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ABSTRACT OF THE DISSERTATION

Synthesis and Characterization of 14-1-11 YtterbManganese Antimonides

for Thermoelectric Applications

by

Kurt Star
Doctor of Philosophy in Materials Science and Eegiing
University of California, Los Angeles, 2013

Professor Bruce Dunn, Chair

Yb1sMnSh; is a promising thermoelectric material for highmperature applications
with values of the non-dimensional figure of méfTt peaking at 1.4 above 1200 K. ¥kInSh;;
exhibits low lattice thermal conductivity valuesdaa p-type semimetallic behavior. This
compound is a member of a large family of Zintl gd® with a “14-1-11" AMPyg
stoichiometry (Pn = As, Sb, Bi; A = Ca, La, Sr, YHy; M = Mn, Al, Cd, Ga, In, Nb, Zn). There
is significant interest in investigating how subgions on any of the atomic sites impact the
band gap, lattice thermal conductivity and chargeier concentration and mobility.

High energy ball milling is shown here to be a cament method of synthesis to prepare
Yb14MnSh; and solid solution systems derived from this coumabby substitution of elements.

Here compositions in the YMni,AlLSb1yBiy, YbisMnShi1yAsy, Ybis,CaMnShiy, Ybia



xLaxMnShy; and YhaNaAlSb;; systems are considered. Characterization of théhegized
compositions was done by X-ray diffraction, elentranicroprobe. High temperature
measurements of the electrical and thermal trahgpoperties were carried out up to 1275 K.
The experimental results on solid solution samjaless compared to that of pure YkInSh;;
samples prepared by the same synthesis technigugngle parabolic band degenerate Fermi
statistical model was used to estimate various git@s such as effective mass. Calculated
lattice thermal conductivity in solid solutions walko compared to various models. Though
some increase in ZT was calculated below 900K, ke derivatives studied were calculated

to have a averge ZT significantly higher than XSk .
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Chapter 1. Introduction and Objectives

Thermoelectric materials have been instrumental tie exploration of space.
Yb1sMnShy; is a recently identified high temperature p-typerthoelectric with a possible
operational range up to 1300K. This is a dramatjarovement over SiGe which has been state-
of-the-art in high temperature p-the thermoelestrdor over 40 years. There are many
compounds which are isostructural to Y¥MnShi; which have been identified but not
characterized for high temperature electrical dmetrhal properties. Additionally, very little
research has been published regarding the propestieheir alloys. Experience from other
material systems has shown that modifying compmsstito adjust thermal and electrical
properties can lead to materials with increasedopmance. YkMnSh; has been synthesized
by a relatively new high energy ball milling metlsoathich is convenient for common powder
forming methods. This dissertation addresses tteete of substitution of each of the three
elements in YiyMnSh; to demonstrate the following: (1) demonstrating wheée application of
high energy ball mill synthesis for these compouri@simproving the thermoelectric efficiency
by altering materials properties through substtutand (3) estimating fundamental materials
properties and establishing the validity of estdi#d models of electrical and thermal properties.

The first systems presented are those ofsMhSh1Biy, and YhsMnShi,As,. The
suitability of Yb4sMnBiy1 as a thermoelectric has not been studied andWiAs;; has not been
synthesized. There have been no-reported studiemytype for alloy compositions in the
Yb1sMnShi14Biy or YbisMnShiiyAs, systems. In this study, compositions were cheraetd
for high temperature (~300K-1300K) electrical ahértmal properties. Their performance as

thermoelectric materials was evaluated. Electrpr@perties were then analyzed by simple



models to estimate basic materials parametersrdhdts of measured thermal properties were
compared to a predictive model.

The second system of focus is ¥n. ., Al Shii1Biy. This section aims to reproduce
work done on the YlaMn1., Al Shi; system which was synthesized using a “Sn-flux”huodt In
this dissertation, a different synthesis approaxhused and further modeling methods are
applied. The data and derived properties were eoetpbbetween the two synthesis methods.
The same approach was applied to the systemMfl.,Al Sk sBiss which has not been
previously synthesized.

