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Abstract of the Dissertation

Microstructure Investigation of Thermoelectric Materials
By
Juan Zhou
Doctor of Philosophy
in
Materials Science and Engineering
Stony Brook University

2010

Thermoelectric materials can convert heat directly intotred#ty and hence
may play an important role in the future of energy conversion. In shelézade, the
performance of thermoelectric materials has been enhancedrdidist Most of the
progress is obtained through a control of the microstructure cfterial. Especially,
nanometer scale substructures present in the materials aghtthioulay a critical
role for the significant reduction of lattice thermal conductiabd enhancement of
figure of merit. A comprehensive understanding of the role ofrtieeo- and nano-
scale structural features on the electron and phonon transport wollikktéathe
design of more efficient materials. To achieve this, an acculedeription of the
detailed structures of these features, their formation mechgnema interactions

with the matrix is necessary. Such a work is also helpful &tabéishing the



correlation between the microstructures, materials synthesis tl@rthoelectric

properties.

Advanced analytical tools such as X-ray diffractometry (XR&9anning
electron microscopy (SEM), and transmission electron microscpyM) etc enable
probing the material structures at different length scates tlzerefore help to give a
comprehensive and detailed description of many interesting strutatares of a
material. In this work, microstructure investigation of two kinds altmpromising
thermoelectric materials has been conducted via these tools to utitewerderlying

structural mysteries which lead to their superior thermoelectric preperti

AgPbigSbTeo ((PbTe)-(AgSbTe)x with x ~ 0.05 or LAST-18) is the
material from which the highest figure of merit has been oldaimeall known bulk
thermoelectric materials. For this material, high resolutid@dTimaging and
structure analysis have been intensively employed to uncover tictusat details of
the nanoprecipitates prevalent in the single crystal samplég tatomistic scale. The
underlying mechanism for the nucleation of the nanoprecipitatethamdnteractions
with the matrix lattice are also discussed through the coordinatage simulation

and large scale density functional theoretical (DFT) calculations.

CeFqSh,, a p-type filled skutterudite compound, has been prepared in our
group through a novel non-equilibrium synthesis method combining melt spinning
and spark plasma sintering (SPS). Remarkable improvements in boificaleand

thermal transport properties have been achieved in them when compainedd of



the same materials prepared by the conventional way. A conveanaitrostructure
study of the CeR&hy, bulk samples prepared by both the non-equilibrium and
conventional methods has been carried out in order to understandrubteirat
origins for the substantially improved thermoelectric propenti¢se non-equilibrium

synthesized samples.
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1. Introduction

1.1. Thermoelectric basics

Serious concern about worldwide energy crisis and greenhouse ledfect
driven the demand for alternative energy to reduce our dependerfossinfuels.
Thermoelectrics allow for the direct energy conversion betweahdral electricity
using thermoelectricity. Thermoelectric (TE) power generators convert heat directly
into electricity without hazardous emissions, and thermoelectfigeeators use
electricity for cooling without chlorofluorocarbons (CFCs). Simita solid state
electronic devices, thermoelectric power generators and mefiige possess several
advantages. First, they don’t have moving parts, so they are isileperation and
need much less maintenance. Secondly, they don’t produce waste in thgg ener
conversion process. Thirdly, they can be processed at micrometernoatetens of
nanometer scaled size, thus can be easily utilized in electtevices. Consequently,
thermoelectric materials and devices have received incgeasierest in the last
decade and are thought to have the potential to play an importairt tb&efuture of
energy conversion and utilization. Nextb@aef introduction of thermoelectric basics

is given, which includes thermoelectric effects, modules and applications.

1.1.1 Thermoelectric effects and modules

The Seebeck and Peltier effects are the two most importamhdékerctric
effects. They represent the coupling of electrical and thesumegnts. Thermoelectric

power generators and refrigerators are developed based on these tt® effe



The Seebeck effect was named after Thomas Johann Seebeck, culverdid
this effect for the first time in 1821When a temperature gradieft is applied on
the two ends of a conductor, electrons (or holes) will diffuse flerhbt end to the

cold end. The charges build up on the cold end and create an electrut\Mield

Seebeck coefficient or thermopoweis defined as

o AV

AT (1.1

S > 0 if the charge carriers are holes and the materralscalled p-type
thermoelectric materialsS < 0 when the charge carriers are electrons and the

materials are called n-type thermoelectric materials.

Peltier described thermal effects at the junctions of dissimilar carduehen
an electrical current flows between the materials in £83#e Peltier effect is

expressed as

Q=III (1.2)

HereQ is the heat absorption/emission induced at the junctions by thedppl

currentl and/7is the Peltier coefficient.



Active Cooling

Power-Generation Mode Refrigeration Mode

Figure 1.1 Schematics of thermoelectric power generation modeand
refrigeration mode.*

The schematics of thermoelectric power generation mode alstate
electronics refrigeration mode are shown Rigure 1.1* Thermoelectric power
generators operate based on Seebeck effect and can be ueaded waste heat to
electricity. Thermoelectric solid state refrigerators kvbased on Peltier effect to

pump heat from the cold to the hot ends.
1.1.2 Thermoelectric applications

Typical thermoelectric applications include supplying power to NASA
spacecrafts such as Voyager, Galileo, and Ulysses with raidipes thermoelectric
generators which convert heat released from nuclear decay of radiosatdpes into
electricity? Another important thermoelectric application is the recovery of waste heat
produced by automotive vehicl&§Vhen a car is running, the surface temperature of

some internal pipelines goes very high and a lot of waste hgatdaced. Usually for



a typical gasoline fueled internal combustion engine vehicle, only &&8atof the
fuel energy is utilized for vehicle mobility and accessorilee remainder 75% is lost
in the form of waste heat in exhaust and coolant, as well dsririand parasitic
losses. Great fuel economy will be obtained if a portion of thstevheat from
automotive industries and other sources like the power factonedeaitilized to
generate electricity. Thermoelectric refrigeration devigeclude small solid-state

refrigerators, picnic coolers, and climate control seats etc.
1.1.3 Figure of merit

The performance of thermoelectric devices is determined byffibercy of
thermoelectric materials. Finding high efficiency thermdeleenaterials has always
been a technological objective for realizing widespread therntdgelepplications.
The efficiency of a thermoelectric material is measured by a dimensioglesstity -
the thermoelectric figure of me#iT

So T S T
K pk,+k)

ZT = (1.3)

where S o, «, T stands for the Seebeck coefficient, electrical conductivity,
thermal conductivity, and absolute temperature, respectively. The facter, PF, is
defined a®PF = So. The electrical resistivityp = 1/o. The total thermal conductivity
K = ke + &1, In which x; is the electronic thermal conductivity ard is the lattice
thermal conductivity. An ideal thermoelectric material shouldehguwod electrical

properties which result in high power fac&e and low thermal conductivity.
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Figure 1.2 Dependence of Seebeck coefficient and eleaticonductivity with
carrier concentrations?

Theoretically, there is no upper limit f@T values. However, the components
in Formula 1.3 excepk. are related to each other. Usually it is very difficult to
control them independently. For example, the variations of SeebedkciemefS
electrical conductivitys, and power facto8 o as a function of carrier concentrations
are shown inFigure 1.2% With the increase of carrier concentrations, Seebeck
coefficient decreases while the electrical conductivity irseeaFor metals, they have
high electrical conductivities, but their Seebeck coefficientstao low. Contrarily,
insulators have high Seebeck coefficients but very low electdoabuctivities.
Highest power facto® o occurs at an optimal carrier concentration range aroutid 10
— 106° cm?® which is close to the carrier concentrations of heavily doped

semiconductors.

Furthermore, electrical conductivity and electronic contribution to thermal

conductivity x are related to each other via Wiedemann - FranZ law



Ke=LoT (1.4)

where L = 2.4510° WQK™? is the Lorenz number for metals. Thus, the lattice
thermal conductivitysi can be conveniently obtained by subtractiagrom x. For
degenerate semiconductors, assessmentxiofin this way can be only an

approximation because the precise Lorenz numbers and their tempdegtenelence

are unknown.
1.2. Current status of thermoelectric materials

In a simplified modéf of one-band materials with constant relaxation time

and parabolic band&T of three dimensionaBQ) bulk materials can be given as,

2
3( 5F .

73/2_9' F2
2\ 3F,,

Z..T= 15
1 7 25F2, (1.5)
=t P
B 2 6F,,
Where,
o Xdx
F=F(s )—{e(x_g*) ® (1.6)
is the Fermi-Dirac function; and
¢ =¢lkgT (1.7)

is the reduced chemical potential.



From Eq. 1.5, we can see thaT values approximately scale with the
so-calledB-factor, which is determined by several materi¢édtexl parameters, and

sometimes used to evaluate the performance ofranttgdectric material.

2k 3/2
B=73—,1,2( thTj \/mmymfux (1.8)
er
ﬂ:ﬁ (1.9)

wherey, ks, m, h, €, ux, i, andz stands fothe band degeneracy, Boltzmann
constant, effective mass of the carriers in ifAalirection, Plank constant, electron
charge, carrier mobility along the transport dii@ct lattice thermal conductivity, and

carrier scattering time, respectively.

Accordingly, a potential thermoelectric materiabsld be a heavily doped
semiconductor with high band degeneragylarge effective masm, high carrier
mobility x, and low lattice thermal conductivita. High crystal symmetry such as
cubic or hexagonal with a large number of atomthéwunit cell, usually enhances the
value of ™ Long scattering times are possible in materialsctvhihave small
electronegativity differences between the elemdusg of heavy elements with high
atomic mass can reduce atomic vibrations and tadgcexi. In many conventional
thermoelectric semiconductors, the lattice thercoalductivity x; is much larger than
electronic part, so the main challenge is to reduge Use of heavy elements can

reducex;, while electrical resistivity is usually increasetf. Alternate strategies that



can effectively reduceq without deteriorating electrical transport sigcafntly are

desirable to obtain highT values in thermoelectric materials.
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Figure 1.3 (a) Timeline of ZT% (b) Temperature dependence of ZT for several
important thermoelectric materials.

ZT values of at least 3 are required in order to emvith traditional power
generation and refrigeration methods in efficienglgjle most current state-of-the-art
thermoelectric materials have th&f values below or around Eigure 1.3d° shows
the important thermoelectric materials in differgmtars, from which we can see
thermoelectric materials have gone through a vamyg kslow-development historg.T
values of practical thermoelectric materials weetoly 1 for many years. Only
several few kinds of thermoelectric materials hiagen used for practical applications,
which are BiTes, PbTe, SixGe, and their alloys? Bi,Te; and its solid solution
Bi»«ShTe; and BpTe;«Se are the most efficient materials for cooling wath values

about 1 at 400 K.They have been used for cooling applications sashthe



commercially available Peltier coolers. PbTe isduke potential power generation,
its maximumzT value is 0.8 at 800 K Sy ¢Gey - is superior above 1000 K, which is
the thermoelectric material NASA uses on spacextafbue to the lowZT values,
thermoelectric applications are limited to areagmtthe efficiency and economy are
less important issues than energy availability agldhbility, such as NASA deep
space probes and cryogenic infrared night visioncgs. Further exploration of new

thermoelectric materials with improveéd is needed.

