also evident that all samples haverky structure. Since the typical size of
these grains with layered structure varies from tb0 30um, therefore measured
thermoelectric properties which normally measureer@ length scale of few mm. will not

exhibit any anisotropic behavior. In our previousdy on pure CuCrSecompound we
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demonstrated that thermoelectric properties ofhthiepressed sample does not exhibit any

anisotropy with respect to hot pressing direction.

e High'angle grain boundary

dislocations

Fig.4.25. Transmission electron microscope (TEMagm of (a) CuCrSe(b) AgCrSeg, and (c)
(AgCrSe)os(CuCrSe)os. In the images, region inside white dotted linbsves the presence of
nanoscale features with amorphous structure.

The high resolution transmission electron microscpEM) images of the samples
are shown in Fig.4.25(a-c) . For all samples it barseen that within the crystalline grains
there are nanoscale amorphous regions (markedenittosed white lines). In addition to
this, large numbers of dislocation can be seemennicrostructure of the all samples. It is
also interesting to note that in the composite dartigere is a presence of wrinkled grain,
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which is separated from another grain by the laggle grain boundary (grain boundary

angle >10°).

Se 3d

| (arb. units)
| (arb. units)

——AgCrSe2
CuCrSe2
— (AgCrSe,) (CuCrSe,) .

200 400 600 800 1000 57 ) 54
Binding energy (eV) Binding energy (eV)

S7

Fig.4.26. (a) Survey (b) Se 3d XPS spectra of prg€rSe, CuCrSe and (AgCrSgos(CuCrSe)os
samples.

4.5.5 Chemical analysis of (AgCrS&, s(CuCrSe,)o s nanocomposites
The evidence of reaction between AgGr&ad CuCrSgis witnessed by the X-ray

photoelectron spectroscopy (XPS) results shownigndR26. The survey XPS spectra for
pure and composite samples are given in Fig. 4)26¢athe survey XPS spectra of
composite samples signal from each element suélga€u, Se and Cr are seen. In addition
all samples exhibit the presence of physisorbedgeny(shown as Ols peak). A careful
examination of the high resolution XPS data comesing to each elements suggest that
major changes has been observed for Se 3d pedh.resglution Se 3d XPS spectra for all

samples are plotted in Fig. 4.26(b), from this datan be seen Se 3d peak appears at 54 eV
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and 54.2 eV for AgCrSeand CuCrSgsample. It is interesting to note that for compsi
sample the Se 3d peak consist of three comporEmsSe 3d peak at binding energy value
~ 53.8 eV is assigned to the Se from AgGrPeak at binding energy of 54.2 eV is assigned
to CuCrSe, while the peak at ~ 55 eV is assigned to ther&a intermixed Cu-Ag region.
Since Cu or Ag layers are sandwiched between Smddlierefore Se 3d peaks are expected
to be most affected on replacement of Ag by thea@ums. In summary, XPS data also

confirm some intermixing of Cu and Ag atoms in toenposite.

(AgCrSey),.

Fig 4.27. Back scattered electron (BSE) image amdyXelemental mapping of Cu, Cr and Se in the
AgCrSe, CuCrSeg and (AgCrSgos(CuCrSe)qs samples.

EDX of pure CuCrSgand AgCrSgsamples gives the elemental ratio Cu/Ag : Cr : Se
around 1.03:1.05: 2.01, confirming the stoichiometf the synthesized samples. The

backscattered electron image (BSE) and X-ray eléhenapping of Ag, Cu, Cr and Se
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elements for pure and composite samples are showigi 4.27. The uniform distributions
of Ag, Cu, Cr and Se for pure samples suggestttiegt are quite homogenous. The BSE
image of (AgCrSgo.s(CuCrSe)os composite samples show the presence of nano- asd-m
scales features (seen as dark spot) in the miastste. The elemental mapping of composite
sample suggests that some of these mesoscaleetesias absence of Ag (shown within the
white dotted circle as voids in the Ag elementappiag image).

The inhomogeneous compositional structure of (Ages3(CuCrSe)ys composite
samples is also withessed in the energy dispebsivay analysis (EDX) spectrum of two
different region of the sample as shown in Fig84E2DX spectrum 1 obtained at a particular
region shows that here sample does not have Agevdpiéctrum 2 shows the presence of
both Cu and Ag. These results suggest, in the ceitgpeample, we have a very uniform
matrix (mixed at nanoscale level) of AgCsSend CuCrSg along with some mesoscale

precipitate of CuCrSe

Fig.4.28. Back scattered image of hot pressed (8gJus(CuCrSe)ossample. The EDX spectrum of
two different regions of the sample is shown dhtig
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Fig.4.29. Thermoelectric properties of all hot pexs samples (a) Seebeck coefficien} (b)
electrical resistivity ). (c) Power factord/p).

456 Temperature dependence thermoelectric  propeds  of

(AQCrSey)o s(CuCrSey)o s

(a) Temperature dependence ok and p

Fig.4.29 (a) shows the temperature dependenceimtthe temperature range of 300
K to 773 K. The positive sign of for all the samples indicates the hole as majafitgrge
carriers (i.e. p-type nature) in the material. £ig9 (b) exhibits the temperature dependence

of p for all samples in the temperature range of 3007K3 K. For pure AgCrSeand
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CuCrSe samples the resistivity increases rapidly upto K7é8nd 365 K respectively, after
thatp shows weak temperature dependence. Thésanps at 475 K and 365 K for both pure
samples can be correlated with the disorderinghefAg and Cu ions in the pure sample
[137,140,141,142,146,152]. For composite samplés ihiteresting to note that disordering
transitions temperature corresponding to the AgEshdt to lower value (~ 434 K) while
the transition corresponding to the CuGr&mains same and 365 K. This result again
supports the partial substitution of Cu at the Kgssin the composite sample. Fig. 4.29(c)
shows the temperature dependence of the P.F.lfdreasamples. The P.F. for pure CuGrSe
and AgCrSe samples respectively shows a dip at 365 K at 458ft€r that it increases with
the rise in temperature. The P.F. (at 773K) catedldor the pure CuCrgeAgCrSe and
(AgCrSe)os(CuCrSe)os samples are 8.8 pW/cm?K4.2 pW/cm-K and 4.1 pW/cm-K

respectively.

(b) Temperature dependencd, C, and k¥

The temperature dependenceDodndC, data for all samples is shown in Fig. 4.30.
For pure samples the presence of transitions camebey seen at 365 K (for CuCr$and
450 K (for AgCrSe). However, a shoulder in th&, curve of CuCrSgs seen and the origin
of this is not yet understood. In the composite @andata, transition features for both
CuCrSe and AgCrSg components can be clearly seen. It may be noted the
experimentally obtained high temperat@g values were found to be 0.4 J/g K, 0.3 J/g K
and 0.33 J/g K for CuCr2eAgCrSe and composite samples respectively and compargs ve
well with theoretically estimated Dulong-Petit valuThe Dulong-PetitC, values were

respectively found to be 0.37 J/g K, 0.31 J/g K &g? J/g K for CuCrSe AgCrSe and
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composite samples. In the calculationxpfthe mass density (estimated using Archimedes
method) used for pure CuCrS&AgCrSe and composite samples were respectively 6.31,

6.69 and 6.49 g/cc.
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Fig.4.30. (a) Thermal diffusivity (D) and (b) sjfecheat (Cp) results for AgCrgeCuCrSeand
(AgCrSe)qs(CuCrSe)q s samples.

The most significant lowering (nearly one thirdtbé pure compounds) of theis
observed for the composite (AgCeRe(CuCrSe)o s sample. Temperature dependerder
all the samples is shown in Fig.4.31, which sholaa in the entire temperature range all

composite samples exhibit lonthan the pure compounds.

k (mW/cm-K)

Fig.4.31.Temperature dependence of thermal conductixity (
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Fig.4.32. (d)emperature dependence of #iefor all hot pressed samples. (b) x dependencgTof
andk (at 773 K) for (AgCrSg14(CuCrSe)y.

Table 4.5: Summary of the thermoelectric parametatained for AgCrSe CuCrSe and
(AgCrSe)os(CuCrSg)os.