The third focuses on substitution of Yb with otleégments in YisMn;.,AlLShi1. Ybya.
xMxMnShy; where M=Ca and La and YhNaAISb:;: synthesized with the ball milling method
were considered. For comparison, X miMnSh; samples synthesized via a Sn-flux method
were also analyzed. These substitutions, withetkeeption of Ca, aim to change the carrier
concentration to optimize performance. Samples whegacterized and results are compared to
Yb14Mn1AlSh; results in order to determine if any substatiofdé@ potential advantage in

performance



Chapter 2. Background and History of Thermoelectric Devices

2.1. Thermoelectric Generators

2.1.2. Principle of Operation

Thermoelectric generators (TEG) have excelled avigmg reliable, long lasting and
maintenance free power in extreme environmEnfs. Thermoelectric converters have no
moving parts and can be designed with a high le¥aledundancy in systems scaling from
milliwatts to hundreds of watts. They have dematstl extreme reliability, even when
operating under harsh temperatures, pressuresatioibr and radiation conditions. These
properties have made radioisotope thermoelectrineigdors (RTGs), systems using
thermoelectric elements to convert heat generateddecaying radioisotope to electrical power,
well suited for deep space exploration as wellsesin remote terrestrial locatiofis® Over the
last 50 years, RTGs have a proven track record tlasid graceful degradation in performance
has been modeled accurately over their entireclfge™ ! The longevity of these devices is
well illustrated by the Voyager | spacecraft thatswaunched in 1977 powered by three Multi-
Hundred Watt RTGs (MHW-RTG) supplying 470W and bastinued to transmit data beyond
the edge of solar system with the RTG still supmjy285 Watt$”

At the heart of an RTG are many individual thermgues that convert heat from the
radioisotope decay heat into electrical power. cAesnatic of one such thermoelectric couple is
shown in Figure 2.1. Heat radiates or conducts thot shoe” which also electrically connects
two legs consisting of one n-type and one p-typ¢ena. Opposite from the heat source, the

legs are attached to an electrically insulated ket and leads for each leg. In evaluating these



systems the temperatures are measured at the tegsoflosest to the heat sourceg) @nd at the
bottom closest to the heat sink;(TThe response to this temperature differencB=(Ty- T)
generates a voltage due to the Seebeck effect velictbe measured in the leads connected to
the cold side of legs. Connecting the leads tesgstive load (R will result in a current flow

(. In addition to power generation, the Seebedfect is used in temperature sensing
thermocouples. This same structure could be usedhéat pumping, generally cooling,

applications if a potential is applied to the leddg to the Peltier effect.

Hot Side

+ nth" e e |-
Cold Side

|
Ry

Figure 2.1: Schematic of an un-segmented thermoel@ouple in with a load resistance R

Thermoelectric devices can be thought of as hegihea that use charge carriers as the
working fluid. As such, they can be considerethawe an associated efficiency limit as defined
by the Carnot cyclenEAT/Tho). In RTGsS, the electrical efficiencyd) can be written in terms of
the electrical work done according to Joule’s lawarms of voltage (V) and current (I) and the

heat flow through the leg (% > ©
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= 2.1
Q, (218
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When operating in power generation mode acrosssistine load (R), equation (2.1a) can
further be rewritten using the Seebeck coefficigr) thermal conductivity ), the device
internal electrical resistance (R) of both legsvall as the hot and cold side temperatures.

| (AT - IR))
e = 2
|aT, + kAT -1/ 21°R

(2.1b)

The electrical power (P) of the thermoelectric devican be determined using the same

variables.

2
_ aAT F\’LZ (2.2)
(R+R)
The output electrical power is maximized when thiernal resistance matches the load
resistanceR=R.). This condition when applied to equation (2.fliyn yields the well known

equation featuring the dimensionless thermoeletitnice of merit (ZT).