Breakthroughs took place in the 1990s not onlyha eémergence of new
thermoelectric materials, but also on the big enbarent inZT values.Figure 1.3b
shows the temperature dependenceZdf values of these materials. New bulk
thermoelectric materials demonstra@ values well above 1*° More markedly,
several materials with quantum dots and supertatiicuctures even shadi values

higher than 3%

Two different strategies have been taken to devplomising thermoelectric
materials with higherZT values®* One strategy is through the development of
low-dimensional materials, in which superlattices quantum dot structures are
designed to increase electron density of statesS|D& the Fermi level by the
quantum confinement of electrons, and enhance laoyngtattering of phonons to
reduce the thermal conductivity.>“° It has been thought that the lowest thermal
conductivity in crystalline solids is the alloy li;mwhich is caused by the scattering of

phonons by atomic substitutions. However, in thgsdBa47As film containing



randomly distributed ErAs nanopatrticles, a theromaductivity reduction by almost a
factor of 2 below the alloy limit and a corresparglincrease in the thermoelectric
figure of merit by a factor of 2 have been demaisti*’ Very highZT values of 2.4
at 300 K for BiTey/ShyTe; superlattice thin filnfs and 3.5 for PbSeTe/PbTe quantum

dot<® at 600 K have also been obtained.

Although large enhancements AT values have been observed in various
low-dimensional material systems, high performalngkk materials which can work
with large heat load and be prepared by volumewatdosts are still more desirable
for large scale power generation. Therefore, tierostrategy has been focused on
preparing high efficiency bulk materials. New cqgoiseand crystal structures have
been taken in the design and synthesis of highopeence bulk thermoelectric
materials. These materials are either host maderiabntaining nanoscale

substructureéd=°or obeying the phonon glass/electron crystal (PQEEadigni®.

Nano-engineering has been proven to be an effeataye of producing bulk
thermoelectric materials with fine-tunable therneoglic properties. So far, there have
been many reports which attribute the significampriovements oZT values to the
large reductions in lattice thermal conductivitedamaterials comprised of nanometer
sized grain¥>* or containing nanoscale substructéteAgPh,SbTe.:» compounds
(also known as (PbTe)(AgSbTe)x or LAST-m) are the most successful examples of
high ZT bulk thermoelectric materials containing nanosdalgusions. In 2004,

Kanatzidis group first reported that the quaternattype degenerate semiconductor
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AgPhigSbTeg (LAST-18) exhibited a highZT value of about 2.1 at 800 K, which
outperformed all other reported bulk materf4Ihis finding renewed interest in this
system. It has also been reported that p-type mgsiadiine BiShy.xTe; prepared by
high energy ball milling and hot press sinteringwh a very higlZT value of 1.4 at
373 K32 Before this, the highe&T value of bulk BjShy..Te; had remained around 1
for more than 50 years. In spinodal decomposed 28§ ¢ dislocations, boundaries
and nanoprecipitates have also been shown to isigmily reducex; to only 35% of

PbTe and 30% of Pb¥.

An ideal thermoelectric material should conductkleity like a crystal but
conduct heat like a glass. This is the famous phaglass/electron-crystal (PGEC)
concept put forward by G. A. Slack in 1995Typical PGEC thermoelectric materials
include filled skutterudité$™® ****and Clathraté$™® in which independent rattling
of the guest atoms in the open cages of the crgstattures results in substantial

suppression of the lattice thermal conductivity.

In these materials, AgRBbTe.., compounds and filled skutterudites
represent the two development directions for bdiidk thermoelectric materials with
one being host materials with nanostructures aadther obeying PGEC paradigm,
respectively. In addition, both of them have supempromising thermoelectric
properties at intermediate temperatures from 60000 K, which are suitable for
waste heat recovery in the automotive industried anlar energy harvesting

industries. In our group, they were chosen for esysitic material synthesis and
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microstructure characterization research. Spedifitoductions to the research
background and our microstructure characterizatesults of each of the two series

of materials are given in Chapter 3 and Chapter 4.
1.3. Role of microstructures and defects on thermoelectric propergs

Heat conduction in a thermoelectric material isning through the carriers

transport and the lattice vibrations.
Kiotal = Ke T AL (3.1

The existence of different kinds of defects brethles crystal periodicity in a
material, which results in that the heat conductmwacess through the directional

moving of carriers and lattice vibrations is inegdd by the defect scattering.

The contribution of carriers to thermal conductivig related to the electrical

conductivity via the Wiedemann - Franz faw
(3.2)

ke=LoT

Heat conduction through the lattice vibrations banseen as the diffusion of

heat-carrying phonons from the hot end to the eoldf'’

ke =%QVJ (3.3)

whereC, is the specific heat of the material,is the average diffusion velocity of

phonons andlis the mean free path of phonons between twosamtis.
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When phonons travel through a material, they scdiyeseveral different
mechanisms. These are three phonon scatteringppkelactron scattering, phonon-
point defect scattering, and phonon-boundary gstadfe respectively. The

three-phonon scattering include the normal and @pykiprocesses.

Assuming a Debye spectrum for the phonons, andstia¢tering processes
represented by the relaxation rate Which is inverse to the relaxation time,

Callaway® gave the formula below for the calculationspfas

k kBT OpIT
e [ =G 1) (3.4)
x=ho! kT (3.5)
o=Kk;T/h (3.6)

where, kg is the Boltzmann constant, is the Debye temperaturdy is the reduced
Planck’s constantyp is the phonon frequency; is the relaxation time, anfl is the

absolute temperature.

The combined relaxation ratezlis a sum of the relaxation rates due to all

kinds of scattering processes.
T =TTy Tt T (3.7)

where,p, 78, 7ep, and ze are the relaxation time for the phonon-phonontedag,
boundary scattering, point defect scattering, arftbnpn-electron scattering,

respectively*’
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The normal process (N-process) does not contributeh for the heat conduction.
The Umklapp process (U-process) varies with and dominates at high frequency.

IS given by:

=22 2 (3.8)

wherey is the Grineisen parameter,s the shear modulu¥ is the volume per

atom, anday, is the Debye frequency.

The relaxation rate of boundary scattering is imthejfent of the phonon
frequency and temperature. It is given by dividihg phonon velocitys by the

average grain sizetof a polycrystalline thermoelectric material.

-1 _
75 =V, /d (3.9)

If the size of the defects is much smaller than ghenon wavelength, the

resulting defect scattering is called point-defattering.

— 2
£l = Mnga)A'z f [?] (3.10)

whereV is the volume per atonmy is the atom mas$;, is the content of atoms with

massm, m is the average atom mass. The inversiomgis proportional tow”.

The corresponding relaxation time for phonon-etetscattering is given as:

1 _ e m\V? ox otV (3.11)
e VAT 2k T P 2k T '
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whereng is the concentration of conduction electranis, the deformation potentigb,
is the mass density ama* is the effective mass of electrons. For good tloelectric
materials, which are usually highly doped semicatahs, the contribution to thermal

conductivity by phonon-electron scattering is usuaégligible.

Heat conduction in solids involves all of thesettsrang mechanisms and they
can sometimes individually dominate at differenmperature ranges. At low
temperatures, the boundary process usually donsindite phonon scattering. At
intermediate temperatures, the point defect saadtemsually dominates. At high

temperatures, the Umklapp phonon-phonon scattesnglly dominates.

At room temperature, the wavelength of carriersussially several tens
nanometers, which is more than ten times largen tihat of phononsimperfect
interfaces, boundaries, and strains caused bytrhetfiveen matrix and nanostructures
or other defects can preferentially scatter phomouosh stronger than their effects on

carrier transport.

ki is a relatively independent parameteFormula 1.3 for calculation ofZT
values. One of the objectives of engineering bettermoelectric materials would be
reducingxi. of them. Currently, most of the enhancementZTinvalues have been
obtained by effectively suppressirg The phonon scattering processes are sensitive
to the microstructure of a material. Solid solutaloying enhances phonon scattering
and reducesq through the introduction of point defecfs®® Extensive efforts have

been focused on reducing grain size of a polychystamaterial to enhance boundary

15



scattering and minimize..>*>? For filled skutterudites and clathrates, voidiriif
significantly suppresses. due to the enhanced point defect scattering armhaes

phonon scatterinyf.*® 3% 3

16



2. Investigation methods

In this work, comprehensive microstructure studiase been carried out on
LAST-18 single crystals and non-equilibrium synthed filled skutterudite
CeFaShy; polycrystals using synchrotron white beam X-rayognaphy (SWBXT),
X-ray powder diffraction (XRD), scanning electroncnoscopy (SEM), transmission
electron microscopy (TEM), energy dispersive spactopy (EDS) and geometric

phase analysis (GPA) software.

2.1 Synchrotron white beam X-ray topography (SWBXT)

(a) () |

Figure 2.1 Schematic of Laue diffraction (a) Transmission methd and (b)
back-reflection method>®

Laue technique is used in this work to determireedhentation of LAST-18
single crystal samples. A beam of white radiatioonf a tube or a synchrotron is
directed through a single crystal. Each set of gdam the crystal of a given
interplanar spacing chooses its owrfrom the beam such that the Bragg law is
satisfied. The diffracted beams recorded on a gnafhic detector form an array of

spots, which is called Laue diffraction pattern aath be analyzed to get the crystal
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orientation>® There are two practical variants of Laue diffractitechnique: the
transmission method and the back-reflection metBodematics of the two methods
are shown irFigure 2.1aandFigure 2.1b, respectively? In the transmission method,
the film is placed behind the crystal to recordrbedhat are transmitted through the
crystal. In back-reflection method, a film is plddeetween the X-ray source and the

crystal. The beams, which are diffracted in a baokWdirection, are recorded.

In this dissertation work, back-reflection Lauefrdi€tion method had been
used to help us find low-index planes of LAST-18g#¢ crystals. In the molecular
formula of LAST-18 or AgPkSbTeo, heavy element Pb exists at a high percentage
(57.3 wt.%), which absorbs most X-ray beams. Asesult, we could not get
diffraction patterns with sufficient informationoim regular tube-based X-ray sources,
such as the Rigaku rotating anode X-ray generdttiieaCondensed Matter Physics
and Materials Science Department of BrookhavendsatiLaboratory (BNL) and the
Philips X-ray generator at Materials Science andifgering Department of Stony
Brook University. Compared with the conventionatag diffractometry, synchrotron
white beam X-ray topography (SWBXT) has the advgataf high intensity, high
spatial resolution, and broad spectral range. & @owerful non-destructive tool to
investigate the crystallographic orientations ofimas kinds of materials. When
employing the synchrotron X-ray beam, it was shlird to get a reasonable
transmission Laue pattern. Useful Laue patternsewarally obtained from the
back-reflection method by using a long collectiame. The SWBXT experiments

were conducted at beam station X19C of the Nati@alchrotron Light Source

18



(NSLS) at BNL, which enable us to find desirablgstallographic orientations of the

LAST-18 single crystals for further detailed TEMamustructure investigation.

2.2 X-ray powder diffraction (XRD)

X-ray powder diffraction (XRD) is a rapid analytidachnique primarily used
for phase identification of a crystalline mater@@d can provide information on unit
cell dimensions. There are several advantagesiig XRD>°, which include: (1) It is
a powerful and rapid technique for identificatidnam unknown mineral; (2) In most
cases, it provides an unambiguous mineral detetroma(3) Minimal sample
preparation is required; (4) XRD instruments aredely available; (5) Data

interpretation is relatively straightforward.

In this work, the phase compositions of melt-spivans and sintered bulk
samples of p-type filled skutterudite CgEb > were examined by a Philips XRG
3100 X-ray diffractometer using Ciia radiation ¢ = 0.15418 nm). The average
grain size of the melt-spun ribbons is estimateddigg Scherrer’s equatidfr’

D 0.91
Bcosy

2.1)

where D is the grain size/ is the X-ray wavelengthB is the full-width at
half-maximum of the reflection peaks addis the diffraction angle. Instrumental
broadening of the reflection peaks was obtainedidigg single crystalline silicon as

the standard sample.