Sample uem?Vish p (mQ-cm) a (V) k(mWicm-K) ZT

at 300 K at 773K at 773K at 773K at 773 K
AgCrSe, 72.¢ 7.8%0.2 181+¢ 4+0.2 0.81+0.1:
CuCrSe 165.3 2.7+0.1 160+£8 7+0.4 0.95+0.11
(AgCrSe)os(CuCrSe)os  75.5 9.240.3 194+9 2.240.1 1.44+0.17

(c)Temperature dependence oZ T

Finally we have evaluated t&d and Fig. 4.32 (a) shows the temperature dependence
of ZT for all the samples. In Fig. 4.32 we have plotteelZT (at 773 K) for all the sample,
and it can be seen that pure samples exhiblt < 1, while the composite
(AgCrSe)o s(CuCrSe)os sample exhibit the higheZfT~ 1.4. It is important to note that, the
P.F. of composite (AgCror s(CuCrSe)os sample is nearly seven times lower than the state
of art thermoelectric material such as PbTe or BAZ5 but the thermoelectric performance
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which is evaluated by T is comparable or better to them. A summary of ieasured

thermoelectric properties for all samples are showrable 4.5.

Cr
Se ® CuCrSe,
Disordered { ________
Ag/Cu layer

Se L ®

Cr

Se ®

ZT~0.95 ®
Ag/ Cu = Vacuum hot pressin
of mixture

Se

Cr AgCrS

< ® glroe,

Ag/ cu _____________________ ZT 1.4
‘ Uniformly mixed matrix of
Se o AgCrSe, and CuCrSe with
Cr ‘ mesoscale inclusions  of
ZT~ 0.81 CuCrSe,

Schematic of the layered Atomic scale disorder from Ag

structure of AgCrSe, and / Cu atoms + layered structure

CuCrSe, + nanoscale amorphous phase

Fig.4.33. Schematic showing naturally obtained drgrical architecture of the

(AgCrSe)os(CuCrSe)os sample. In the composites, the atomic scale (dubedalisordered Ag and
Cu atoms at high temperature), nanoscale (duee@tbsence of amorphous phase, dislocations,
grain boundaries ) and mesoscale (CugpBecipitates in the uniformly mixed matrix of coogite)
disorders results in scattering of phonons of alv&ength. The green and purple circles in the
middle schematic shows the presence of nanoscadeddir in the pure CuCrsand AgCrSgmatrix.

4.5.7 Reason for exhibiting lows by the composite (AgCrSgo s(CuCrSe;)os

In the light of micro-structural investigation obthpressed (AgCrSk s(CuCrSe)os
samples using TEM (and also by SEM) and electtigaisport data, the overall extremely
low kvalue for composite samples in the present caséeaslated to the scattering of heat
carrying phonons by:

(i) Atomic scale disorder: the high kinetic disordesgirced by the movement of Ag/Cu

ions, which scatter very low mean free path (~ IndQ) phonons.
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(i)  Nanoscale features: amorphous nanoscale preewpitatlusion in the crystalline
matrix of the composites, large number of interfagecluding high angle grain
boundaries between the nanosized grains of AgCasé CuCrSgin the materials,
which scatters mid wavelength (~ 10- 100 nm) phgnon

(i) The mesoscale CuCrSprecipitates, which scatters phonons with higheamfree
path (> 100 nm).

In summary the detailed microstructure investigatd the composite suggest that it
is an ideal example of a natural all scale hieriaetharchitecture (schematically shown in

Fig. 4.33) which is essential for scattering ofvedivelength phonons.

—=— during heating cycle
—e— during coaling cycle

10

T

05

ZT (at 773 K)
=
D

By (b)
00 . , Sanpleno, O
300 450 600 750 0 2 4 6 8 10 12
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Fig.4.34. (a) EstimatedT for (AgCrSe),s(CuCrSe)qs sample during the heating and cooling cycle.
Inset show<ZT (at 773 K) for three numbers of (AgCrre(CuCrSe),s samples prepared under
same synthesis run. (b) Time dependence of therielaesistivity p) for (AgCrSe)os(CuCrSeg)os
sample at constant temperature of 773 K.
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4.5.8 Reproducibility and thermal stability test of (AgCrSe,)o s(CuCrSey)q s

From the application point of view the reprodugtiland thermal stability of
(AgCrSe)os(CuCrSe)o s is of great concern. In the present work, all ¢htleermoelectric
parameterso, p andk) were measured from 330 K-773 K during heating emaling cycle
and both cycle gives repeatable results without laysteresis confirming high temperature
stability of the materials. The estimatZd during heating and cooling cycle is plotted in
Fig.4.34 and from this it can be seen that prepeoadpbounds are quite repeatable results.

For testing the reproducibity, three set of (AgG)&LCuCrSe)os samples were
prepared under similar condition and typigdlvalues of all samples shows a deviation of £
3% around 1.44 (shown in inset of Fig. 4.34(a)lhcBithe stability of ionic semiconductors
such as copper sulphides gShand copper selenides (Se) compounds is under doubt due
to the electro migration of Cu at high applied eatrdensity [153,154]. In the work reported
by the group of K. Nielsch, they have observedsible change at the surface of,Sipellet
due to segregation of Cu during the preparatiosashple by spark plasma sintering. The
electro migration of Cu in G6 also takes place under high current density (A/teh?) and
segregation of Cu can be seen visibly at the ated rectangular sample. In their study it is
interesting to note that for CuS and ;@& samples even on application of very current
density ~ 48 A/crh there was no noticeable degradation. The dedgoadaf CpSe material
was observed by the group of Snyder. They alsortegp@bout the migration of Cu in €8e
at high current density ~ 9 A /émiThese studies highlight the importance of theiktg of
ionic semiconductor based thermoelectric matenalen high current density. The stability
issue needs to be discussed from application mdiview because thermoelectric devices

generate high current during operation. In ordees the stability of our composite samples,
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we have carried out the time dependent measuremfugntto 12 hrs) ofp (at high
unidirectional current density ~ 50 A/@mat constant temperature of 773 K. The
measurement gf was carried out in especially home-made testgeing the obtained result
is plotted in Fig. 4.34(b), from there it can bers¢hafp almost remains constant for a period
of 12 hrs. It is important to note that during measnent of, current was kept continuously
ON for 12 hrs and data was recorded at interval2fseconds. We have also visually
inspected the sample surface before and afterability test, we did not see any changes
such as segregation of Cu at the sample surfaeedigiital photograph of the samples before
and after performing stability experiment is showrig.4.35. With respect to the reported
work on copper sulhphides and copper selenidesca@mposite selenides samples exhibit a

good stability at high current density.

Fig.4.35. (a) Sample photograph before stabilisy {B) Sample photograph after stability test.

Amorphous nanoscale structure

High angle

“dislocations g, in houndary

Fig.4.36. Transmission electron microscope (TEMagem of (AgCrSgos(CuCrSe)ys samples after
12 hrs of annealing at 773 K. In the image, redimide white dotted lines shows the presence of
nanoscale features with amorphous structure.
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A TEM image of the sample was also taken afterdfadility experiment and the
nanoscale defect structure of the sample looksetmdnarly same as that of fresh sample

(shown in Fig. 4.36).

4.6 Conclusions

In this Chapter, we have investigated the thernobdeproperties of the selenides
namely, PbTeSg Cu intercalated TiSe CuCrSe, AgCrSe and CuCrSe/ AgCrSe
nanocomposites with an emphasis on enhancing Zieifhe results obtained on various
selenides are summarized below.

(i) PbTe«Se : The effect of Se substitution has been systenigticavestigated
PbTe.Se. For a particular composition of x =0d5is highest ~ 292V/K, while k
is lowest ~ 0.75 W/m-K, resulting in the high&t of ~0.95 at 600K. The increase
in o for x=0.5 is attributed to the high distortionthre crystal lattice which leads to
the formation of defect states. These defect stabesters the majority charge
carriers leading to high as well as higlp. The dramatic reduction &ffor x=0.5 is
also attributed to the scattering of the phononthkydefect states.

(i) Cu intercalated TiSe: High temperature (300—-650K) thermoelectric perfaroea
of Cu intercalated GiSe (x=0-0.11) material show that Cu intercalation
transforms the p-type Tigdo n-type CuTliSe, with a value saturating to ~ -90
MV/K (for x>0.06) at 650 K. Spanning the entire range ofTt3e, samples, very
low k has been observed which is attributed to the é&ygrowth structure and

rattling effect of weakly bound Cu atoms in the \km Waals gaps of Tigéayers.
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(iii)

(iv)

At 650 K, theZT values of 0.1 and 0.15 are achieved for pureJa8d Cy 11TiSe,,
respectively. A prototype generator has been fatet using n-type TiSeand p-
type Cu intercalated Tigeas theirZT values were nearly same (i.e. ~0.15 at 650
K). However, the efficiency found was only 0.1%,ig¥his due to lowZT as well as
very high contact resistances.