T — T VI+ZT +1

M = hot — 'cold (23)

oo T4 ZT 4 oot

cold

This ZT is related to the Seebeck coefficien)t, (emperature (T), thermal conductivity
(x) and electrical resistivityp] of the materials used.

a’T
kp (2.4)

ZT=

It is important to note that the performance de&ice depends on the average value of Z
throughout the range betweep,and Toq as well as for both n- and p-type legs. Equafibh)

reduces back to the Carnot efficiency as Z appremadhfinity. In Figure 2.2, the maximum



electrical efficiency of a device assuming a catte ©perating temperature of 300K is plotted as
a function of temperature for various values oféd the Carnot efficiency (Zbs). Figure 2.3
shows the ZT curves with temperature for matery@skeams which are being investigated for
RTG development and it is important to note that\Alues are not constant over operating
temperature rangés.While peak ZT values in excess of 1 are commom aierage value over
the operating range is what determines device pednce. For high temperature applications
(T=1300K), state-of-practice thermoelectric materiaésre average ZT values of about 0.5
across the full temperature range, and for a 100@f€rence this yields theoretical efficiencies
of about 11%. This is in contrast to mechanicabihe power generation systems which can

achieve real world thermal-to-electric efficienaynwersions in excess of 60%.

0.8-
. — I
06 —- //////////// Carn Ot
0.5_- //,//

- 03_- // B o Z :
0o S o=
0.1 /,/ /// -

S B e

400 600 800 1000 1200

T (K)

Figure 2.2. Efficiencies of a thermoelectric devasea function of hot junction temperature for
various values of ZT while holding the cold sidetloé device at 300K. The Carnot efficiency
(achieved for very large values of ZT) is also shdor reference.
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Figure 2.3. ZT versus temperature plots for n-tyledt) and p-type (right) materials being
investigated for use in RTG applications measuteliPa from reference 1.

Besides improving ZT values, to improve the efincg of the thermoelectric device,
each leg might be segmented to take advantageeofattt that the performance of materials,
peaks at different temperatures in different matsriFigure 2.4b shows an example of two ZT
curves for two hypothetical materials. In a leg way composed of Material 2 (Figure 2.4b,
curve b), a resulting average ZT of ~0.5 would beamed for the leg (Figure 2.4b, curve b).
But devices may be constructed with segmented dsgshown in Figure 2.4a with a second
material (Material 1, Figure 2.4b, curve a). Ttevice can be engineered so that the boundary
temperature (Figure 2.4b, line c) between the tvaenials optimizes the average ZT of the leg.
The lower temperature Material 1 segment operdtashégher average ZT (Figure 2.4b, line e)
than the higher temperature Material 2 over theeloportion of the device’s operating range,
resulting in an overall higher average ZT (Figuréb? line g). In this example between 400K
and 1273K, the increase in ZT from ~0.5 to 0.69dgiea substantial increase in conversion

efficiency from 10% to 12%. In practice, other eval properties such as the coefficient of

7



thermal expansion and the thermoelectric compdtibfactor also need to be taken into
account™ ® ° A good example of a successful system is theydrethe 1960’s Viking lander
SNAP-19 RTG which used GeTe-AgShTE@AGS) for lower temperatures coupled with a

(Pb,Sn)Te for higher temperatuf@s.

1.0

b
) 08 | a —-—ri S
Hot Side & yaN
7| /
0s LE / \./ £
7’
/ P
P-type N-type il | ”
Material Material 4
04 | 7
1 1 7/
7
P-type N-type 03 r s
Material Material -
2 2

01 |
. 0.0 2 2 2 2 2 2 L L
COId Slde 400 500 600 700 800 900 1000 1100 1200 1300

Temperature (K)

Figure 2.4. a) Schematic of a segmented thermoigleduple. b) A ZT versus temperature plot
of curve a and b as the measured ZT curve for athgpcal Material 2 and Material 1
respectively. Line c represents the boundary teatpee of 850K between Materials 1 and 2 in
a segmented thermocouple. Line d shows the avet@gever between 400-1275K of an un-
segmented couple made out of material 2. Lineosvshthe average ZT for Material 1 between
400K and 850K and Line f shows the average ZT fatdvial 2. Line g shows the resulting
improved average ZT of the segmented leg. (Plet dttan-Pierre Fleurial, JPL)

Thermoelectric power generators require effectivermal and mechanical integration
with suitable heat sources as well as heat sinkrd@cting the waste heat not converted to
electricity. The heat source can be any sourceeat,hbut in deep space applications, US
missions have favored plutonium-238 dioxide whids la half-life of 87.7 years. Historically,
terrestrial sources have used various forms ohtitnm-90 which has a half-life of 28.79 yeéts.