2.3 Optical microscopy

The optical microscope is the most convenient arapensive tool for the
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microstructural characterization in materials sceerMost materials are observed by
reflection microscopy. The contrast mainly depemfs local differences in the
absorption and scattering of the incident light.tiWimited depth of field, opaque

materials must be polished optically flat to berphafocused at the best resolution.

In this work, a Nikon MM-40 optical microscope isad to observe the overall
features of the fine polished random surface ofritbe-equilibrium synthesized and
conventionally synthesized CefS#y, bulk samples. It is also used to check the

thicknesses of the Cefgiy, melt-spun ribbons.

2.4 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is one of thestnversatile instruments
for directly exploring microstructural features eblid objects® It operates by
scanning the sample surface with a high-energy belelectrons in a raster scan
pattern. Most commercial SEM instruments have tigh Ispatial resolution on the
order of 5 nm. Compared with an optical microscdpe, large depth of field of an
SEM enables it to image a specimen with big surfaoghness. Additionally, SEM is
also capable of examining a sample at very low nfiagtions to give overall

microstructure information from a relatively largeea of the sample.

A Hitachi S-4800 scanning electron microscope wid&ed to characterize
the surface morphology of the CeBby, melt-spun ribbons and the fresh fracture
surface  morphology of the non-equilibrium synthedizand conventionally

synthesized Celg8b;, bulk samples.

20



2.5 Transmission electron microscopy (TEM)

';l:,lu:b ‘—Spegimm—wi lﬂ;‘]
AN Objective lens <
Objective aperture =)= \\/

g
it

‘\'! First intermediate

Final image .£ ~ Sereen Diffraction pattern

Figure 2.2 Ray diagrams of (a) imaging mode and (b) diffraction mode in TEM.

Transmission electron microscopy (TEM) is a micopsctechnique whereby
a beam of electrons is transmitted through an thiraspecimen, interacting with the
specimen as it passes through. Most important caemge in a transmission electron
microscope are the illumination system and the intagystem. Ray diagrams of the
imaging mode and diffraction mode of a three le@MTmicroscope are shown in
Figure 2.2aand Figure 2.2k respectively. The beam of electrons from thetsdac
gun is focused into a small, thin, coherent beanthkyuse of the condenser lens (not
shown here), which excludes high angle electrort®e Beam then hits on the
specimen and part of it exits from the bottom sefeof the specimenThe
intermediate lens is normally focused on the intmiiate image formed by the
objective lens. Optional objective apertures carubed to enhance the contrast by

blocking out high-angle diffracted electrons. Wiika intermediate lens is weakened
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to focus on the back focal plane of the objectefes| the final image is an enlarged
diffraction pattern. The use of selected-area sdectiffraction (SAED) apertures
ensures that only electrons coming from a chosgiomen the specimen contribute to

the diffraction pattern.

There are three types of image contrast in the T&Mc¢h are the absorption
contrast (sometimes called mass-thickness contrd$tjaction contrast and phase
contrast. At low magnifications, TEM image contrastdue to the absorption of
electrons in the sample, which is determined bystraple thickness and composition
of the material. Diffraction contrast is simply @nttion of the diffraction conditions.

It is a dominant mechanism for imaging dislocatiand other defects in the specimen.
However, the resolution of this imaging technigadimited to 1-3 nm. Diffraction
contrast mainly reflects the long-range straindfigl the specimen and it is unable,
however, to provide high-resolution information abatomic distribution in the

specimen.

Unlike the absorption and diffraction contrast meadbms, which rely on the
amplitude of scattered waves, phase contrast seatiknever electrons of a different
phase pass through the objective aperture. Cdgttarthe TEM imaging at low and
middle magnifications, HRTEM imaging does not rely amplitudes, i.e. absorption
by the sample, for image formation. Contrast inHRRTEM image is generated by
measuring the amplitude resulting from this interfeee. However, the sample needs

to be thin enough so that amplitude variations stightly affect the image.

In this work, TEM has been used as the most impbaad powerful tool for
the characterization of nanostructures in the rmedteystems we studied. It is capable

of directly imaging nanostructures and defects hat lievel of atomic resolution.
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Electron diffraction provides an easy way to getltical crystallographic information
of nanostructures and matrix in a material. In addj TEM is easy to be combined
with other various detectors to supply multipleommhation of the material. For
example, a TEM equipped with energy dispersive KXaectrometry (EDS) detector
allows the acquisition of qualitative and semi-ditative chemical compositional

information in a sample.

TEM instruments widely used in this work includeQIEJEM 2100F, 3000F,
and 2200MCO at BNL. JEM-2108%is equipped with a schottky field-emission gun
and two exchangeable objective-lens pole-pieces.dltina high resolution pole piece
has a 0.19 nm point-to-point resolution and a #&dhple tilt, and the high resolution
pole piece has a 0.23 nm point-to-point resoluaod a + 40° sample tilt. It is also
equipped with an Oxford energy dispersive X-raycgpeneter for chemical analysis,
and heating and cooling stages for in-situ expams@nd dynamic observations.
JEM-3000F is equipped with an ultra high resolutabjective-lens pole piece, an
off-axis 10241024 Gatan slow-scan camera, a Fischione annuflrfieéd detector,

a post column Gatan imaging filter, and a Noran a}{-rdetector. JEOL
JEM-2200MCO is used for imaging the ultra-small oyanecipitates in the LAST-18
single crystals. It is equipped with two spheriabkerration (Cs) correctors with one
for condenser lens and the other one for objedés. With the dual Cs-correctors,
the microscope has the ability to achieve sub-amgstesolution in both TEM and

STEM modes.

In this work, size, shape, distribution of nanostiiwes and defects of the
LAST-18 single crystals and CefSiy,melt-spun ribbons and sintered bulk samples

were observed by bright-field TEM and HRTEM imagirgelected area electron
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diffraction (SAED) patterns and fast Fourier tramsf (FFT) diffractograms help to
figure out lattice symmetries of nanoprecipitatesl ather defects, as well as their
orientation relationships with the matrix. Accurittice parameters, lattice mismatch
and average strain have been measured by fittengrteé scan of density profiles from
the central spot to reflection spots in the SAERigpa or FFT diffractograms with a

combined Gaussian and Lorentizian function

R A CE a,
| ""”{ ) ]+4<xa1>2+a5 &2

where, ag and a; are the amplitudes of the Gaussian and Lorenthiguction,
respectively,a; is the position of the pealg, is the full width at half maximum
(FWHM) height of the peaka, is the base line offset. Chemical composition
information of nanostructures was obtained by u§ibp analysis. Due to the errors
caused by the small size of the nanoprecipitatescomposition information obtained

by EDS is taken as semi-quantitatively.
2.6 Geometric phase analysis (GPA) software

Through the measurements of the Ilattice mismatcheswveen the
nanoprecipitates and the surrounding matrix ladti@verage strains caused by the
nanoprecipitates were easily obtained. The locatridution of the strain fields
around nanoprecipitates in LAST-18 single crystadd CeFgSh, polycrystals were
retrieved using geometric phase analysis (GPAwso#. GPA is a commercial

software for generating fully quantitative deforroatand strain maps from standard
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HREM images based on the geometric phase algorithmggnally developed by

Martin Hytch®%%?

The first step is to calculate the power spectrumcivis the Fourier transform
of the HRTEM image. Phase image is obtained byecgmg a small aperture on a
strong reflection spog in the power spectrum, followed by an inverse ur
transform®® The phase componentgyf?) of the phase image is related to the lattice

displacementi(r) by
Py(r) = P'y(r) - 2ngo-r = -2ng-u(r) (2.2)
whereqy is the reciprocal lattice vector from the undistdrreference lattice.

The two-dimensional displacement field can be detioy applying the

method to two non-collinear Fourier components, @g.@ndg..
Pg1(r) = -2ng1-u(r) = -2r[gaxx(r) +0ayuy(r)] (2.3)
Pgx(r) = -2n02-U(r) = -21[ Gauie(r) +02yth(r)] (2.4)

where g1y, 01y, Oox and gy are thex andy components of the: and g, vectors,
respectivelyu,(r) anduy(r) are thex andy components of the displacement fieigt)

at the positiom =(x, y) in the image. The strain field is then calculabgd

Ev = 8)(X v Eyy :W (25)
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2.7 TEM sample preparation

TEM sample preparation is one of the most diffiquédtrts in a TEM work.
TEM samples need to be less than 100 nm, whichedhickness that electrons can
pass through the sample. High quality TEM imagesaay be obtained from TEM
samples with large thin areas with minimum contations and artifacts. It is
generally accepted that TEM sample preparatiorstakare than 50% importance in a
TEM work.

A Cutting B Parallel Polishing

k— 3 mm — E =100 pm

C Dimpling

=25 um /(:)

Figure 2.3 Schematic of traditional dimpling TEM sample preparation process
LAST-18 single crystals and CefSdy, polycrystals TEM samples have been
successfully prepared by the traditional dimplingthhod. A schematic of the TEM
sample preparation process by this method is showgure 2.3ato Figure 2.3d
The first step is to cut a 5Q0n thick slab from ingot. The slab was cut into deral
rectangular pieces with longest side less thanitb using wire saw, or into disks

with diameter of 3 mm using ultrasonic disk cutteither diamond or AD; lapping
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films were used for mechanical polishing of bothdg of samples. The sequence of
diamond lapping films and wheel speed areufbat 100 rpm, 3uim at 70 rpm, Jum

at 50 rpm, and 0..um at 20 rpm. The small pieces or 3 mm disks areseba
polished on one side and fine polished on the atlakr till a thickness about 1Q0n
using a disk grounder tool and the mechanical pelisThe fine polished side of
sample is glued onto a copper grid with M-Bond @ldhesive and the coarsely
polished side is dimpled till the thickness near 2b. The final step is using ion
miller to thin the sample to electron transparetiigkness which is around or below
100 nm at low milling angles less than 12°. Thecspen stage of the ion mill system
can be cooled by liquid nitrogen, which helps avimdal specimen overheating
during the milling process and eliminate the prdiguncof artifacts in the final sample.
All of the LAST-18 single crystal and CefSiy, polycrystal TEM samples were ion

milled below negative 9€C.

TEM samples of melt-spun CefSd, ribbons were prepared by grinding the
brittle ribbons into very fine powders. A dropldtdlute solution of the fine powders

in ethanol alcohol was placed onto a lacey filmtedaopper grid to dry.
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3. TEM investigation of nanostructures and defects iLAST-18

single crystals

3.1 Introduction

o
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Figure 3.1 Variation of lattice thermal conductivity xi with composition in the
AgSbTe-PbTe alloy systent?

The alloys of AgSbTeand PbTe had been reported to form a solid s@lutio
with NaCl structuré’ The variation of lattice thermal conductivityy with
composition in the system is shownFigure 3.1 The minimumx is 0.45 Wm'K™
at the composition of 50%AgSbFB0%PbTe. However, the electrical resistivities of
AgSbTe-PbTe alloys were found to be relatively high (tve order of 18 Q-m)

(Figure 3.1), which resulted in lowZT values.
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Table 3.1 Electrical resistivity and Seebeck coefficient #gSbTe,-PbTe alloys at

300 K%

Alloy Composition p(Q:m) S (uK™
75%AgSbTe- 25%PbTe 3.1x10* 300
50%AgSbTe- 50%PbTe 5.0x10" 350
40%AgSbTe- 60%PbTe 3.0x10" 380
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Figure 3.2 Temperature dependence of (a) Electrical condueity o (red line) &
Seebeck coefficient (blue line); (b) thermal conductivity x; (c) figure of merit
ZT of LAST-18.%°

Enhancement by increasing electrical conductivitgheut much loss in
Seebeck coefficient was obtained in the LAST-m coomgls which have
compositions deviating from the ideal stoichiométnhAs shown inFigure 3.23 the
LAST-18 (AgPhsSbTeg or (PbTe)-«(AgSbTe)x with x ~ 0.05) sample shows a very
low electrical resistivity ofp ~ 5.4<10°Q-m at room temperature, which is about 2
orders of magnitude lower than the AgSpaad PbTe alloys as shownTable 3.1

Absolute value of the Seebeck coefficiéhincreases with increasing temperature,

reaching 37QuVK™ at 800 K. The totak is measured to be 2.3 Wik at room
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temperature and keeps decreasing to 1 \hat 800 K Figure 3.2b). The lattice
thermal conductivityxi is calculated to be 0.65 WH{(™ at 800 K by using the
Wiedemann-Franz law, which is close to the minimwalue obtained from

AgSbTe-PbTe alloys. Th&T value is 1.7 at 700 K and extrapolated to 2.10&x I8.