CuCrSe, and AgCrSe: Both CuCrSe and AgCrSg are p-type emerging
thermoelectric materials due to their complex lagestructure and acts like a
phonon liquid electron crystal (PLEC) system. Tki€¢at 773K) values obtained for
CuCrSe and AgCrSewere found to be ~ 7 and ~4 mW&i* respectively. The
low Kk values are attributed to various phonon-scattesogrces i.e. superionic
Cu/Ag ions between Crgelayers, nanoscale precipitates and natural grain
boundaries. The low values yieldZT of 1 and 0.8 respectively for CuCpSand
AgCrSe.

(AgCrSey)os(CuCrSey)o s nanocompositesA further improvement oZT has been
obtained in the (AgCrSB(CuCrSe) nanocomposites through hierarchically
organized microstructures that significantly low#re lattice thermal conductivity
without any appreciable change in the power fac{&gCrSe)os(CuCrSe)os
nanocomposites synthesized via the vacuum hot ipgesd a mixture of the
constituents consisted of phonon scattering ceritera multiscale hierarchical
fashion, i.e. atomic scale disorder, nanoscale phows structure, natural grain
boundaries due to layered structure and mesoscaile lgpundaries/interfaces. XRD
results show that in composite samples there iglat snigration of Cu into the Ag

site. Nanocomposite samples exhibit extremely loaf ~2 mWem' K™ at 773 K,
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which is much lower than that of AgCrSand CuCrSg The composite samples

exhibit a highZT of 1.4 at 773 K.

In summary, the high thermoelectric performance temal stability of selenide
composites make them promising materials to be ursdtermoelectric generators for waste
heat recovery. However, making ohmic electricaltaots on these p-type selenides as well
as finding equivalent n-type materials are the majmllenge in thermoelectric generator

fabrication, and therefore, require detailed inigadions.
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Chapter 5

ZT Enhancement in SiGe
and
Thermoelectric Generators
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5.1 Introduction

This chapter mainly describes the synthesis of Sifermoelectric alloy and
fabrication of thermoelectric generators based.o8iGe is known for its wide application in
space missiond.he potential of SiGe solid solutions as a thermcteic was shown in 1958
by Steele and Rosi [155]. In 1964, Dismukes etpabvided the foundation for future
optimizations with their work on silicon-rich Si@#oys [156]. Although carried out for the
U.S. Navy, this work was later employed by NASA &adioisotope Thermoelectric
Generators (RTGs) operating from 600-1000°C [1,153pecifically, SiGe alloys
synthesized by the time consuming zone levelinggses were first used on the 1965 NASA
SNAP-10 mission. An example of a multihundred wMHW) RTG using SiGe modules
was employed on the Voyager space mission.

In the late 1960’s grain boundary scattering arduge of fine-grained alloys in order
to lower lattice thermal conductivity were studied SiGe [158,159], and Rowe et al have
investigated the grain size effect on the therroalductivity of SiGe alloys [160,161]. In the
mid-1970’s Sandia Laboratories published reviewshensynthesis of SiGe materials by the
chill casting method [162,163,164]. Other invediigas during the 1970’s included various
milling, sintering, and pressing techniques [1656]1®y 1976, SiGe had become the sole
material used in RTGs for all deep space power rg¢ine applications [1]. The 1980’s saw
a diminished interest in all thermoelectric reshass NASA was looking for an alternative
of SiGe alloys. But later on it was found that pits the promise of other advanced materials
when it came to providing power SiGe alloys remditige material of choice due to their

robust nature [167]In 1989, work done by Cook et al at Ames laboratoyoduced
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mechanical alloying, as opposed to zone levelisgg aimpler way to synthesize SiGe alloy
[168]. The advantages of SiGe alloys for fabricated TEG include: (i) stability at higher
temperatures; (ii) ease of synthesis in bulk qigntiii) strong mechanical properties [169],
and SiGe alloy can be easily made to p- and e-typterial by appropriate doping. In 1964,
Dismukes et al presented a detailed investigatidghesmal and electrical properties of these
alloys as a function of composition, doping concaidn and temperature [156,170]. The
requirements of a large energy gap to minimizensit conduction at high temperature and
that of a high melting point favors silicon ricHogls. Substitution of Si by Ge reduces ihe
by an order of magnitude as compared to the undSpeebr e.gx of undoped Si is 12x 10
W/cm-K. By using a simple linear interpolation frdnto Ge it was estimated that at high
temperatures, i.e.; above 300 K, the minimum lattieermal conductivity of 70Si-30Ge is: 9
+1x10°% W/cm-K. Consequently, the most extensively ingegteid alloys were of §iGey.so
Sip.sdG& 20, and Sj ssGay .15 compositions [171]. In this research work, th@dtiometry was
based on eighty percent Si and twenty percent Garmatios. The dopant of P for n-type
samples or B for p-type samples was calculatedprmot these values. The reason that P or B
produces n-type or p-type conductors can be urwmsby observing the valence band
structure for Si or Ge. As, Si and Ge both havalkénce electrons in a shell that has eight
available spaces for electrons. Therefore, Si orc&e share electrons to covalently bond
with four other atoms of each other. Hence, adattif bonded Si and Ge atoms can be
formed. A small number of impurity atoms can bedduced to a Si/Ge lattice. Depending
on the number of valence electrons of the impuaitym, an electron will be donated or

accepted from the semiconductor’'s conduction b&@uaton acts as an acceptor impurity
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creating a hole, while phosphorus acts as a dommuiity giving an electron to the
conduction band.

The driving force for synthesis of SiGe alloys dabrication of TEG in this thesis
work is dictated by the requirement of indigenoeshhology for such generators for space
mission of Indian Space Research Organization (I[SR& they are commercially
unavailable. In this research work both n- andypetSp sGe) 2 alloys were synthesized using
melt-quench as well as ball milling methods. Wsoalliscuss the challenges in fabricating

efficient thermoelectric generators.

5.2 Crystal structure of SiGe

Si and Ge both have diamond structures and thue B&S a diamond lattice (space
group Fd3m) consisting of two inter penetrating face-centecetbic primitive lattices as
shown in Fig 5.1 . The lattice constant is constittdependent and follows the Vegard's law

[172]
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Fig.5.1. Crystal structure of SiGe alloy.
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Fig. 5.2. Si-Ge phase diagram indicating the sfidialion of Sp ¢Ge .
5.3 Synthesis of SiGe alloy

5.3.1 Phase diagram of SiGe alloy

Although Si and Ge are completely miscible in bibig liquid and solid states, a large
separation exists between the solidus and thediigi which makes the synthesis of
homogeneous SiGe alloy difficult. Fig. 5.2 illugés solidification of SigGey 2 (Cs) from a
liquid with composition Sis4£Gey 455(C). Upon cooling, the first solid deposited is ehad
in Si, compared to the melt, and as a result cagbts typically exhibit severe alloy
segregation. Preparation of homogeneous solidsiresgeither a method to maintain the
composition of the melt during solidification ormse process to homogenize the solid phase

[1]. Based on the above fact two techniques weaptad to synthesize the,gb e » alloy.

5.3.2 Melt-quench method

SiGe alloys were synthesized using melt-quenchnigale as described in Chapter 2

[162,163,164]. In this method, brief chunks of 8dde materials (in stoichiometric ratio of
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Si 80 mole% and Ge 20 mole%) were kept in a grapiicible under vacuum (~ fonbar)
and subsequently heated at 1350°C for 10 minutieg uisduction heating. In the molten
state of materials the stirring action is providgcthe eddy currents. For preparing the p-type
material boron (0.2 at%) was intentionally addedttas dopant (mixed with the initial
grinded Si and Ge materials). The quenching of emoihaterial was done by pouring it into
a water cooled copper crucible, which helps in éwvg the segregation of Si or Ge during

the alloy formation.

Fig. 5.3. SiGe alloy synthesized by melt quenchhat(a) highly oxidized surface with greenish
yellow tint and (b) surface appears grey and duihpared to (a) indicating slight oxidation.