1 For space missions, various heat source dedigne been used to provide hot side

8



temperatures between 1000 and 1360k For more commercial applications, currently there
is interest in using waste heat from diverse sausteh as cars, waste incinerator furnaces, and
jet aircraft in order to increase the efficiency tbeir operatiodt 2 There have even been
systems designed to use body heat to power low ppamsonal electronids” Thermoelectric
materials are also being investigated for use imllsstale solar-thermal ovens for remote
impoverished communiti€d.

For heat rejection, most terrestrial applicatioss gimple forced convection, conduction
and radiation systems to remove waste heat to tineunding air or watél: 2 Space
thermoelectric power systems have typically higihasor temperatures, ranging from 450 K up
to 550 K, that help both minimize radiator size agdtem mass, as well as provide high quality
waste heat for spacecraft thermal managefiént In space-based systems and terrestrial
systems used in extremely cold environments, thstevheat is also the means by which to
accomplish effective thermal management of semsitelectronics and energy storage
components, the unused heat being radiatively tispeinto space. Despite the benefit of an all
solid-state device and its ability to easily intgrwith a variety of heat sources and heat sinks,

thermoelectric power generation is still a nichehtelogy.

2.1.2. Performance and Competing Technologies

The rather low conversion efficiency of thermoelecgenerators is the major limitation
in their wider adoption. In a practical systeme tMMHW-RTG has a total efficiency of 6.5%
producing 4.2 W/kg operating between 1300K and 480K By comparison, commercial
portable mechanical systems routinely have effaeshthat approach 30% electrical efficiency
using temperature differences of 708KkBecause of the huge potential performance gains in

9



using mechanical cycles, NASA is developing Stifliaycle engines as an alternative to its
current work on thermoelectrics. The AdvancedliBgirRadioisotope Generator (ASRG) is an
alternative to RTGs and has been stated to have eéfiétencies operating between 923K and
363K producing 5.0 W/k§! The obvious efficiency advantage of mechanicalesys was well
known since the first “System for Nuclear AuxiliaPpwer” device (SNAP-1) developed in the
early 1960’s, which was a Rankine cycle enginegisirercury as a working fluid with a 10%
cycle efficiency™ However, the reliability of such systems over kg periods of operation
(10 to 30 years) typical of NASA deep space miss#till remains to be demonstrated.

Another technology rival to thermoelectrics is th@nic diodes utilizing the Edison
Effect. These devices achieved conversion effaen of up to 20% in early SNAP
development. For efficient operation, these dei@guire high vacuums maintained at above
2000K which present significant technical and miatesroblems®®! Solid state devices using
thermionic effects have been fabricated with somecass® Despite the efficiencies of
mechanical and thermionic systems, the proven hiélia of RTGs has uniquely enabled a
number of deep space science missions, some ofgtikrongoing after more than 30 years of
operatiorf!

Modern solar panels have power densities of sevenadred Watts per kilogram in Earth
orbit while RTG provide power on the order of a féatts per kilogranf: * 1 Therefore, solar
modules have been the most important power soumce ghe early space program. However,
since solar intensity is inversely proportionalthe square of the distance from the sun, solar
panels stop being practical past Mars or for laamgntplanetary surface missions like the Mars
Science Laboratory (MSL) for which solar power a@ois not practicdl: 2! For space

applications, RTGs have unique concerns which difiem terrestrial applications. The main

10



selection criterion for any space application isegally dominated by launch costs which are
about $10,000/kf® This lowers the barriers of materials costs whishcritical in most
terrestrial applications and emphasizes weightatoiot  In addition, the cost and availability of
the heat sources for space system is driving tleel fier higher efficiency thermal-to-electric
power systems. As a result NASA is supporting adegdntechnology development in
thermoelectric materials and conversion technold@y can lead to factors of 2 to 4 in both

specific power (6 to 12 W/kg) and conversion effi@y (13 to 25%) of future RTGs.