(b) NaCkype, Fm3m
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Figure 3.3 (a) Average Fm3m crystal structure of LAST-m compounds; (b)
X-ray diffraction pattern of AgPb 10SbTe; (c) Variation of unit cell parameter
as a function of m of AgPRSbTey+2 (LAST-m) compounds®®

LAST-m compounds are generally believed to possessaverage NacCl
structure (Fm3m symmetry), in which Te atoms occilyeyCl sites, while Pb, Ag and
Sb atoms are disordered on the Na sigufe 3.39.°* The X-ray powder diffraction
pattern of (PbTe)(AgSbTe): (LAST-10) in Figure 3.3b shows single phase
crystallizing in a face-centered cubic (FCC) stiwet The variation of unit cell
parameters withm roughly obeys Vegard's lawFigure 3.3c)®® These are the
supporting evidences that LAST-m compounds formidsaolutions between

AgSbTe and PbTe.
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Figure 3.4 HRTEM image of a (PbTe)s(AgSbTe,); sample showing a “nano-dot”
in the enclosed regiorf®

However, further single crystal X-ray diffractiomd electron diffraction
studiesreveal that Ag and Sb atoms are not randomly d&gediwith Pb atoms and
thus LAST-m compounds are not simple solid soliibetween AgSbteand PbTe
phase$® The homogeneous compounds of this system have dyeghesized by the
guenching method; however, these quenched samptegbite much inferior
thermoelectric properti€S. High resolution TEM (HRTEM) image ifrigure 3.4
demonstrates a nanometer scale inclusion of AgeBlphase embedded in the PbTe
matrix in a LAST-18 sampl& ® This indicates LAST-m compounds are actually

host materials containing nanostructures.

Ab initio electronic calculations based on different Ag-Starsgements reveal
that the electronic structure and consequently,etleetronic and thermal transport
properties of LAST-m compounds, are different frahose of PbTe and very
sensitive to the atomistic arrangements of Ag-Stmaf’ The electronic structure

calculations by D. I. Bilet al.in 2004have revealed an enhanced density of states
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near the band gap in LAST-m systems, which was estgd to be able to enhance
power factor$! Their further transport calculations 2006 revealed that the
enhancement of the density of states could givetaonly a small increase in power
factor. The strong reduction m caused by the presence of nanoprecipitates and othe
defects played a key role for the remarkaBBlE enhancements in the LAST-18

sampleg?

A variety of other thermoelectric materials with graved thermoelectric
properties have also been reported to have siméaostructures embedded in matrix
lattices®®"® In order to understand the role of nanostructusasthermoelectric
properties, comprehensive structural characteomadf the nanostructures is needed.
The nanoprecipitates in LAST-m compounds involugstdring and ordering of Ag,
Sb, and Pb atoms. However, detailed structuralrimédion such as size, shape,
distribution, orientation, lattice parameters, istréields, defects, and ordering of
Ag-Sb with Pb atoms of the nanoprecipitates, whmibstantially influence

thermoelectric properties of a material, is stitking.

Consequently, the motivation of this part of waskid carry out an extensive
structural investigation of nanoprecipitates antieotdefects in LAST-18 single
crystals by using TEM/HRTEM techniques. We hopehsaformation will be useful
for more realistic theoretical modeling and leaa$®¢tter fundamental understanding

of this class of materials.
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3.2 Materials synthesis
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Figure 3.5 (a) A typical LAST-18 single crystal grown by the Bdgman method
at General Motors R&D Center; (b) (200) rocking curve of a IAST-18 single
crystal from neutron diffraction.

In this work, LAST-18 single crystals were suppliag our collaborators Dr.
Jihui Yang and his colleagues at General Motors R&&nter. One of the typical
LAST-18 single crystal ingots is shown kgure 3.5a Stoichiometric amounts of
high purity Ag, Sb, Pb and Te pieces were loadéal ancarbon-coated quartz tube.
The tube was sealed under vacuum and slowly hegtéd 1000 °C. It was then held
at this temperature for 20 hours to make sure tak was completely homogeneous.
After this, the tube was cooled down to room terapee by turning the power off.
The resulting ingot was then solidified by the Bntan method inside a 4-zone
furnace. It was heated up to 950 °C (about 40 °@althe liquidus) and held for 3

hours, then soaked at the liquidus of 910 °C fohédrs. When the crystal started to
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grow, the furnace translation rate was increased tom per hour. After a total
translation of 25.5 mm, the translation stopped tiedfurnace was cooled down by
turning the power off. Corresponding rocking cufi@m neutron diffraction of this
crystal is shown inFigure 3.5b. The Bragg peak along the (200) direction has a
full-width-at-half-maximum (FWHM) of 1 ~ 2 °, whicimdicates the single crystal of

high quality.

3.3 Results and discussion

3.3.1 Overview of the LAST-18 single crystal samples

Figure 3.6 (a) HRTEM image and (b) Electron diffraction pattem of a LAST-18
single crystal sample.

An HRTEM image of the matrix of a LAST-Egle crystal sample is shown
in Figure 3.6a Electron diffraction analysis by tilting the salepo several low-index
zones confirms that the matrix has the face-cedtewdic (FCC) rock-salt type

structure with space group Fm3m. One of the elactliffraction patterns with the
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zone axis along [001] direction is shownFigure 3.6b. The lattice parameter of the

matrix varies locally from 0.625 nm to 0.660 nm.

Figure 3.7 (a) Low magnification TEM image showing nanoprecipitates with
varying size and shape in a LAST-18&ingle crystal sample; (b) TEM image
showing the existence of strain field around the nanoprecipitates.

Extensive TEM observations revealed that dominaotastructural defects in
the LAST-18 single crystals include dislocatiortsais fields and most distinctly, a
widespread existence of nanoprecipitatégure 3.7ais a low magnification TEM
image showing the nanometer scale precipitates wadtying sizes and shapes
embedded in the matrix of a LAST-18 single cryst@mple, as well as the contrast
caused by the low angle grain boundaries. The Tilge at a higher magnification
in Figure 3.7b demonstrates more clearly the existence of sfialds around the

nanoprecipitates.
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Figure 3.8 (a - f) HRTEM images showing several nanoprecipitasepresent in
LAST-18 single crystal samples with different size and shape.

HRTEM observations show that nanoprecipitates iIrf8TAL8 single crystals
have different shapes such as cubic, rectanguldterfly-like, elliptical and other
irregular shapes. Several typical ones of thenshosvn inFigure 3.8 Most of them

have sizes from several few nanometers to aboG020m.

Comprehensive TEM imaging and EDS chemical analysisanoprecipitates
show that they possess varying chemical compositiorystal symmetries, lattice
mismatch and strain fields with surrounding matfietailed structure analysis of
nanoprecipitates was conducted by using the Winsagevare developed by Dr.
Lijun Wu at BNL. In the next three sections, seVeranoprecipitates are taken as

examples to show our detailed microstructure amajfy®cess of nanoprecipitates.
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3.3.2 Nanoprecipitates with primitive cubic structure

adirection of matrix
a diection of nanoprecipitate
b direction of matrix
b direction of nanoprecipitate

Intensity

Position (1/nm)

Figure 3.9 (a) HRTEM image showing a nanoprecipitate in a LA%-18 single
crystal sample; (b-c) Diffractograms from the elliptical matrix and

nanoprecipitate areas highlighted in (a), respectively; (d) lne scans from central
spot 000 to 200 and 020 spots of the diffractograms.

Figure 3.9ais an HRTEM image of a LAST-18 single crystal séanphich

shows a square shaped nanoprecipitate coherentbedzted in the matrix. To
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accurately measure the lattice parameters, thgiedll areas marked by the solid blue
line in matrix and dashed red line in nanoprecipiia Figure 3.9aare selected and
conducted fast Fourier transform (FFT) to get ddfograms of the imageBigure
3.9b andFigure 3.9care the corresponding FFT diffractograms of thekexd matrix
and nanoprecipitate areaskigure 3.9a FromFigure 3.9b the matrix is confirmed
to be in the FCC structure, in which [100] and [Pd€flections are invisible due to
the extinction of FCC structure whéank, | having mixed parity. However, [100] and
[010] reflections are present in the diffractograhthe nanoprecipitate iRigure 3.9¢
indicating that the structure of the nanoprecipitatdifferent from that of the matrix.

The nanoprecipitate is indexed to be a primitivieicPm3m) structure.

A profile from the central spot to the reflectiopos is obtained for the
measurement and comparison of the reflection spdtse diffractograms of different
areas. The black and red lineskigure 3.9d are the 200 and 002 line scans from
diffractogram of the matrixHigure 3.9b), respectively. The blue and green lines are
the 200 and 020 line scans from the diffractogrdnhe nanoprecipitateF{gure
3.90, respectively. The accurate lattice parameterg wbtained by fitting the profile
using the combined Gaussian and Lorentzian funciibe lattice parameter of the
matrix and nanoprecipitate is determined to be ®r&8 and 0.621 nnaano~ amatrix),
respectively. The lattice parameterof the matrix is refined to be 0.624 nm. The
green profile from the 020 line scan of the nanoipieate shows splitting of 020
peaks with one at 3.078 fmand the other at 3.30 Am This implies that the

nanoprecipitate consists of two parts, one hagkdagiarameteb = 0.650 nm, while
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the other hab = 0.606 nm. They are 4% larger and 3% smaller thaimatrix lattice
parameter ofa = 0.625 nm measured along the [010] directionpeesvely. We
noticed that there is slight difference betweenlétiéce parameters @ andb of the

nanoprecipitate. We consider this is caused bygtifaén around the nanoprecipitate.