For preparing n-type SiGe alloy, red phosphorugyole%) was added as dopants.
Since the red phosphorus vaporizes at 883 K, tbblggn with the technique is that the
dopant gets lost during the process of synthesigh@ alloy formation take place at ~1723
K). In order to avert the problem, the dopants wesgt in the water cooled Cu-crucible. But
it was found that in this process, the dopants werdined only to the lower portion of the
melt. Moreover, the problems with the ingots atdi by this technique are: (i) The material
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tends to be very abrasive, thus making it diffidoltmaintain low impurity levels. (i) The
ingots are not homogeneous and Si-rich portionshasee difficult to reduce than Ge-rich
portions. Therefore, the fines tend to be Ge-rioll the coarser powder Si-rich. Fig. 5.3
shows the photograph of the SiGe alloy synthesiagdnelt-quench technique. Some
portion of the sample exhibits greenish yellow,tindicating the oxidation of the sample.
The inner part of the sample has metallic lustdrictv is un-oxidizedAdditional attention
has always been given to synthesize n-type SiGg HS phosphorus is held in a water

cooled hopper as well as added to the SiGe melbgfere quenching [162,163,164] .
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Fig. 5.4. XRD pattern of SiGe alloys: (a) rapid goieed and (b) slow cooled (Inset shows separate
(111) peaks of Si and Ge).
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The XRD patterns of the melt-quench SiGe alloy #rel sample prepared by slow
cooling of SiGe melt are shown in Fig. 5.4. Ineas slowly cooled SiGe melt, the peaks
corresponding to Si and Ge are well separatedcatidg that SiGe alloy does not form and
Si and Ge phase are segregated. On the other barapfdly melt-quenched samples, three
broad peaks corresponding to (111), (220) and (&8 pbserved, which indicates formation
of single phase SiGe alloy. Therefore, in ordesyothesize SiGe alloy rapid quenching of

melt is essential, which is in accordance withghase diagram shown in Fig. 5.2.
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Fig 5.5. Band Gap of §iGe; by diffuse reflectance UV spectroscopy.

The energy band gap of the melt-quenched &Gea » alloy is estimated from the
by diffuse reflectance near IR spectroscopy and db&ined data reordered at room

temperature is presented in Fig. 5.5. The valuEgolas found to be 0.94 eV. It has been
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empirically established that for 1S{Ge,where x<0.85, the band gap can be estimated using

the following equation:

Eg =112- 041* x+ 0004 x)’ (5.1)
The obtained value ofsfising this expression is found to be ~1 eV, wihsctiose to

that obtained experimentally.

Fig.5.6. Back scattered electron images and thegmonding x-ray elemental mapping images of
melt quenched SiGe alloy.

The BSE image and X-ray elemental mapping of Si @edobtained for the melt-
guenched samples are shown in Fig. 5.6. It is dkah both Si and Ge are uniformly
distributed, which supports the XRD results thagks phase SiGe alloy has been formed.

In order to estimate the density of p-type andpet$iGe alloy, they were pressed
into pellets using vacuum hot press at ~1000 °@uadressure of 500 Kg/énThe density
of the SiGe alloys measured using Archimedes’ jplacexhibited values in the range of
2.7-2.8 g/lcm However, the theoretical density of the allog@snposition dependent and is
given by [172]

Si_,Ge (g/cn?)=(2329+ 3493~ 0499x?) (5.2)
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Thus, for SisGey.» the theoretical density is 3.00 g/ trithus, our samples exhibit ~
93% of the theoretical density.

It may be noted that the p-type SiGe (B as dopawtthesized by melt-quench
technique is comparatively easier unlike n-typeesaBoy. This is because, B is highly stable
and does not melt until 2349 K, and therefore, aidoping of B is possible. It is well
established that 0.4 at% is the maximum solubityB in Si. Based on the information
available, 0.2 at% B was added in the melt ofsS& » alloy. Oversaturation should be
avoided as it leads to deterioration of the proeertThe structural and morphological
properties of p-type SiGe alloys were almost simitathe properties of n-type SiGe, as

described above.

5.3.3 Mechanical alloying method

In this method, constituent elements such as &ia@l the dopants such as red P for
n-type and boron for the p-type were loaded intiousd vials with several balls made of
tungsten carbide, as described in Chapter 2. Chahk#icon and germanium were chosen
over their respective powders to reduce the oxmigamnination in SiGe alloy [173,174].
Powders were milled in a planetary mill (Fritschkajpat 400 rpm under argon atmosphere
for a time period of 24 hrs, 48 hrs, 72 hrs anch@6 Here, the milling time is the total run
time excluding the pauses during the milling. 15ués pause time was introduced after
each run of 30 min to prevent overheating of thelb&®owders were extracted at different
time intervals such as 24 hrs, 48 hrs, 72 hrs &lrS. The vials were then locked as shown
in Fig. 2.6. The striking of the balls against thides of the vial allows for the repeated

fracturing and cold welding of the materials resgjtin a fine alloyed powder. Since
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oxidation will always be a concern for SiGe materidhe alloying was performed in the
positive Argon pressure. Due to powder lost in m#ing process excess P and B were
added to the vials.

In our work, we have used 10 at% P as dopant tgpe-and 0.2 at% B as dopant for
p-type, SiGe thermoelectric samples. As discusgaetthe literature, over saturating of the
dopants, specifically B, is common in SiGe. Thiseowsaturating causes the samples
thermoelectric properties to vary as B or P preaips out of the sample into the grains
[175]. This precipitation will not be seen in anfytbe P samples because of the required
heating and time required to degrade the samplgsepies, but it is very important to be
aware for the B samples. In this thesis, detaitedysof the n-type SiGe alloy was performed
as loss of dopant for n-type alloy remained as @lpm in melt quench method. The
mechanically alloyed nanopowders were filled inphige die set (diameter: 20 mm,
thickness: 20 mm) and rapidly heated (rate 20°Cyrthirough graphite heaters) to 1050°C
then compacted for 60 minutes. After hot presssagnples were rapidly cooled to room
temperature for avoiding the segregation of theadbptoms. Hot pressed samples prepared
from 24 hrs, 48 hrs, 72 hrs and 96 hrs ball mifbedvders will be designated as SiGe-24,
SiGe-48, SiGe-72, SiGe-96 respectively.

The XRD pattern of mechanically alloyed SiGe-6, &i#3l, SiGe-48, SiGe-72 and
SiGe-96 samples are shown in Fig. 5.7. For SiGarfiple, separate diffraction peaks of Si
and Ge are observed, indicating that alloy fornmatitmes not take place, and therefore,
further milling is required for the alloy formatiorXRD results suggest that powders
prepared by ball milling for duration 24 hrs (at 400 rpm) are mechanically alloyed, Wwhic

are polycrystalline in nature without any preseofceecondary phases.
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Fig. 5.7. XRD pattern of SiGe alloy milled for &,28, 72 and 96 hrs.

It may be noted that in our experiment minimum timeguired (~ 24 hrs) for
mechanical alloying of Si and Ge are four times lgsn earlier report [178], which may be
possible due to the high rotation frequency, ustunfisten carbide balls and bowls during
our ball milling experiments.

The impact and shear forces during ball milling g@ss depends on various
parameters such as hardness of the milling meaiation frequency etc. From Fig. 5.7, it
can also be seen that XRD peaks of the ball mslaehples were significantly broadened
(full width at half maximum ~ 0.6°) indicating th@esence of nanocrystallites. From XRD
data mean size of the crystallite was obtained gus¥illiamson-Hall method [176]. In
contrast to the anticipated trend, the crystabitee remains nearly constant between 9 -12

nm for all samples. The observed trend may be altieet competing effects of downsizing of
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crystallites and fusion of crystallites by the fiom induced heat during the ball milling.

Apparently, no peak that could have been attribtwedny secondary phase was identified,
indicating that all the samples were nominally mamesic. Moreover, there is a small line
intensity variation and systematic blue shift ie ragg position as compared to that of the
bulk Si samples. These can be attributed to theresipn of the cell and decrease in the

crystallite size.

Absorption (arb. units)

Fig.5.8. Electronic absorption spectra for SiGeyapjowder ball milled for 6, 24, 48, 72 and 96.hrs

For all ball milled SiGe alloy samples, thg\E#as experimentally determined by the
diffuse reflectance near IR spectroscopy, and titaeimed spectra are shown in Fig.5.8. The
band gap value for SiGe-24 sample is found to BeeV, which systematically increases up
to 0.99 eV with increase of ball milling time up 7@ hrs. The evolution of the band gap of
SiGe alloy as a function of ball milling time caa httributed to the building up of stress in
the material due to creation of defects. Howevar,SiGe-96 sample fvalue decreases to
0.93 eV, which is possibly due to the release mafsst (less defects in the material). The band
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gap values obtained in the present work are camiswith earlier reports [177]. The
theoretical density of hot pressed SiGe-6, SiGeSi@e-48, SiGe-72 and SiGe-96 samples
measured was ~2.9 g/émvhich is 96% of theoretical density.