2.2. Advanced M aterial Systems

2.2.1. State-of-practice Thermoelectric M aterials

A very telling fact about the development of theedatrics is that the first Multi-
Mission Radioisotope Thermoelectric Generator (MMETised in the MSL launched in 2011 is
based on the same thermoelectric technology aSki#d?-19 RTG used in the Viking | mission
launched in 1978: 3 *3 |n fact, most current state of practice materiaése well known and
identified in the 1940's-50’s by work done largétythe USA and USSR! Optimizing carrier
concentrations as well as alloy compositions immd p-type PbTe, Bie;, PbSnTe, Si-Ge, and
p-type Bi-Sb systems through the 1960’s allowedséhsystems to reach peak ZTs of 0.6 to
1.0 The one exception to this was the p-type GeTe-AgSETAGS) system with peak ZT
values of about 1.2 to 1.4. It has been recenidygssted that this material benefited from nano-
scale structural featur&§! While marginal gains were made in the 1970’s, éheere no

breakthroughs in material systefs.
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In the 1980’s, the research community made somegress in developing high
temperatures systems which exceeded ZTsbf10ne advance was a modification of the Si-
Ge system where the addition of GaP allowed foremsiable high doping levels of n-type
dopants. A peak ZT of 1.3 at 1300K was achiétedinother advance was made in rare-earth
chalcogenides where n-types,de, exhibited a peak ZT of 1.4 at 1200K. For p-typstenials,
boron carbides with carrier hopping conduction werejected to have a ZT of 3 at 2008K.
This would have been used in combination with wided-gap La,S,; based material which
also had a projected ZT of high value. However, ldek of materials compatibility between
boron carbide and rare earth chalcogenides, as agltlevice operation at those elevated

temperatures (~ 1500K) hampered their developfient.

2.2.2. Novel Approaches

Another general trend during the 1980's and 199Was that of modifying
microstructures to lower the thermal conductivityestablished systenLi'é.This modification
involves “forced assembly” and “self assembly” mmit Forced assembly routes include;
mechanically reducing particle sizes to a few mmoeters or less, introducing defects via
neutron radiation and introducing ultra fine padeit” Self-assembly methods generally
involved using phase separation or decompositiomifty fine microstructures: ! Despite
large amounts of effort and great gains in undadstg thermoelectric materials, there was
virtually no practical advancement in the state tbé art to emerge from these novel
approache¥!

Exploration for high temperature superconductois @ovel magnetic effects during the
1990’s led to the next wave of thermoelectric resdedy discovering new phases as well as
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improved synthetic methods. Chevrels (i.eMosSe)!*®, clathrates (i.e. BSesGe)t?,
filled skutterudites (CeR8h)?%, and half-Heuslers (ZrCoSH) are complex materials which
were first identified as thermoelectrics duringstperiod and still are of active interest. These
complex materials all exhibited low lattice therncainductivities due to their complex crystal
structurd?® 2 Filled skutterudites along with silicide matesiadre especially promising for
terrestrial applications because they have beersuned to have a higher ZT than PbTe with

fewer environmental concerns and lower cHstél

2.2.3.14-1-11 Zintls

In 2006, Kauzlarich and Snyder published high tewipee data for YhMnShi;
claiming a peak ZT of ~1 at 1300%! This was a substantial improvement over the p-type
Sk.sGe» Which only has a ZT at that temperature of 4b.%! This value was later revised
downward to 0.8 after further heat capacity measaergs were made, but it still remained a
remarkable increas€! The first report of YisMnShi; synthesis involved a direct reaction of the
constituent elements to a peak temperature of 2208’ It was initially prepared in order to
study its low temperature magnetic properties si@egMnSh;; showed evidence of the rare
Ruderman-Kittel-Kasuya-Yosida (RKKY) type magneircering where the ordering of Mn ions
is facilitated by conduction charge carriérs.Little else was done with the material until the
thermoelectric properties were reported.