Similar analysis at several different locationsteamng nanoprecipitates with
Pm3m lattice in LAST-18ingle crystal samples shows that they have diftdedtice
mismatch with the FCC matrix. The biggest mismatehobserved is approximately

6% along the [100] direction.
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3.3.3 Nanoprecipitates with primitive tetragonal structure
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Figure 3.10 (a) HRTEM image of a LAST-18 single crystal sample, shavg a
nanoprecipitate coherently embedded in the matrix; (b) Cifractogram from the

ellipse matrix area; (c) Diffractogram from the ellipse narmprecipitate area; (d)
Line scans from central spot 000 to 002 and 200/110 spots of the difftograms;
(e) Atomic models of the matrix; (f) Atomic models of thenanoparticle. The
atomic ratio of Pb:Sh:Ag of Pb/Sb/Ag1l site is different fron that of Pb/Sb/Ag2
site. The HRTEM simulation (from Dr. Lijun Wu) is carried out based on the
structure model with pure Pb in Pb/Sb/Agl and Pb:Sb:Ag =50:25:25 in
Pb/Sb/Ag2. The simulation is shown in the inset of (a), wdh is in good
agreement with the experiment.
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We also observed nanoprecipitates with primititeatgonal lattice symmetry.
Figure 3.10ais an HRTEM image of a LAST-18 single crystal séanyhich shows a
rectangular nanoprecipitate in the matrix. The gelt is marked by a white square in
which there are two atomic planes showing the saordrast.While within the
nanoprecipitate, the (001) atomic planes of theopeetipitate at = 0 andc = 1/2
position show different contrast, indicating thel@ning along the [001] direction. The
contrast of the two atomic planes marked by thetevharrow lines in the
nanoprecipitate reverses or shifts one atomic lajeng [001] direction with each
other, which indicates the existence of anti-phbsandaries. Comparing to the
structure of the matrix which has FCC latti€eglure 3.10e) the Ag/Sb/Pb sites in the
nanoprecipitate are not equivalent to each other tudifferent Ag:Sbh:Pb ratios
(Figure 3.10f) Apparently, the exchange of Ag/Sb/Pb ratios, qurivealently ¥2[111]
shifting of the unit cell yields anti-phase domaiasd the contrast along [001]
direction. We also observed the existence of masigpahtions in the nanoprecipitate,
as one of them labeled with the white dislocatigm.sThe increased interface due to
the anti-phase boundaries and dislocations woulthrece phonon scattering, thus

further reduce the thermal conductivity.

FFT diffractograms of the marked areas in the matnd the nanoprecipitate
in Figure 3.10a are shown inFigure 3.10b and Figure 3.10¢ respectively. The
matrix is still determined to be the FCC structuvhijle the nanoprecipitate is indexed

to be the primitive tetragonal (P4/mmm) in symmetry

41



A profile from the central spot to the reflectiopos is then obtained for the
measurement and comparison of the reflection dpots different areas. The black
and red lines ifrigure 3.10dare the 002 and 200 line scans from the diffraeimgof
the matrix inFigure 3.10band the blue and green lines are the 002 andidd@¢ans
from the diffractogram of nanoprecipitate kigure 3.10¢ respectively. It is shown
that the 002 peak from the nanoprecipitate shdtshe left and gets closer to the
central spot than that from the matrix, indicatthgt the lattice parameterof the
nanoprecipitate is larger than that of the matffixe lattice parametersof the matrix
and nanoprecipitate obtained by Gaussian and Lneenfitting the profiles are 0.626
nm and 0.654 nm, respectively. The lattice parantetd the nanoprecipitate is 4.5%
larger than that of the matrix. The lattice paranet of the matrix and the
nanoprecipitate is determined to be 0.627 nm aAd10nm ématrix=\/§ 3nang- The
lattice change of the nanoprecipitate mainly ocalosig [001] which is the ordering

direction of the nanoprecipitate.

Figure 3.10eand Figure 3.10f show the structure models provided by Dr.
Lijun Wu of the matrix and the nanoprecipitate, pessively. Compared to the
structure of the matrix which has FCC lattice, Rd Bb/Ag/Sb atoms order along the
c direction in the nanoprecipitate. Apparently, thehange of Pb and Pb/Ag/Sb, or

equivalently %2[111] shifting of the unit cell yiedhe anti-phase domain.

EDS measurements showed that the composition oi#m®precipitate is

slightly Ag-Sb rich than the matrix area. The HRTEIhulation in the marked white

42



rectangular area ifrigure 3.103 based on the structure model with Pb:Ag:Sb =

50:25:25 at Pb/Ag/Sb site, shows good agreemenhttivit experiment.

Besides the primitive cubic and primitive tetragonatructures,
nanoprecipitates with body centered tetragonatéstwith doubled or tripled lattice
parameters along the direction have also been observed in the LAST-bgles
crystal samples. Detailed description about theuctiral analysis of these

nanoprecipitates can be found in our published pépe

3.3.4 Strain fields associated with nanoprecipitates
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Figure 3.11 (a) HRTEM image of an elliptical nanoprecipitate n the LAST-18
single crystal; (b) Low-magnification image of the nanoprecipdte in (a),
showing strain-field contrast; (c-e) Diffractograms from the elliptical area | (c),
II (d), and Ill (e), respectively; (f-g) 200 and 002 intensity pofiles from the
diffractograms (c), (d), and (e), respectively; (h) CombinedGaussian and
Lorentizian fit (red line) to 200 reflection of the matrix area Ill (open circles).
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Strain contrast has been observed around mosteo#moprecipitates in
LAST-18 single crystals. An example is giverFigure 3.11aandFigure 3.11h The
diffractograms of the nanoprecipitate area | ardntiatrix area Il (with strain contrast)
and Il (without strain contrast) are shownFigure 3.11¢ Figure 3.11d andFigure
3.11e respectively. Weak 001 and 100 reflection spots present in the
diffractogram of the nanoprecipitate area Higlire 3.119, indicating that the
nanoprecipitate has a primitive tetragonal lattitee intensity profiles of the 200
reflections of the diffractograms Figure 3.11¢ Figure 3.11dandFigure 3.11eare
shown inFigure 3.11f from which we can see the positions of 200 pedlsea |, I,
and Il are quite close to each other. The lattiaeameters along the [100] direction
are obtained by fitting these profiles using a comath Gaussian and Lorentzian
function to bea = 0.653 + 0.002 nmg, = 0.650 + 0.002 nm anal, = 0.654 + 0.002
nm, respectively. The difference is within the meement error. The intensity
profiles of the 002 reflection peaks are showrrigure 3.11g The 002 peak profile
of area | (red lingis much broader than those of area Il and llksglits into two
peaks with one at 3.005 + 0.038 hrand the other at 3.407 + 0.043 hin position.
This indicates that the nanoprecipitate has twesghaone witlt= 0.660 = 0.005 nm,
while the other wittc= 0.587 £ 0.003 nm. The lattice parameters of th&imarea Il

and Il are determined to be equal to each oth#rew 0.652 £ 0.002 nm.
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Figure 3.12 Strain-field of (a)ex and (b) e,y calculated from the HRTEM image
shown in Figure 3.11a. The white dotted rectangle in (b) ihé reference area
which has an average strain of -0.02. The images are shown in color tlarity.
The ellipses in the figures outline the nanoprecipitate area.

The distribution of the strain-field can be reteevusing the GPA software.
The strain map derived by GPA software is relatovéhe reference area. The average
strain in the reference area can be calculated bgsoring the average lattice
parameter in the area. The actual strain-field mdbpus the sum of the average strain
of the reference area and the relative strain nbthfrom GPA software. The actual
strain maps ok and g,y are shown irfFigure 3.12aandFigure 3.12h respectively,
which wereretrieved fromFigure 3.12awith x andy axis pointing to the [100] and
[001] direction. The reference area marked by atevdptted rectangle ifigure
3.12bwas measured to have an average strain value@#f ¥ both directions with
respect to the undistorted area. Theand s, maps show both positive and negative
strain in the nanoprecipitate area, indicating asehseparation in this area, consistent
with the lattice measurement from diffractogramise Tow magnification TEM image

(Figure 3.12b shows that the strain contrast extends to aboutrd away from the
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nanoprecipitate. The strain in the matrix is quitkéerent from that generated by an
isotropic misfitting spherical inclusion in an inifie isotropic matrix. Theyy and &y
strain around nanoprecipitate is not symmetrics€ltw the nanoprecipitate area, the
&x and gy maps show dominantly positive strain on top of tla@oprecipitate and
negative strain below it. The strain-field arouhé nanoparticle may be caused not
only by the misfit between the nanoparticle and iiegtrix, but also by the local
fluctuation in the composition. When nanoprecigatare formed, they consume

Ag-Sb, resulting in the compositional fluctuationghe surrounding matrix.

3.3.5 Atomistic arrangements and nucleation of nanoprecipitates

The remarkable enhancementZd of LAST-18 samples has been attributed
to the large reduction ir. caused by the presence of nanoprecipitates. lbbas
suggested that the endotaxially-embedded nanojtedep in the matrix lattices
provide highly conductive paths that allow carti@nsport unaffected or much less
affected. However, the high density of interfacesieen nanoprecipitates and matrix
will act as barriers for phonon propagation. In @iudy, nanoprecipitates with
varying size, shape, and contrast have been olisbyw@EM and HRTEM imaging
in the LAST-18 single crystals. Detailed structumealysis reveals that these
nanoprecipitates possess different crystal symmeingmical composition, lattice
mismatch, and strain field with the matrix lattid@vo important questions that may
come up would be: (i) how are the nanoprecipitdtesed, and (ii) how do they

interact with the matrix lattice? Experimental walnlat can give a clear picture of the
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atomic arrangements of the nanoprecipitates inrfaterial system is not available.
Without doubt, such a work will help clarify thedarlying principle that controls the

formation of nanoprecipitates and their interactianth the matrix lattice.

Figure 3.13 (a) A TEM image of a LAST-18 single crystal sample, shavg the
cube-like and plate-like nanoprecipitates highlighted by e big and small red
spheres, respectively. They are found to exist ubiquitously in the sample

Figure 3.14 (a) and (b) HRTEM images of cube-like and plateke
nanoprecipitates, respectively. They are highlighted by the bignd small red
spheres.
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Besides the relatively large nanoprecipitates glkosor larger than 10 nm) |
have just shown, we have also observed nanopetepitvhich are only several unit
cells in size. Due to their small size and poor t@st with matrix, these
nanoprecipitates are only visible under ultra higlagnification and resolution
conditions of TEM observation. A TEM image of thesmnoprecipitates is shown in
Figure 3.13 in which the cube-like and plate-like nanopreeifas are highlighted by
big and small red spheres, respectively. HRTEM msagf cube-like and plate-like
nanoprecipitates are showiigure 3.14a and Figure 3.14b, respectively. The
cube-like nanoprecipitates are less than 5 nmeir timensions. And the plate-like
nanoprecipitates can be only 2 atomic layers indirextion. Due to their ultra-small
size and prevalence, they are thought to be pgssitd energetically favorable
smallest building units of nanoprecipitates in ttligss of materials. Possible atomic
arrangements of nanoprecipitates and their nuoleatnechanisms have been
discussed through a collaborative HRTEM imagingage simulation (by Dr. Lijun
Wu), and a large-scale density functional theoryFTD calculations by our

collaborators at Nevada University and Oak Ridgéddal Laboratory?
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Figure 3.15 (a) Cs-corrected HRTEM image of a LAST-18 single gstal sample
taken along [100] direction (by Dr. Lijun Wu). The matrix is PbTe with a lattice
constant of 6.44 A. The marked areas | and Il highlight the tw typical
nanoprecipitates present in the sample. (b) and (e) Magmd images of | and II,
respectively. (c) and (f) Corresponding simulated images bed on the most
stable atomic positions predicted by the DFT calculations siwn in (d) and (g),
respectively. The diffusive nature of the nanoprecipitate is caused by Ag atoms
taking interstitial positions. For clarity, both magnified and simulated images are
shown in color*

The first step is to identify the detailed atomioraagements of these
ultra-small  nanoprecipitates. A  double Cs-correctedEM instrument
JEOL-2200MCO was employed to tackle this challebgeroviding more accurate
atomic positions at sub-angstrom resolution. The@sected HRTEM images of the
cube-like and plate-like nanoprecipitates are shmwfigure 3.15a Enlarged images
of the cube-like (I) and plate-like (II) nanopretites are shown iRigure 3.15b and
Figure 3.15e respectively, in which both nanoprecipitates shdearly diffused
feature. The interpretation and determination afmat positions from HRTEM
images are collaborated by image simulation argklacale density functional theory

(DFT) calculations conducted by our collaboraté&msergetically favorable structural
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models Figure 3.15dandFigure 3.15g)of nanoprecipitates in LAST-18 compound
were given by using large scale DFT calculationdciwvhemployed a supercell
containing 1728 atoms. In such a way, full-sizedapaecipitate in real samples could
be enclosed in the supercell. The simulated im&ggsre 3.15cand Figure 3.15f
(performed by Dr. Lijun Wuwere obtained by using the atomic positions froRTD
calculations, from which distinct deviations of mic positions from their ideal sites
to interstitial positions were revealed. Such auemaagrees well with the diffused
contrast in our HRTEM observations of both cube-lfkigure 3.15b)and plate-like
(Figure 3.15c) nanoprecipitates. The structural features suchsiae, shape,
orientation, and atomic position deviations obtdinfieom DFT calculations are
corroborated by HRTEM observations. The cube-likd plate-like nanoprecipitates
are in quantitative agreement with the energetidalorable smallest building units
of larger nanoprecipitates in LAST-18 samples. D& the nucleation of the
nanoprecipitates is suggested to be driven by etiesgntrinsic to the nanocomposite

via the interplay between the electric dipolaraattion and the strain energy relese.