In order to obtain the information regarding theemical homogeneity of the
mechanically alloyed n-type SiGe BSE and x-ray eletal mapping image of Si, Ge and P

of hot pressed alloy was acquired as shown inF=®(a-p).

Q\V
N~
o)
)
0p]

SiGe-96

Fig.5.9. BSE and x-ray elemental mapping imagei, 058 and P of hot pressed n-type SiGe alloy.
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The detailed microstructural analyses of mechalyicaloyed SiGe samples were
performed using TEM. It is interesting to note tA&M images of all ball milled powder
samples, as shown in Fig. 5.10 (a-d)) exhibits @maus / crystalline nano-scale features
(encircled with white dotted line). However for fi&s ball milled powder sample, in addition
to the amorphous/crystalline nano-scale featurebenbulk, large numbers of dislocations
are also seen in the image (marked by arrows inFi@ (c)). The origin of dislocations can

be attributed to the repeated deformation of theera during the ball milling process.

Fig. 5.10. TEM images (a) 24 hrs (b) 48 hrs (chi2(d) 96 hrs ball milled n type — SiGe alloy. The
region within dotted white line shows the nanosdabltures within the bulk. The arrow marked in
image (c) shows the presence of dislocation.
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Fig. 5.11. TEM images of hot pressed SiGe alloyspas prepared (for different ball milling time)
from the SiGe alloys powder. The region enclosethiwithe white dotted line shows the nanoscale
defect structure in the SiGe matrix.

Fig 5.11 shows the TEM images of the vacuum hotgeé SiGe alloys samples.
From these images it can be seen that each saxipl@tehe incorporation of the different
type of nanoscale defects structure (encircled witite dotted line) in the bulk. For SiGe-
24 (Fig. 5.11(a)) and SiGe-48 (Fig. 5.11(b)) sampleanoscale amorphous/crystalline
structures can be seen in the matrix. A comparcdothne TEM images of the 72 hrs ball
milled powder (Fig. 5.11(c)) and SiGe-72 sampley(/A.11(c)) suggest that the dislocation
formed during the ball milling process forms a buradter hot pressing. The formation of
dislocation bunch in the SiGe-72 sample could betduhe movement of dislocation due to

application of high temperature and deformatiomaterial (due to application of load) and
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their subsequent pinning at some defect sites. Figm5.11(d) it can be seen that for SiGe-

96 sample only few defects (sub boundaries) caseba.
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Fig. 5.12. Temperature dependence of(d}) p and (c)power factor of melt-quenched p-type
SiGe alloy.

5.4 Thermoelectric properties of melt-quench SiGe allgs

5.4.1 Temperature dependence AT for p-type SiGe alloy

Thea andp were measured for p-type SiGe samples in the teahpe range of 300-

1200 K. The obtained results along with calculassdperature dependence of power factor

(PF=a?/p) are shown in Fig.5.12. The observations drawmftioese figures are:

(i)

The room temperature valuesois 124.3 pV/K, which linearly increased to ~ 240
HV/K at 1175 K. These values are higher to thosh®imechanically alloyed and hot

pressed samples. The positive sign ofdhedicates that synthesized alloy is p-type.
However, above 1200 K, the shows an upturn which is attributed to the thermal

excitation of the minority carriers across the glipus a negative contribution arises
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from the conduction band carriers and themét reduced. This is also regarded as
the onset of bipolar diffusion as mentioned in ¢baf.
(i) Thep value at 300 K is ~11.4¢¢+rm which increases to ~31.L4m at 1200K. The

increase in the value is expected as the B-doping in the SiGeyatimakes it a

degenerate semiconductor.

(i) The power factor shows a maximum value of 0.195 What-975 K.

5.0

a b
48p Q%%M ( ) ( )
& -t
L 4o %
— 3,
£ a4} ***
S ﬁ** *
™ %, %
I ﬁw*
40p
. . . . 2.0 ——
200 400 600 800 1000 1200 05 10 15 20 25 30 35
T(K) T(K)
a2}t I
© > @ &
a0} o
S04} °
_38} Y o
- < 03} o
v 36} £ o
A\ = °
£ 3.4} =0.2f o*
= < o
532 " 01 o .“ ®
30r 00k eeser®

28 2 2 2 2 2 2 2 2 2 2 2
200 400 600 800 1000 1200 950 1000 1050 1100 1150 1200
T(K) T(K)

Fig. 5.13. Temperature dependence ofi(@)) k-« (c) x; and (d)x, of melt-quench p-type
SiGe alloy.

Fig. 5.13 shows the temperature dependenae of e, x andxy,. Thex shows an
initial decrease with temperature upto 1000 K, Wwhat higher temperatures take an upturn.
The initial decrease iRy, IS €xpected as it is case of degenerate semictorduehere the
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phonon scattering increases with temperature. fitrease i for temperatures >1000 K is
attributed to the ambipolar diffusion of electroasd holes i.e. bipolar contribution (as
discussed in Section 1.4.2. In order to determieecbntribution ok in x, xpi Was estimated

at high temperatures similar to that discusse@mm 3.3.1.Thus in this temperature range,

ke €quals tox; shown in Fig. 5.13 (c). However, for temperatusd900 K, k- x. deviates
from the linearity and show an upturn due to theolar conduction. Thus, the contribution
of xpi is estimated by subtracting the extrapolated vafug (i.e. the fitted line) fromc- e,
which is plotted in Fig 5.13(d), shows thg vs T plot at high T. It is evident that at high
temperatures, the contributions from are predominant, which needs to be suppressed

effectively as it degradesin addition too.
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Fig.5.14 Temperature dependence of ZT of melt duertype SiGe alloy.

Based on the experimentally measuse@ andx the temperature dependenceZat

is calculated and is shown in Fig. 5.14. It is séetZT attains a highest value of ~ 0.5 in the
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temperature range of 1100 K, which is the operatergperature range of the SiGe based

TEG . The data matches close to the RTG data givére literature [178].
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Fig. 5.15. Temperature dependence of (a) Seelmfkaient (b) resistivity and (c) power factor of
melt quench n-type SiGe alloy.

5.4.2 Temperature dependence oZT for n-type SiGe alloy

The temperature dependences:andp were measured for n-type SiGe samples in
the temperature range of 300-1200 K, shown in &igj5 (a) and (b). The obtained results
along with calculated temperature dependence ofepdector (PF=a’/p) are shown in
Fig.5.15 (c). The major inference drawn from thiégeres are:

(i) The room temperature values ois -315 pV/K, which linearly increased to ~ -430

HV/K at 850 K. These values are higher to thosthefmechanically alloyed and hot

pressed samples. The negative sign obth@icates that synthesized alloy is n-type.
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However, above 800 K, the shows an upturn which is attributed to the thermal
excitation of the carrier across the gap. Thusgatiee contribution arises from the
conduction band carriers and the aé$ reduced. This is also regarded as the onset of
bipolar conduction as mentioned in chapter 1.

(i) The p value at 300 K is ~1400Q+m which decrease to ~120@pm at 600K,
remains constant till 800 K and again decreas@dquQ-m at 1100 K. The value
was quite high and shows insulating type behavotually the melt quench method
struggles with achieving the optimal carrier corication in n-type phosphorus doped
materials. Since synthesis of alloys materialsaisied at 1723 K, the phosphorus is
literally lost through vaporization. This procesanceasily be seen occurring by
watching the dynamic vacuum of the melt quenchesgstwhich begins to spike
around the vaporization temperature of red phosEh883 K. Thus, it is no surprise
that the final phosphorus dopant levels are vefferdint from the initial nominal
compositions in the melt quench process i.e. theemah is deficient of the dopant
and thus there occurs decrease in the carrier ntlaten. Moreover, the wide gap
between the solidus and liquidus lines in Si-Gesphdiagram leads to the formation
of inhomogeneous alloy as shown in Fig. 5.3. Thgrsint part in the vs T plot can
arise due to inhomogeneity in the bulk SiGe allogl/ar inhomogeneous distribution
of the dopant phosphorus.

(i) No appreciable hysteresis has been measured oatedpermal cycling, indicating
that the alloy does not degrade upon heating th egnperatures. This has an
implication that the synthesized n-type alloy idtale for device applications

whereby devices are subjected to a repeated theyuolahg.
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(iv) The power factor shows a maximum value of 180 p\Watk-1100 K. The low P.F.

is due to the highp value.
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Fig.5.16. Temperature dependence of (a) thermalwiivity and (b)ZT of melt quench n-type SiGe
alloy.