Yb:4MnSh;; belongs to a wide family of materials that are tisagtural with Ca;MnSh;;
and often written as AMPny; (Pn = P, As, Sb, Bi; A = Ca, Ba, La, Sr, Yb, Eup ™ Mn, Al,
Cd, Ga, In, Nb, Zn¥>*! These are often referred to as “14-1-11" materidtsalso is often
called a “Zintl.” Strictly speaking, Zintl compousdre Alkali metals or Alkaline earths reacted
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with post transition metalloids or metals. In tliase, rare earths and the inclusion of
phosphorus, transition metals and rare earths gsideuthat definitio®*! However, the Zintl-
Klemm concept which governs the stricter definitifom the most part works well with this
family of materials. This concept was first deyedd to describe why intermetallic compounds
behaved like brittle ionic materials as opposedoéing ductile metals. In the Zintl-Klemm
concept, Alkali or Alkaline metals (or in this casee earths) are treated as catidsnions
are created by arranging covalently bonded postsiian elements and treating unpaired
electrons as donor electrons. Adding togethetdts charges of the cations and “Zintl anions”
should predict if the material is charged balancetias free electrons or holé¥. This concept
therefore is potentially very helpful in predictitige behavior of substitutions in ¥AMnShy.

The structure of YaMnShy; can be seen in Figure 2.5a and the post transitietal
groups shown in Figure 2.5b. In Zintl-Klemm cowmgtithe 14 Yb atoms are assumed to b&Yb
ions. The 4 isolated Sh atoms are assumed tdBéoSs. A linear chain of 3 Sb atoms with a
“three center, four electron” bonded structuralen to be a Zintl ion of [Sp’.B® The next
element is the [MnSh? cluster which can be thought of as a [MgSbanion cage surrounding
a Mrf* cation?® Added together, this structure is deficient by arlectron leading to a
conducting hole. For YiMnShy, this would lead to a hole concentrationpsfl.2.1G* cmi®
which is in good agreement with the measured carc@encentration of Sn-flux grown
materials?® In YbyAlShy s, replacing MA* with AI** forms [AISh]® clusters which should lead
to a semiconductor. Studies with ¥kIn;xAlSh; have indeed shown good agreement with
those counting rules. Likewise in YhlLa,MnShy; for every L&" in the structure that replaces
an Y an extra electron is added which compensateseahfoe. YhsMni,Al,Shi; and Yha.

«La,Mn;Shy; show an equal reduction in carrier concentratiarefyual values of 8"
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Unit Cell of A{;M=144 a n Structure Elements b

v v v

Figure 2.5. a) Unit cell of a generic,MM:Pny; structure. b) Zintl ions (top to bottom) [#1,
[MPn,] ™ (assuming M") and SEB. (Generated by Paul von Allmen, JPL)

For some members of the 14-1-11 family, this foreml does not translate as
completely. Although zinc substitution should beelectronic with manganese, with ¥BIn;.
«ZnShi; there is some evidence of valence fluctuationswf to YB** for x>0.7%8  In Yby,.
«CaMn;Shy i, there is an observed decrease in carrier coratenireven though the substitution
of Yb with Ca should be isoelectroric’ In this thesis, substitutions made on the Sbalie
lead to unpredicted changes in carrier concentratibherefore, while the Zintl counting rules

are a guide, the conditions do not always seennrtdyfapply.
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Calculating the band structure of ¥RInSh;; is not a simple problem. Firstly, the
CasAlShy; type structure has a very large unit cell with 1&éms which requires a large
amount of processing time needed to undertake laicns®  Modeling of the ytterbium f
electrons has been a great technical challengesisasvaccounting for the magnetic effects on