3.3.6 Discussions

In the LAST-18 single crystal samples, nanopreaipg with a wide size
distribution have been observed. They are analymegossess different lattice
parameters and crystal symmetries compared to #iexriattices, which lead to
unsymmetrical strains fields around them. Most loé hanoprecipitates share a

coherent interface with the surrounding matrix, ahhfurther scatter phonons while
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interfere much less with electrons. For the nanopitates with sizes more than 10
nm, many other kinds of defects such as anti-pbasedaries, twin boundaries, and
lattice distortions were present to compensatéaiiee mismatch. These defects also
produce additional interfaces and boundaries vighnbatrix lattice, and consequently
further enhance phonon scattering and redyc®&he atomic position deviations from
equilibrium sites would act as point defects afitciently scattershort-wavelength
(high frequency) phonons. The extensive straird$éielaused by the nanoparcipitates
in matrix would break the crystal periodicity anigrsficantly enhanced Umklapp
phonon scattering process, which is the dominaonph scattering mechanism at
high temperatures. Therefore, strain fields woalsult in distinct reduction aoti at
high temperatures. For LAST-18 samples, keeps decreasing with increasing
temperaturesHigure 3.3b) and played a key role for reaching the record dgh

value of 2.1 around 800 K.

3.4 Conclusions

In this work, TEM/HRTEM observations and structueaalysis have been
conducted to study the size, shape, orientatigstriloution, microstructures, atomic
arrangements, and nucleation mechanism of nangeels embedded in the matrix
of LAST-18 single crystals. The nanoprecipitategenaarying sizes and shapes. They
also have different chemical composition, latticasmmatch and strain field
distribution compared to the surrounding matrix.e Tianoprecipitates are usually

Ag-Sb rich and share coherent interfaces with mairhe lattice difference between
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nanoprecipitates and surrounding matrix varies ftess than 1% to around 10%.
Anti-phase boundaries, twins, and phase separatians often been observed when
the size of the nanoprecipitates becomes largeoptanipitates have primitive cubic
and primitive tetragonal structures, as well asyboehtered tetragonal lattice with
tripled lattice parameter along direction. The strain field caused by the
nanoprecipitates shows anisotropic and long ranbaracteristics. The size,
orientation, and deviation of atomic positions lo¢ {plate-like nanoprecipitates from
TEM/HRTEM observations are in good agreement with énergetically favorable
smallest building units of DFT calculations. Basa the excellent agreement of
structural features from DFT calculations and HRT&b&ervations, the nucleation of
the nanoprecipitates is suggested to be driven mgrgestics intrinsic to the
nanocomposite via the interplay between the etedipolar attraction and the strain

energy release.

Due to the difference of the wavelengths of phona@msl electrons,
nanoprecipitates in the LAST-18 single crystals salectively scatter phonons much
more dominantly than electrons. Thus the LAST-18@as possess excellent
electrical properties along all temperatures. Taggd amounts of interfaces and
boundaries of nanoprecipitates and other defects wurrounding matrix lattices
provide additional phonon scattering through dédfer processes, which results

significant reduction oki along the measuring temperatures.
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4. Microstructure investigation of non-equilibrium synthesized

p-type filled skutterudite CeFeSh,

4.1 Introduction

a @

Figure 4.1 Atomic structural model of the filled skutterudite compounds, in
which the green, blue, and red spheres represent the gpgen atoms, transition
metals atoms and lanthanide filler atoms, respectivelff.

Filled skutterudites crystallize in body centeratic (BCC) structure. The
atomic structural mod&lis illustrated inFigure 4.1, in which the blue, green, and red
spheres represent the transition metal atoms, gacatoms, and rare earth atoms,
respectively. Transition metal atoms are locatethatcenter of distorted octahedra
formed by pnicogen atoms. Rare earth atoms aratsduat the center of cages formed
by 12 pnicogen atoms. The weakly bound rare edadmswill “rattle” about their
equilibrium positions and are called “rattlers”. eBe “rattlers” are thought to be
effective in scattering acoustic phonons whichycarost of the heat in thermoelectric

solids.
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Figure 4.2 Lattice thermal conductivity as the function of temprature for
LaFe;CoShy,, CeFeCoShy,, CoShs, and vitreous silical’

The binary skutterudite antimonide Ca@Slexhibits excellent electrical
transport properties, while its thermal conducyivig too high for it to be a good
thermoelectric materid?’* The lattice thermal conductivitiessg of filled
skutterudites can be significantly reduced throtlghintroduction of “rattlers”, such
as rare earth§™ *? alkaline$®’® or alkaline earti$ ”". Figure 4.2 shows the lattice
thermal conductivity dependence on temperaturdsnairy skutterudite CoSpfilled
skutterudites LaR€0oSk, and CeFgCoSh, and vitreous silicd’ It can be seen that
the lattice thermal conductivities of filled skutidites LaFgCoSh, and CeFgCoSh,
have been reduced by near one order of magnitut@a@d with unfilled CoSb At
room temperaturex; almost reaches a value similar to that of vitresilisa. This

proves that the scattering of phonons by the mgtthf rare-earth ions effectively

reduces xi in the filled skutterudite compounds and makesmthpromising
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thermoelectric materialsThe overallZT values of LaFgCoSk, and CeFgCoShy,

were increased to 1 at 800 K, which was among idjiieelst values in 1996.

Filled skutterudites are model materials obeying finonon glass electron
crystal (PGEC) paradigrif. Due to their high chemical and mechanical stabiit
intermediate temperatures and the availability othbn-type and p-type materials
with relatively highZT values, they are among the most promising therectiéd
materials candidates for waste heat recovery in #womotive industry?
Consequently, approaches to prepare filled skudiersi with further reduced thermal
conductivity, while maintaining good electronic pesties, are always a high priority
in the thermoelectric materials research. Multifilleng with selected two or three
kinds of rattlers to scatter a wide spectrum ofrq@ms has been proven to be an
effective way of further reducing the thermal coctduty and subsequently
enhancingZT values'>® A high ZT value of 1.34 at 800 K has been obtained in
n-type triple-filled skutterudite BasYbo1£EU1CuSh»>° In addition, filled
skutterudite composites with secondary phase pestisuch as oxidés 2 or
fullerene&” prepared byn-situ reaction method or other solid state reaction odh
sometimes exhibit enhanced thermoelectric promethian the matrix materials. For
example, Yl sCo,Shy, with in-situ formed YRBO; particles exhibit a higET value of

1.3 at 850 K2

More recently, a non-equilibrium synthesis metholiclv combines rapid

solidification by melt spinning with subsequent riipplasma sintering (SPS) or hot
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press has been successfully employed in the prépac filled skutterudites®® and
several other bulk materidfs* showing markedly improved thermoelectric
properties. The melt spinning process allows them&tion of fine-grained or
amorphous microstructure through rapidly quenclimgolten alloy at extremely high
cooling rates. The cooling rates achievable arg¢henorder of 16-10' K/s. Spark
plasma sintering is a relatively new sintering teghe, which enables very high
heating or cooling rates (up to 600 K/min), herfoe $intering process is very fast,
which is generally within a few minutes. This ersurthe SPS process has the
potential of densifying powders with nanometer siaad nanoscale substructures by
avoiding coarsening which accompanies most standiandification routes. The SPS
process was conducted by our collaborators at @eMators R&D Center for this
work. As a so-what similar method, hot pressingls® capable of reducing sintering
temperature and shortening sintering time with igdplpressure in the sintering
process. A melt spinner and a DC current hot psgstem at BNL were used in this
work as well. In both cases, the melt spinning psscproduces thermodynamically
metastable, amorphous or ultrafine grained ribbaisch were easily compacted into

stable pellets in short sintering periods undesguee by SPS or hot press.
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Figure 4.3 Temperature dependence of Seebeck coefficierfg), electrical
resistivity (b), power factor (c), thermal conductivity (d), latice thermal
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conductivity (e), and ZT (f) of CeFeShi, bulk samples prepared by the
non-equilibrium method and the conventional method from 300 to 800 K2

The variations of Seebeck coefficieft electrical resistivityp, power factor

SZ/p, thermal conductivity, lattice thermal conductivity; and figure of merit ZT as

a function of temperatures of CeBb, samples prepared by both

the

non-equilibrium and conventional methods are showkfigure 4.3 The two samples

have comparable Seebeck coeffici&walues Figure 4.38, while the electrical

resistivitiesp of the non-equilibrium synthesized sample areeast 25% lower than
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those of conventionally synthesized samples aldrgg heasurement temperature
range from 300 to 800 KF{gure 4.3b). This leads to higher power factor in the
non-equilibrium synthesized sampléidqure 4.39. The lattice thermal conductivities
k. of the non-equilibrium synthesized samples araniogntly lower than the
conventionally synthesized samplésgure 4.3e) The differences ok of the two
kinds of samples are also getting more dominanhigh temperatures with the
maximum reduction of about 65% occurs at 800K.of the non-equilibrium
synthesized Cel8h,, samples is around 0.6 Whid ™ at 800 K, which is the lowest
value obtained in this material. The highe&T value obtained from the
non-equilibrium samples is 0.94 at 800 K, whicimisre than 50% higher than that of

the conventionally synthesized samplegy(re 4.3f).

The non-equilibrium synthesized p-type filled skuatidites CeR&Sho,
CeFgCoSh, and other samples have been shown to have sigmifycimproved
electrical and thermal transport properties congbate samples prepared by
conventional solid state reaction and long termeafing method&>®® In this part of
work, a comparative microstructure investigatiortted CeFgSh, samples prepared
by both the non-equilibrium and conventional methad X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy disperspectroscopy (EDS) and
transmission electron microscopy (TEM) have beemduooted to study the
microstructural origins for the remarkably improvitgeirmoelectric properties in the
non-equilibrium synthesized samples, with the goflestablishing a correlation

between the microstructures, materials synthesigl@rmoelectric properties.
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4.2 Materials synthesis

Figure 4.4 Schematic of the melt spinning system at BNL.

For the preparation of Cef®b, bulk materials by the non-equilibrium
method, stoichiometric high purity element piece€e (99.8%), Fe (99.98%) and Sb
(99.9999%) were loaded into boron nitride (BN) tsib&hich were then pumped and
refilled with argon. The raw materials were mel&@dbout 1450 °C for 30 seconds in
an induction furnace, and then cooled down to reemmperature in 30 minutes. In the
next step, the ingots went through the melt spiranocess to obtain very thin
ribbons. A schematic of the melt spinning systerBML is shown inFigure 4.4. The
obtained ingot was put into a quartz tube with@rm diameter nozzle. The ingots
were melted and injected under an Ar pressure @/OMPa onto a copper wheel
rotating at a linear speed of 30 m/s. The colleciebons were pressed into pellets

and densified under 50 MPa at 600 °C for 2 minitesgcuum in the SPS system.