Fig. 5.16 shows the temperature dependence dhex shows an initial decrease
with temperature upto 700 K, which at higher terapges take an upturn. The initial
decrease irkpia IS expected because in case of degenerate semiorsl the phonon
scattering increases with temperature. The incrieeséor temperatures >700 K is attributed
to the thermal excitation across the band gap iGassed in Section 1.4.2). In order to gain
an insight into the contribution af; at high temperatures, it values was estimatedodn
temperature, the, was estimated to be 0.00468 W/m-K. The lawcan be due to the high
resistivity of the material. So it can be said thhe major component ef wask, i.e. heat

conduction was through phonons. Although, the ¢fdébipolar conduction is seen, its value
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is negligible compared ta and thus not plotted. Fig. 5.16(b) shows #ieas a function of

T. At 1100 K, theZT shows a value of 0.12, which is too low.

5.5 Thermoelectric properties of mechanically allogd n-type
SiGe alloys

5.5.1 Temperature dependence &T

Fig. 5.17 (a-f) shows the temperature dependendkenimoelectric properties of the
hot pressed n-type SiGe, which were prepared flmmanopowder ball milled for different
duration. In general spark plasma sintering (SREhrtique is used for making bulk
nanostructures samples [143]. In SPS process ¢égtdhre grain growth, pulse current with
very short time scale is passed through the gredatpf nanopowders and it momentarily
generates a plasma (with high localized temperpttréhe high resistance regions of grain
boundaries. However in our work, simple vacuum prassing of ball milled powders was
carried out with rapid heating and cooling ratespie@serving nanostructure. For comparison
purpose, thermoelectric properties of SiGe alleyorted by other groups (143,178,179) are
also shown in Fig. 5.17 (a-f).

Fig.5.17 (a) shows the temperature dependence aff ball-milled and hotpressed
samples and ball-milled and spark plasma sinteés&5] SiGe alloy. The exhibited by the
hot-pressed samples were higher than the SPS samakeially this trend should have been
opposite as the grain growth takes place duringhtitepressing. A higlp in the hot pressed
samples can be due to the loss of dopant as waikeasunching of the defects created during
the ball milling. The presence of defects redubescharge mobility, which in turn lead to an

increase imn.
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For all sampleg increases with temperature up to 800 K, which e¢haracteristic
feature of the highly degenerate semiconductor9][18bove 800 K, for all samples a
decrease i is attributed to the onset of intrinsic conductidune to thermal excitation of
charge carriers across the band gap. In orderdpthe dependence of tpeon the ball
milling time, we have estimated the free carrienaantration i) of synthesized sample at
room temperature using Hall measurement. At roanpegature all samples exhibits nearly
same value ~ 1.03x18° cm®, which suggest that synthesized material is healdped and
difference inp of the samples is purely due to difference inrtbbarge carrier mobilityp).

In generalu is a reflection of crystalline structure of themseonductors. From the

room temperature value ofandp, we have derived the using relationp = %qu . Typical

room temperature value @f for SiGe-24, SiGe-48, SiGe-72 and SiGe-96 samplese
respectively found to be 43, 12, 14 and 20°/shs. The initially lowering ofu from 43
cn?/V-s to 12-14 criV-s can be correlated with creation of more andemaumber of
defects within the material due to increasing balling time up to 72 hrs. With further ball
milling of the SiGe alloys the defects created ieartan get annihilated, hengestarts
increasing again for SiGe-96 sample. These reardtsn agreement with the microstructure
of the prepared samples as discussed in the &tdos.

The temperature dependence of ¢hie shown in Fig.5.17 (b), the negative sigrof
suggests electrons as majority charge carriers rfitype nature) in the material. In the
temperature dependenceogthe effect of onset of intrinsic electrical condautis also seen
above 800 K as a decreaseninSiGe alloys have a finite band gap and aboveg0the
thermal excitation of carriers across the gap issjme. As a consequence, a negative

contribution toa arises from the valence band carriers and thex ngtreduced [181,182].
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From the temperature dependencencdr p, one can also estimate the band d&g 6f
material using eqn. 3.1,[135]. Using this equatibe E; values was found as 0.78, 0.88,
0.99 and 0.93 eV respectively for the SiGe-24, SABeSiGe-72 and SiGe-96 samples. The
Eg values obtained from the temperature dependene®ns are in good agreement with the
Eg estimated from the diffused reflectance data.

The temperature dependent power factdp] of the samples is plotted in Fig.
5.17(c), which shows that among all the sampleghést (~ 2586:WK™?m™) and lowest
power factor (~ 157QUWK™?m™) are respectively observed for the SiGe-24 andeSi%
samples in the entire temperature range. This tresigjgests that ball milling time has a
significant effect on the electronic transport s of the hot pressed SiGe samples.
From Fig.5.17 (c), it may be seen that power faofadhe samples synthesized in the present
work is lower compared to the earlier reported wedssibly due to the difference in doping
and internal structure of the samples.

Temperature dependencekofs plotted in Fig.5.17(d), it reveals that SiGesénple
exhibit lowestk~ 0.93 W/m-K. More importank of SiGe-72 samples much lower than that
reported by other groups. From theelectronic contributionkf) of thek can be estimated by
Wiedemann-Franz law using the Lorentz number a4 2.10° WQK™, By subtracting ke
from k, we obtain the lattice contributiork)X to the totalk. Fig. 5.17 (e) shows the
temperature dependence of estimaked which reveals that SiGe-72 sample exhibit the
lowest ki ~ 0.5 W/m-K at 1073 K along with a very weak degpamce on temperature
(signature of glassy behaviour).

A brief summary of the thermoelectric parametershef hot pressed SiGe alloys at

1073 K is given in Table-5.1.
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Table 5.1 : Summary of thermoelectric propertieSi@e alloys at 1073 K.

Sample a (nV/K) p (nQ-m) x (W/m-K) P.F. (uW/ m K?) ZT  Ref.
SiGe- 24 250 24.1 3.4 2587 0.81 This
work
SiGe-48 274 50.9 3.8 1670 0.45 This
work
SiGe-72 284 45.3 0.93 1575 1.84 This
work
SiGe-96 274 45.2 2.8 1693 0.65  This
work
SiGe 241 20.4 2.5 2884 1.2 180
SiGe 288 27.2 2.3 3032 1.38 143
RTG 222 14.7 3.¢ 337: 0.8¢  17¢

The obtained results suggest that thermoelectopeasties of synthesized sample
depend on ball milling time. It is interesting tota that although the power factor is lowest
(~ 1575uW/K?m) for the SiGe-72 sample among all samples, bryt lsv value of thermal
conductivity ~ 0.93 W/m-K results in higheZT ~ 1.84 ever reported for SiGe alloys as
shown in Fig. 5.17 (f). The obtainedl value is about 34% improvement over the best
reported value so far reported for n-type SiGeyalld79].

5.5.2 Sources of error associated iAT estimation

Since the most common source of error in the estimaf ZT could be the errors in
the estimation ok (particularly due to errors i€, measurement). However to confirm our
results, significant attention has been paid fa éistimation ok of SiGe-72 sample and
hence C, was estimated in three different ways: comparativethod using laser flash

apparatus, differential scanning calorimeter (DS@Y from Dulong-Petit law. The results of
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C, measurement are shown in Fig. 5.18 (a), it care®m that th€, values obtained from

DSC are 18% higher as compared to that obtained émmparative method.
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Fig.5.18. Temperature dependence of the thermoielgmtoperties of hot pressed SiGe-72 alloys
sample (a)C, estimated by different methods (b) Thermal diffitgi (c) Thermal conductivity and
(d) Figure of meritZT).

Fig. 5.18 (c) and Fig. 5.18(d) respectively shoWws temperature dependence of
thermal conductivity andT estimated fronC, data obtained in different ways. It can be seen
that near room temperature th& obtained from DSC and comparative method are yearl

close, while at 1073 K the comparative method g8/&s higher value.
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Fig.5.19. Temperature dependent specific heat ¢€ppt pressed SiGe alloy samples.