The conventional Ceg8h, samples were prepared by loading high purity

element pieces into a quartz tube with carbon ogafihe vacuumed and then sealed
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quartz tube was heated to 600 °C at 2 °C/min, fel® hours, and slowly heated to
1050 °C at 0.5 °C/min. After holding at 1050 °C &0 hours, the quartz tube was
removed from the furnace and quenched into a wWaddr. It was then annealed at
700 °C for 30 hours. The ingot was removed fromdghartz tube, ground to powders
and followed by the same SPS procedure as that fagethe non-equilibrium

synthesis.

4.3 Results and discussion

4.3.1 Microstructures overview of the ribbons and the bulk samples

Figure 4.5 (a) Collected CeF£5b;, melt-spun ribbons; (b) Optical micrograph
showing the thickness of a typical ribbon.

Melt spinning is a typical kind of rapid solidifitan technique. The very high
cooling rate (16:10" K/s) enables the formation of microstructures wifined grain
sizes, increases the solubility of alloying elersesmid impurities, reduces the levels
of second phase segregation, and forms metastalitaline and amorphous
phases® For thermoelectric applications, these effects &emeficial in the
preparation of homogeneous bulk materials with oapd properties. Usually, the

morphology and microstructure of melt-spun ribbams remarkably influenced by

60



the cooling rates of the melt spinning process. G¢beling rates are controlled by
several processing parameters such as wheel sgagdyressure, melt temperature

and nozzle-wheel gap etc.

In this work, ribbons with desirable microstructsireave been produced
repeatedly by using the optimized process parasieidre picture of a collection of
the melt-spun CeRE8hy, ribbons is shown irFigure 4.5a The thickness of the
melt-spun ribbons can be easily measured usingcaptnicroscopy. One of the
optical micrographs is shown ifigure 4.5b. Typical melt-spun ribbons have

characteristic lengths of 5 mm and thicknesse$qin.
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Figure 4.6 XRD patterns of (a) CeFgSb;, melt-spun ribbons and (b-c)

non-equilibrium synthesized and conventionally synthesized &FeSh;, bulk
samples after spark plasma sintering.

X-ray powder diffraction (XRD) was carried out imder to investigate the
crystal structure and phase composition of meltaglobons, as well as those of the

sintered bulk samples by the non-equilibrium anaveational methods~gure 4.6).
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All reflection peaks of the XRD pattern of the mgttun ribbonsKigure 4.6 a) are
well broadened most possibly due to the formatiérultra fine grains or even
amorphous phase by the melt spinning process. i®ns are confirmed to be
comprised of mostly body-centered cubic (BCC) G8Bg phase (space group Im3)
with small amounts of FeSland Sb impurity phases. The XRD patterns of botdsk
of sintered bulk sample&igure 4.6b and Figure 4.6¢c) are composed of intense and
sharp reflection peaks. In addition, antimony peafsearing in the XRD pattern of
the melt-spun ribbong={gure 4.6a) are not observed in the patterns of sintered bulk
samples Figure 4.6 b and Figure 4.6 ¢). These observations indicate that all
materials have been fully reacted and crystallinetthe very short SPS sintering time
of 2 minutes. No obvious differences are observedhfthe XRD patterns of the

sintered samples.

Figure 4.7 (a) HRTEM image showing a nanocrystal embedded in the
amorphous matrix of a melt-spun ribbon; (b) TEM image and eletron
diffraction pattern in the inset showing grains of nanocrystaline nature in the
melt-spun ribbons.

Amorphous phase has been observed in part of tns Figure 4.79,

while most of the ribbons show a nanocrytallineuratfrom extensive TEM imaging
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and electron diffraction analysi&igure 4.7b). The grain sizes in the ribbons range

from several nanometers to around 50 nm.
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Figure 4.8 (a) and (b) Optical microscope images of fine-polisd surfaces of the
conventionally and non-equilibrium synthesized CeF£&h;,sample, respectively;
(c) and (d) Corresponding SEM images of the fresh fracturesurfaces of the
conventionally and non-equilibrium synthesized CeF£&h,,sample, respectively;
(e) Magnified SEM image of the rectangular box area in (d); (f)Grain size
distribution histogram of the non-equilibrium synthesized CeFgSh;,samples.

Both optical micrographs and SEM images reveal bige difference of
microstructures in the non-equilibrium synthesizadl conventionally synthesized

CeF@Sh; bulk samples. The non-equilibrium synthesized saspke composed of
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compact stacking ribbon-like layers-igure 4.8b and Figure 4.7d), while the
conventionally-synthesized samples do not have sudtacking-layered structure
(Figure 4.7aandFigure 4.79. The SEM image ifrigure 4.7calso shows the grain
size of the conventionally synthesized samplesingrfrom 1 um to more than 10
um. Figure 4.7eis a magnified SEM image of the rectangular beceaan Figure
4.7d, which displaysthe contrast in the stacking layers of the non{daium
synthesized samples. These are caused as a fethdtadternate distribution of grains
with different sizesThe grain size distribution histogram retrieved frdEM images
of more than 1000 grains d¢ifie non-equilibrium synthesized samplssshown in
Figure 4.71f, which exhibit a grain size distribution from 106t to about um. Based
on this information, it is found that the averageaiig size of the non-equilibrium
synthesized samples is at least an order of matgiemaller than that of the
conventionally synthesized samples. Macroscopicallhe non-equilibrium
synthesized samples are locally comprised of moekdlatructures formed by grains
of different sizes. Nanometer-sized and modulaisttiduted grains in the
non-equilibrium synthesized CefSiy, samples introduce much higher density of
grain boundaries which can scatter a large spectrfupmonons with mean free paths
comparable to or greater than the grain size. Towrethey are able to significantly

reduce the lattice thermal conductivity and enhafitealues.
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Figure 4.9 (a) and (c) Low magnification TEM images showing theypical grains
and grain boundaries in the non-equilibrium and conventionally synthesized
CeFeShi,samples, respectively; (b) and (d) Magnified TEM images of ghgrain
boundaries in the box areas in (a) and (c), respectively.

It is known that not only the density, but also theality of the grain
boundaries has a substantial influence on the radaktand thermal transport
properties of a polycrystalline material. HRTEM mirag has been conducted to study
the detailed grain boundaries microstructures of Ismtered bulk material$igure
4.9). In the non-equilibrium synthesized Cg®h, samples, grains are densely
packed and most of the grain boundaries are cladrstraight, as shown iRigure
4.9a In contrast to the non-equilibrium synthesizedngles, secondary phase

precipitations are easily found on the grain bouedaof the conventionally



synthesized samples, of which a typical one is shawFigure 4.9c Magnified
HRTEM images of the boxed areas kigure 4.9a and Figure 4.9c are shown in
Figure 4.9b and Figure 4.9d respectively, which display the detailed locahigr
boundary structures at the atomic scéligure 4.9b shows two well-coupled grains
with structurally intact grain boundary in a noru@dprium synthesized sample.
However, Figure 4.9d shows poorly coupled grains with secondary phase
precipitations on the grain boundary of a converaily prepared sample. The widths
of the secondary phase precipitation layer on taendgoundaries range from 1 to 10

nm.

Figure 4.10 EDS line scan across a grain boundary. Spectrums (a)da(c) were
taken from intragrain areas, and (b) was taken on the grain boundary.

The atomic percentages of the component elemetite grain boundaries and
within the grains of the conventionally synthesizedFqSh,, were determined by
EDS. It is found that the grain boundaries are mmoie Ce-rich (as much as 5 to 10

times higher) than the intra-grain regioisgire 4.10. For example, the Ce:Fe:Sb
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ratios in two of the grain boundaries are 58.55 140 and 39.2 : 8.1 : 52.7
respectively, while the compositions within indivad grain are very close to

stoichiometric CeFR&Shy, with ratio of 5.9 : 23.5 : 70.6.

There have been many reports suggesting that necippates play an
important role in enhancing phonon scattering ameteffore reducing the thermal
conductivity>® ** ®3 ®Combined TEM/HRTEM imaging with chemical compasitj
lattice mismatch and strain field analysis havenbeenducted to understand the
influence of the nanoprecipiates on the phononcamnder transport properties of the

non-equilibrium synthesized CefSdy, samples in this work.

Figure 4.11 (a) Low magnification TEM images shows grains and grain
boundaries of a conventionally synthesized Cek®b;, sample; (b) Low
magnification TEM image shows grains embedded with abundant
nanoprecipitates in the non-equilibrium synthesized CeR&b;,sample; (c) and (d)
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TEM images at higher magnifications show the presence of irdgrain
dislocations and the nanoprecipitates with different sizeembedded in the grains
of non-equilibrium synthesized CeFgSh;,samples, respectively.

The grains of the conventionally-synthesized G8Bg samples have
characteristic sizes above gm and are connected by rough boundaries. No
nanometer scale substructures have been obserta@d wie grainsKigure 4.113.
Contrarily, individual grains with extensive narostures were readily observed in
the non-equilibrium synthesized samples. The mashneon nanostructures are
nanoprecipitates embedded in the matrix grainsagnain dislocations and low angle
grain boundariesKigure 4.11b and Figure 4.119. TEM image inFigure 4.11d
demonstrates that most of the nanoprecipitatesarerently embedded in the matrix
grains and have a large size distribution rangimgnfa few to several tens of

nanometers.
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4.3.2 Resolving the microstructures of nanoprecipitates in the no®quilibrium

synthesized samples
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Figure 4.12 (a) HRTEM image of the non-equilibrium synthesized CeF&Shy,
sample along [100] zone axis, showing two nanoprecipitates cohergntl
embedded in the matrix. Moiré patterns are present becauss# the overlap of the
nanoprecipitates and the matrix in the projection. The insesshows the selected
area electron diffraction (SAED) pattern from the whole image. (b - d)
Diffractograms of the circled matrix area M, and nanoprecipitate areas NP-aAnd
NP-Il in (a), respectively. () Combined Gaussian and Loreatan fit (red dot line)
to the 002 peak of the matrix (black solid line). (f) 002 peakrpfiles of the
diffractogram of NP-I in (c). The 002 peak of NP-I shifts dastically to the right
of the matrix peak, indicating that the c lattice parameter of NP-I is much
smaller that that of the matrix. (g) HRTEM image showing a single
nanoprecipitate for strain field analysis. (h - i) Strain-mapsof gx and &y, which
were calculated from the HRTEM image shown in (g). The wike rectangle in (i)
Is the reference area. The maps are shown in color for clayit The circles in the
figures outline the nanoprecipitate.

The most frequently observed nanoprecipitates mmend 10 nm in diameter,
circular shaped and coherently embedded in thebmaith concurrence of Moiré

patterns, as shown Figure 4.11d HRTEM image inFigure 4.12ashows two such
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kind of nanoprecipitates embedded in one singlengriawed along the [100] matrix
orientation. The two nanoprecipitates are abouhbin diameter with presence of
Moiré patterns in different orientations relative the matrix lattice. No obvious
lattice distortion is observed on the interfacews®n the nanoprecipitates and the
surrounding matrixHere we denote the two nanoprecipitates as NP-I NiRdll.
Selected area electron diffraction (SAED) patteonmf the whole image dfigure
4.12ais shown as the inset of it. The FFT diffractogrdnos the circled matrix area
M and the nanoprecipitate areas NP-I and NP-lIsaeevn inFigure 4.12h Figure
4.12¢ andFigure 4.12d respectively. Double diffraction is less obvionghe SAED
pattern, which helps us differentiate the reflattispots originating from the
nanoprecipitates and the ones caused by doubtaditin in the FFT diffractiograms
of nanoprecipitates. Weak matrix spots appear & ERT diffractograms of the
nanoprecipitates due to the overlap of the matniet the nanoprecipitate along the
electron beam projection direction. Moiré patteane formed for the same reason.
EDS measurements show that the concentration af 8te nanoprecipitate areas is
significantly higher than that in the neighboringatnx. Compared to the
body-centered cubic structure of the matrix, exeesSb orders along thedirection

in the nanoprecipitates. The structure of NP-I Bidll is determined to be primitive
tetragonal. The orientation relationships betwedhINNP-II and the surrounding
matrix are  (00W)p.//(001)y, (010\p.//(010)y and  (01OQY)p-u//(001)y,

(OO Np-//(010), respectively. The different orientation relatibips of NP-1 and
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NP-II with the matrix lattice result in the formati of Moiré patterns in different

orientations. Specifically here, the two Moiré patts are perpendicular to each other.