From Fig. 5.19, it is interesting to note that altbh all samples have identical
chemical composition but there Cp differs signifitg over the entire temperature range. In
order to explain why Cp systemically lowers downtfte hot pressed samples prepared from
the powder obtained at higher ball milling time, prepose the followingThe specific heat
of a material is basically the ability to absorle tthermal energy. On a microscopic scale
each materials absorbs thermal energy accordingedew degrees of freedom (such as
translation, rotation vibration etc) available taand it contributes to the specific heat. The
specific heat has two contribution i.e. lattice atettronic. In the non-metallic solids, at high
temperature the lattice contribution for specifieah dominates. Due to the presence of
defects in the lattice (microstructure) of the mate some of these degrees of freedom are
not available for storing the thermal energy; iclsgases the specific heat will be lower as

compared to ordered material with identical comipmsi
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5.5.3 Reason for HighZT of SiGe-72 from microstructural point of view

Now, we shall discuss the role of these defectsiraes in the scattering of phonons.
The mechanism of phonon scattering depends onwagielength. In any material, phonons
have a spectrum of wavelengths and mean free palthh@se contribute to the total thermal
conductivity. When the dimensions of the defectsclusions are comparable to the mean
free path, this phonon gets scattered. In alloysstiy there is a strong scattering of short
wavelength (~ 1- 10 nm) phonons due to mass-mismaftendividual constituent atoms or
due to the local bond strain induced by defectser@lore alloying was a conventional
approach in the beginning to achieve the low théooaductivity. The scattering of the mid
wavelength (~ 10- 100 nm) phonons is achieved tditdhe nanostructuring [27,28,70]. The
interface between nanoscale feature and matrixspdalyimportant role in such scattering.
The scattering of the long wavelength (>100 nm)nams is achieved by the meso-scale
grain boundaries present in the material. In v@éesombination of inter-atomic scale features
(alloying) and larger features (nano-scale, mestesgrain boundaries and dislocations) can
effectively scatter phonons over a large range fremmall to long wavelengths. Hence
microstructure investigation of SiGe alloys suggést significant reduction d€ in the hot
pressed SiGe-72 sample is mainly due to the soajtef the spectrum of phonons by atomic
level defects (due to mass difference of Si, Ge Rpdamorphous / crystalline nano-scale
features, grain boundaries between the differetit bud nanocrystallites and from large
amount of dislocation containing regions. It maynmted that apart from dislocation other
defects/ nanoscale features are present in alt eiiaples prepared from ball milled powder

therefore it can be concluded that dislocation playvery important role in scattering of
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phonons. Fig.5.20 shows the bar chart representafithe summary of T research in SiGe

alloy till date and schematic showing mechanismwioe spectrum of phonon scattering.
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Fig. 5.20 (a) Bar chart showing tA& research in SiGe alloy till date and (b) schemajiresenting
mechanism of wide spectrum of phonon scattering.
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Fig.5.21. (a) TEM image of the SiGe-72 sample adtenealing at 1000°C for 4 days. The region
encircled with white dotted line shows the preseoicdislocations in the sample. (B) values (at

maximum temperature ~ 1073 K) for the six numb&%-$6) of SiGe-72 samples prepared under
same experimental condition.
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5.5.4 Reproducibility and thermal stability

From the application point of view the reprodudtiland thermal stability of such
nanostructured SiGe alloys is of great concern.t€sting the reporoducibity six SiGe-72
samples were prepared under similar condition gpital ZT values of all samples shows a
deviation of £ 5% around 1.8 (Fig. 5.21(a). We halso carried a thermal stability test by
annealing SiGe-72 samples in a furnace for 4 dage@0°C in air and we did not notice any
significant degradation of the thermoelectric pmties. In the TEM images of the annealed

sample dislocations bunch can also be seen (FE(15.

5.6 Fabrication of unicouple SiGe based thermoelaat
generators

In the previous sections, we have demonstratedSia¢ alloys can be synthesized
using both melt-quench as well as mechanical altpyTheZT of n-type SiGe synthesized
using mechanical alloying was as high as 1.8. Hengwtype SiGe with matching ZT could
not be synthesized using mechanical alloying, fobictv efforts are underway. Therefore, the
thermoelectric generators could not be fabricateihgy materials synthesized using
mechanically alloyed materials. On the other hahd ZT values melt-quenched n- and p-
type SiGe alloys were in the range of 0.1-0.5 (&t3K), which is largely due to the phase
segregations and grain growth. The advantage efrtiéthod is that both n- and p- type
SigeGexp can be prepared in large quantities for deviceidabon. Thus we have fabricated
prototype generators using Mo as interconnect. =R (a) shows the schematic diagram for
the fabrication of single p-n-couple Si-Ge basedias. Here n- and p-type thermolegs

having carbon layer at the ends were placed in stebehousing and joined using
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molybdenum (Mo) strip and Ag-disc as brazing materThe carbon layer serves two
purpose: (i) it is effective in absorbing therméless caused by a mismatch of thermal
expansion between Mo, Ag-disc and Si-Ge alloyifigvoids the direct reaction between Ag
and Si-Ge thermoelements, which otherwise leadsety high contact resistance [10]. The
entire assembly was vacuum hot pressed (vacuum 1€ 25orr) at optimized bonding

temperature of 1323 K. The photograph of fabricgederator is shown in Fig. 5.22(b).

Asbestos

Mo strip housing

Ag disc as Mo strip

brazing alloy

1 Ashestos
1 n-.typ.e _|[housing

pﬂ-cle i
Lw _l.r:.l.':'l,
AT

Carbon layer

Fig.5.22. (a) schematic and (b) photograph oittieouple SiGe based TEG.

The four probe resistance of the geneartor wasdfdonbe 58 . In order to
characterize the generators, they were placedchonze-made testing set up having a spring-
loaded hot surface and water-cooled copper basetérhperature of hot surface and water-
cooled surface was determined by thermocouple hathto them by thermally conducting
cement. The thermoelectric generator was sandwitieddeen hot and cold surface. The
testing setup along with the device was kept ime@uum chamber evacuated to 4%1@bar
of vacuum. After achieving the vacuum, argon gas wé&oduced in the chamber through
the needle valve maintaining a dynamic argon pressiu500 mbar and heating of the device
was started. Characteristics for a typical onegegerator as function of hot side temperature

are shown in Fig. 5.23.
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Fig. 5.23. Characteristics of typical single p-migle SiGe based TEG as a function of T (a)open
circuit voltage (\bc) (b) load voltage (V) (c) load current ()and (d) power output (P).

For hot end temperature of 1173 K and temperatufferehce of 873 K, the
generator shows an open circuit voltagg{Mof 230 mV and maximum output power of ~
0.2 W (with load voltage of 120 mV and current of4 A). Heat flow for this generator is
found to be 16 W, hence the working efficiency loé thermoelectric generator is ~ 1.2%.
Contributions to R were determined by measurement of four probe resystof each
material and for a one leg generator was founcetRRsice= 7 N2, Ry-sige= 11 N2, Ryo =
12 mQ, Reaon= 0.1 N2, and Ry = 0.0006 n@ yielding a total materials resistance of R

30 mQ. The difference between device resistance (%8 and the material resistance, R
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yields specific contact resistance for each elertebe 6.5 - cnf (3.25 nf2-cnf for each
contact). For Si-Ge based single leg generatorcdindribution of contact resistance to total
device resistance was found to be 50%, hence tivesmoelectric generators shows low

efficiency (~ 1.2%). Further efforts are being mémleeduce the contact resistance.

5.7 Conclusions

In conclusion, we have demonstrated synthesis tif hoand p-type SiGe alloy by
melt-quench method. Synthesis of n-type SiGe It dricky as P is vaporizing and less
stable, and therefore, a trick, of keeping the Pthan copper mould before SiGe melt is
guenched onto it, was employed. However, syntheip—type SiGe is comparatively
easier. The temperature dependences pf x andZT were measured for both the n-and p-
type SiGe alloy. Th&T of n-type and p-type SiGe alloys were found toObE2 and 0.5,
respectively. LoweZT for n-type SiGe alloys is due to loss of P. Tlhieamtage of this
method is that both n- and p- typedSie, can be prepared in large quantities for device
fabrication. A prototype unicouple SiGe thermoeaieajenerator was fabricated using the n-
and p-type SiGe alloy with Mo as interconnect. Gamerator, for hot end temperature of
1173 K and temperature difference of 873 K, yieldethaximum output power of 0.2 W
with working efficiency of 1.2%. This efficiency iguite low, and in order to improve the
efficiency it is essential to have the materialshigh ZT and the methodology of obtaining
the low contact resistances.