Figure 4.12eandFigure 4.12f are the 002 intensity profiles from the matrix
and NP-I, respectively. Accurate lattice paramedeesobtained by fitting the profiles
using a combination of a Gaussian and a Lorentkiaotion. The red dot line in
Figure 4.12eis the fitting of the 002 matrix peak. The lattg@rameter of the matrix
is therefore determined to log = 0.924 = 0.003 nm. Iikigure 4.12f the 002 peak
from NP-I shifts drastically to the right of theDpeak from the matrix, implying that
the lattice parameter of NP-I is much smaller than that of the matriheTlattice
parametersc of NP-I and NP-II obtained by fitting the 002 pealof the
diffractograms are close to each other with= 0.789 + 0.005 nm. The lattice

parametera of NP-1 and NP-Il are equal to that of the matrix.

An HRTEM image of a single nanoprecipitate (shownFigure 4.12q)is
chosen for strain field analysis. This nanopreatpitis also Sb-rich in composition,
showing Moiré patterns, and has a tetragonal strectGPA software is used to
retrieve the distribution of the strain field, whits a relative strain map with respect
to the reference arekigure 4.12handFigure 4.12ishow the relative strain magx
andsy, retrieved from the HRTEM image Kigure 4.12gwith g; = 200 andy, = 020,
and x and y-axes pointing to the [100] and [010] directiondeTreference area is
marked by a white rectangle Figure 4.12i The gx map basically shows negative

strain in the matrix. Near the nanoprecipitate,ré¢his a small region showing a
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positive value ofsx. The gy map basically shows a positive strain in the maffixe
strain in the matrix is quite different from thagrgerated by an isotropic misfitting
spherical inclusion in an infinite isotropic matriyy at bottom side is larger than that
at top side. One possible explanation for the asgmm strain field around the
nanoprecipitate is the stain field is not only sy the misfit between the
nanoprecipitate and the matrix but also by thellfloatuation in the composition.
When a nanoparticle precipitates, it consumes 8sulting in the stoichiometric
fluctuation in the surrounding matrix. The altemabntrast in the nanoprecipitate is

complicated due to the different reflection corati in the Moiré pattern.
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Figure 4.13(a) HRTEM image showing a pure CeSpnanoprecipitate embedded
in the matrix of the non-equilibrium synthesized CeFgShb;, sample. Lattice
distortion, antiphase boundaries and misfit dislocations are &quently observed
surrounding the edge of the precipitate to compensate thdifferences of lattice
parameters between the nanoprecipitate and the neighboring atrix. (b - c)

Corresponding FFT diffractograms from the circular areas in the matrix and

nanoprecipitate in (a), respectively. Strain-map of (dk« and (e) gy calculated

from the HRTEM image shown in (a). The white rectangle ir(e) is the reference
area. The maps are shown in color for clarity. The circles ithe figures outline

the nanopatrticles.

One other typical kind of nanoprecipitates obseriredhe non-equilibrium
synthesized CeE8b;, samples is shown in the HRTEM imageHigure 4.13aalong
the [001] matrix direction. It is circular shapeada30 nm in diameter. EDS analysis
shows the composition of the nanoprecipitate isseldo CeSh The FFT

diffractograms from the circled matrix and nanofpiate area are shown Figure
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4.13bandFigure 4.13¢ respectively. The nanoprecipitate can be indexsed slightly
tited CeShk orthorhombic structure with lattice parametars 0.6295(6) nmp =
0.6124(6) nm andc = 1.821(2) nm. The orientation relationship betwvebe
nanoprecipitate and the matrix is determined to (®20)esp#/(110)keresspizand
(206)cesp#/(1-10)ereashiz respectively. A possible Cegphase was not detected from
the X-ray diffraction pattern ifigure 4.6 b, which indicates only trace amounts of it
may exist in the sample. Figure 4.133 lattice distortion, anti-phase boundaries and
misfit dislocations are frequently observed surding the nanoprecipitate to
compensate the differences of lattice parametdxgele® the nanoprecipitate and the

neighboring matrix.

Figure 4.13d and Figure 4.13e show the relative strain magx and &y,
retrieved from the HRTEM image iRigure 4.13awith g; = 200,g,= 020, andx, y
axes pointing to the [100] and [010] directions.eTieference area is marked by a
white rectangle irFigure 4.13e The gxmap shows positive strain in both the matrix
and the nanoprecipitate, which is smaller at tdipthan that of bottom right. The,,
map shows positive strain in the nanoprecipitattamost no strain in the matrix
shows much less strain thag. The possible reason is part of the strains cabged
the CeShnanoprecipitate has been released through theafamof dislocations and

other defects along this direction.
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4.3.3 Low angle grain boundaries in the non-equilibrium synthesized sampk

Figure 4.14(a) Low magnification TEM image showing the presence of lownale
grain boundaries in the non-equilibrium synthesized CeFR&hb,sample.(b) TEM

image at a higher magnification of the grain boundary indicated byhe arrow in

(a) in [001] orientation. The inset shows the FFT diffractogam of the boundary
area with splitting spots indicated by arrows.

Besides nanoprecipitates and intragrain dislocafioanother kind of
microstructural defect - low angle grain boundatese also been observed in the
non-equilibrium synthesized CefSiy, samples. The grain boundary indicated by the
arrow in Figure 4.14ais shown in a higher magnification TEM image kigure
4.14h FFT diffractogram of the boundary area is showthe inset ofigure 4.14h
The splitting of 200 spots (indicated by arrowsje@s that the tilt angl@ equals
0.051 rad. The calculated spacing of the fringetregh in the low angle grain
boundary isd = dd8 = 4.57 A/0.051 = 90 A, which is in good agreemwith the

value measured frofigure 4.14h
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4.3.4 Discussions

The dominant difference of the non-equilibrium $wdis from the
conventional synthesis is the replacement of ting i@rm annealing step with melt
spinning. The melt-spun ribbons are composed ofocrgstalline grains and
amorphous phase due to the rapid solidificationtiie melt spinning process.
Furthermore, phase segregation could also be e#&ctontrolled, which results in a
more homogeneous chemical distribution in the nisboWNorking as the starting
materials for fast sintering under pressure, th&-apein ribbons have much smaller
sized grains and are much more homogeneous in chkemwmposition than the

powders obtained by a lengthy ball milling procedan annealed ingots.

Table 4.1Microstructure differences of CeFeSh;, bulk samplesprepared by the
non-equilibrium and the conventional methods.

Non-equilibrium synthesis | Conventional synthesis

Grain size 100 nm to 1um 1 to more than 10um

Grain boundary Atomically clean & straight | Rough with secondary phase

Nanoprecipitate Abundant None

Low angle grain Often observed Rarely observed
boundary
Ir.ltragra.ln Often observed Rarely observed
dislocation

The subsequent SPS or hot press sintering prosegsy short, which does
not lead to large grain size coarsening and sepbase segregation or diffusion. The

small-scale local compositional inhomogeneities aotvated by the thermal energy
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and tend to form nanoprecipitates within the gramgseach lower system energy.
These nanoprecipitates do not have enough timefficsel to the grain boundaries.
Contrarily, the long-term annealing step in the wvarional synthesis provides
enough time for impurity phase segregation andusiién. Grain boundaries are often
the preferred sites for the precipitation of thepimty phases. Consequently, the
non-equilibrium synthesis produces samples withonseter sized grains, cleaner
grain boundaries and evenly-distributed nanopreatgs within the grains. However,
the conventional synthesis produces samples withomieter sized grains, dirty grain
boundaries with impurity phase precipitations. Ten-equilibrium synthesis also
produces other kinds of microstructural defectd #ra absent in the conventionally
synthesized samples, such as intragrain disloctad low angle grain boundaries as
mentioned previously. A comparison of the microstines of CeFShy, bulk
samples synthesized by the non-equilibrium methatithe conventional method is
listed inTable 4.1 According to Formula 3.97;' =v,/d, the smaller the grain size,
the stronger the boundaries will scatter the pheramd hinder the heat conduction.
For the same composition, a polycrystalline matdréving a smaller average grain
size usually has a smaller lattice thermal conglitgtiAs mentioned previously, the
non-equilibrium synthesized CefSiy, samples are composed of nanometer sized
grains with a wide size distribution. The total rhen of grain boundaries is
dramatically increased compared to the conventipreynthesized samples with
micrometer sized grains. The grain boundaries excptionons with mean free paths

comparable to the grain size, thereby reducingtaemal conductivity. Additionally,

77



the wide size distribution of grains helps scagbonons of a wide spectrum of
wavelengths, which is also a beneficial factor fbe enhancement of phonon
scattering and the suppressionxpf The abundant nanoprecipitates embedded in the
individual grains provide effective phonon scatigricenters and introduce high
intensity of interfaces and strain fields on thetnwa The other microstructural
defects such as intragrain dislocations and loweaggain boundaries also produce
additional interfaces with the matrix that enhapt®non scattering. Furthermore,
nanoprecipitates and other microstructure defecthe non-equilibrium synthesized
CeFaSh;; samples is effective in enhancing phonon scatjeaimd leads to a much
lower x than that of the conventionally synthesized samméong the whole

temperature range measuré&eyre 4.39.

As discussed, dditional phonon scattering caused by the microsire
defects helps suppress of the non-equilibrium synthesized Cg&l, samples
remarkably. For the electrical transport properttes non-equilibrium synthesized
CeFqSh;samplesshow comparabl& and lowerp, and thus a highd?F, as shown
in Figure 4.3 This result confirms that the microstructural dégelsave much less
effects on the electrical transport properties. s been discussed in chapter 3,
because the dominate wavelength of carriers is rbigger than that of phonons, it is
possible that th@mperfect interfaces only limit the phonon trandpdwut leave the
carriers transport intaciThe d@omically clean and straight grain boundariesthe
non-equilibrium synthesized samples provide momedocive paths for the carriers,

which are holes in Cel8hby».
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4.4 Conclusions

Filled skutterudite CeR8b, prepared by the non-equilibrium synthesis
method has exhibited 50% improvementi values over samples made by the
conventional synthesis method. We attempted torstated the underlying origins for
the simultaneous enhancements of both electrichltiaermal transport properties in
the non-equilibrium synthesized samples througbraparative microstructure study
of samples prepared by both the non-equilibrium hoetand the conventional
method. The exclusive microstructures of the namliggium synthesized samples
include nanometer sized grains, alternate disiobubf grains with different sizes,
abundant nanoprecipitates within grains, intragrdislocations, low angle grain
boundaries and other defects. These microstructumesduce high densities of
interfaces and boundaries, which strongly enhargi®snon scattering so as to
significantly reduceq. . At the same time, the cleaner grain boundariesl@an angle
grain boundaries are beneficial factors that resulexcellent electrical transport

properties.
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