The n-type SiGe alloy was also synthesized usirgnifing method. A highest
reported ZT ~ 1.84 at 1073 K in hot pressed nanostructurek &ilGe alloys was

demonstrated. Although the power factaef/g) of our SiGe alloy is lower compared to the
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earlier reported values but large improvementZihis the result of a significantly low
thermal conductivitjk ~ 0.93 W/m-K at 1073 K in these samples. Very i@lue of thermal
conductivity in these samples is attributed to shattering of the spectrum of phonons by
dislocations, nanoscale amorphous / crystallinéufea and grain boundaries introduced in
the bulk during the process of synthesis. Synghetp-type SiGe alloy with matchingr
using mechanical alloying as well as fabricationtted thermoelectric generators with low

contact resistances is underway.

217



Chapter 6

Summary and Conclusions
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The motivation of this dissertation was to develmgligenous technology for
thermoelectric power generators using conventidregvily doped semiconductor alloys,
such as, PbTe, TAGS and SiGe alloys. These gemerare needed by Indian Space
Research Organization for their space missionadtiition, thermoelectric properties of new
materials were investigated from the view pointsirafreasing their figure-of-merit. The
materials investigated in this thesis are: n-typ&d®and p-type TAGS-85; n-type SiGe and
and p- type SiGe, p-type Tigeand n-type CiliSe,, PbTe,Sg, CuCrSe and
CuCrSe/AgCrSe. Thermoelectric power generators require n-type pstype themolegs
with matchingZT, which are connected electrically in series ararttally in parallel. Apart
from high ZT, fabrication of efficient thermoelectric generataequires electrical contacts
having very low resistance at various interfacasywall as maximum heat transfer though

device while minimizing the thermal shunt path.
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Fig. 6.1.ZTyax0f various materials studied in this thesis.
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In this thesis work, thermoelectric materials wsyathesized using melt-and-rock

(e.g. PbTe and TAGS alloys), melt growth (all s&les), melt-and-quench (n- and p-type

SiGe) and mechanical alloying (n-type SiGe) methdde synthesized materials have been

characterized for structure and morphology. Thei@aconcentrations in all the materials

were in the range of 1$10* /cm®. The temperature dependence of thermopower, iglectr

resistivity and thermal conductivity were measutecstimate the value &T. The major

results on these materials have been presentde antd of the corresponding Chapters in

which they are described in. TE&nax0f various thermoelectric materials investigatedhia

present thesis work are summarized in Fig. 6.1eBas the matchingTmax thermoelectric

generators from following pairs have been fabridate

(i

Generators based on n-type PbTe and p-type TAGS als having nearly
matching ZTmax at 730 K. Low contact resistance thermolegs were fabricasaag
PbTe andTAGS-85 alloys with metallic shoes basetherconcept of graded layers.
In PbTe thermoleg, the sequence of the differengerla was Ag disc/
Fe/PbTe+Fe/PbTe/PbTe+Fe/Fe/Ag disc. This sequeases@lected based on the fact
that Ag-Ag bonding can be easily made by diffudimmding process. Since at high
temperature Ag diffuses into PbTe, degradatiorhefrhoelectric properties of PbTe
takes place. Therefore, an interfacial Fe layer wasduced between Ag and PbTe.
This is because Fe is immiscible with Ag at equilin i.e. they do not inter-diffuse.
However, the negative aspect is that the CTE ofedbP3x10 K™*and Fe is 12x10
K at 25°C. Therefore, hot-pressing of Ag/Fe/PbTégethermolegs leads to
cracking at the Fe/PbTe interface and the thernsodeg easily broken. In order to

solve this problem, a graded layer of a homogenewaigrial consisting of 50% Fe
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+50% PbTe was inserted between Fe and PbTe, simeentixture has the
intermediate value of CTH.herefore, it solves the issue of CTE mismatch of Pe
and PbTe. On the other hand, for TAGS-85 basedntblegs, a buffer layer of SnTe
was used. Despite of having good match of CTE dfeSand TAGS-85, the added
advantage of SnTe layer is that it is also a p-ty¢erial which inhibits the diffusion
of Ag into TAGS-85, which provide low contact rdasisce and good aging
characteristics.

We have demonstrate 2p-n, 6p-n, 8p-n legs TEG.artypical 2 p-n leg
device, the average specific contact resistancefovaml to be< 10uQ-cn. For a hot
end temperature of 500°C and a temperature diferef 410°C, two legs devices
exhibited typical output power of1.2W (at current of 17 A) with a working
efficiency of 6%. The devices have been continuowglerated for more than 12
months without any degradation.

(i) Generators based on p-type TiSeand n-type Cuw 11TiSe; having matching ZT max
at 650 K. The ZTyax values for these materials were found to be 04 @15,
respectively. The efficiency of the generators ¥asd to 0.1%, which is quite low.
The reasons for low efficiency were found to be BWand high contact resistances.
Despite of low efficiency, these generators areoaraging as they have selenides,
which are alternate to very expensive tellurides.

(iif) Generators based on n-type SiGe and p-type SiGe, thogrown by melt-quench
methods. The ZTyax (at 1150 K) for n-type SiGe and p-type SiGe alloyss found to
be respectively~0.12 and 0.5, which has been attributed to losslagfants, phase

segregation and grain growth. The generators gtie&h power output of 0.2 W and an
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(i)

(ii)

(iii)

efficiency of 1.2% for 1 p-n leg device. The highntact resistance (3.25%rcnT) is
found one of the major factors for low efficiency.
In addition, as summarized in Fig. 6.1, various arats (either n-type or p-
type) with record Zfax has been obtained. These include:
n-type PbTe)sSe s showsZT of 0.95 at 600 K which is attributed to the strong
disorder in the crystal lattice due to atomic msstuation. This disorder leads to
increase in the point defects which scatter theoritgjcharge carriers independent of
energy, so the variation of the DOS at E increakss]ing to a highu value. In
addition, phonon scattering by defect states léadsdramatic reduction of the The
increase inw and the reduction in theoutweighs the increase in theand thereby an
increase in ZT is obtained.
p-type AgCrSe, and CuCrSe, show ZT of 0.85 and 1 at 773 KThese selenides
have layered structure and are known to exhibiesapic conductor exhibiting the
concept of phonon-liquid electron crystal. The s¢ralisorders due to the presence
Cu/Ag ions yield very lowx and highe. In addition, The presence of various
nanoscale amorphous regions apart from micro-stedéures contribute to the
lowering ofx;.
p-type (AgCrSe)os(CuCrSe)os hanocomposites show T of 1.43 at 773 K. In
addition to the beneficial features of individualg@rSe and CuCrSg for
enhancement ofT, the nanocomposites exhibits presence of nataifakcale
hierarchical architecture that reducego extremely low values. The all scale
hierarchical architecture consists of: (i) atongale disorder produced by Ag/Cu ions

that scatter low mean free path phonons, (ii) nealesfeatures and high angle grain
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boundaries between the nanosized grains of CuCns® AgCrSe that scatters mid
wavelength phonons; and (iii) mesoscale CuggBecipitates that scatter the higher
mean free path phonons. These nanocomposites awerd fo be stable for prolonged
periods.

(iv) Mechanically alloyed n-type SigGeo show record highZT of 1.84 at 1073 KA
large improvement irZT of the mechanically alloyed n-type SiGe is a resil
significantly low thermal conductivittk ~ 0.93 W/m-K (at 1073 K), which is
attributed to the scattering of the spectrum ofnams by dislocations, nanoscale
amorphous / crystalline features and grain bouedarntroduced in the bulk during

the process of synthesis.
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Fig. 6.2. Schematic representation of technologyeligment of thermoelectric power generators
requiring competence at multidisciplinary scienaedifferent length scales.
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To sum up, the technology development of thermoetepower generators requires
competence at multidisciplinary sciences (i.e. pisyschemistry, materials science and
engineering) at different length scales, as scheaigt shown in Fig. 6.2. To an extent, this
thesis has been successful in demonstrating thigeimous development of thermoelectric
generators with an efficiency of 6%. This thesgabpens up following work in the future:

» Synthesis of new n-type materials having compatfileof ~1.43 (at 773 K) that has
been obtained for p-type (AgCrd&s(CuCrSe)os nanocomposites in this thesis
work. One of the possibilities is to replace thisatemial with TAGS-85 in
PbTe/TAGS-85 generators. However, finding appraeriaethodology for obtaining
the low contact resistance would be a challenge.

» Synthesis of p-type &Gen using mechanical alloying process that has corleati
ZT of 1.84 (at 1073 K) that has been obtained for raedally alloyed n-type
SiggGey. Of course, the challenge of making low contasistance in SiGe based
generators is another issue.

* PbTe/TAGS-85 thermoelectric generator is operabléra K, while SiGe operates at
>1073 K. Therefore, in order to achieve higherosficy a cascade device can be

fabricated.
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