spin from the manganese atofis.*

For first principles calculations, the much sieml
CasAlShy; compound is used as a stand-in fori¥nShy; to attempt to understand band
structuré?® Y1 Furthermore, the use of GAISh;; does take into account the effects of the
Jahn-Teller distortion of the [MnSb#] tetrahedra or the electro negativity differenceseen
calcium and ytterbium. Some, earlier first prideg calculations on G@MnBii1 which were
done to validate magnetic response, indicated dhsihgle parabolic band structure should be
adequate for predicting the electrical behavior foese materiald® Efforts are currently
underway by Vo and Von Allmen to better model tistem, but calculations so far have been
mostly carried out on variations of GAISb,,.[*% Finally, there are few 14-1-11 compounds
which have been characterized for high temperatigetrical properties. With limited data, it is
difficult to validate first these first principlesnodels. Thus far, despite some insights,
computational methods of determining electricalparties of 14-1-11, using concepts like the

Zintl-Klemm concept, periodic table trends, singknd carrier statistics and the Debye model

are the primary tools to guide the search for casitjpms with improved ZT.
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2.3. Modeling of Electronic and Thermal Transport

2.3.1. Electrical Transport

With Ohm’s law, the resistivity of the material még written in terms of the carrier
concentration (n), the carrier mobility)(and the charge of an electron (e).

p=1/c=1/nue (2.5)

Furthermore, as shown in equation (2.6), the camiebility maybe be written in terms

of the effective mass (m*), the charge of an etattand a charge carrier scattering tinje (

(2.6)

ﬂ:m*

The carrier concentration (n) as a function of Hernergy in the general case given as:

n=], o(B)R(B dE (27)

Where g(E) is the density of states in the solid &snction of energy and wherg i§ the

Fermi integral for n=0:

n

7
Fo=l, g O (2.8)

Commonly, the single parabolic band approximatisrmade so thay(E) = m*¥?~2 E/ i’z

leading to the common relationship using the redueermi energyr=(E+-Ec)/k,T, for p-type

material):

4 (Zﬂm*kT
n:

72_1/2 h2

j Fyo () (2.9)
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In degenerate semiconductors, the picture is mongpticated than in lightly doped one.
To estimate the electrical resistivity of a matetiae value forr now is variable, as a function of
the reduced Fermi level in the system. The sdagjdime takes = 1o n "*? dependency. And
the value of r varies with the type of scatteringctmanism: for electron-phonon scattering r=1
(Tph™= Toph M Y2 for electron ionized impurity scattering presenthe material r=2tmn= toim n o)
and for neutral impurities r=1/2 which is energgépendent® *? Models to estimateyacand
Toim have been developed incorporating Plank’s congtajtspeed of sound {y density (d), a
deformation potential relating the change in enexfyg band by the deformation caused by the

presence of a phonondg, dielectric constantz§) and the number of ions per volumey(K?

rh!Vid
2.10
" 2B, (mi K TY (2.10)
| 2\/2m*g§(K)T)3’2 (2.11)
im0 7Z'e4Nd .

To take into account, the energy dependence ofstiatering time in determining

conductivity, the Mott relationsh! is used:

o= (E)( aFaéE)jdE (2.12)

From that relationship, Cutler and Mott derive aatienship for the Seebeck

coefficient**!:

kb R (E)
j (B[ T j{— s JdE (2.13)

For a degenerate system such as metals, seminstdlsdegenerately doped semi-

conductors this relationship simplifies to:
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Szﬂzkb ka(_ dIn[ o( B} j (2.14)
3 o dE E=E,

Making further simplifications, assuming a freeaton gas, the Seebeck coefficient can

be written as:

21,2 2/3
a= 8;;:; Tni (%J (2.15)

In some cases, it has been convenient to rewritatieq (2.15) in a derivative forf?’

21.2 2/3
da _87°K - (1} (2.153)
dT  3elt 2n

Equation (2.15) is only a useful approximatiorsystems which are metallic. To look at
more semiconducting materials, an approach whigkstanto account energy dependence of

scattering times is necessary. Using a formulisnfosth by Fistul'?, we define a parametbr

b? = Joen (2.16)

z-Oimp
Using Fermi-Dirac statistics, equation (2.14) arsbueming a parabolic band, the Seebeck

coefficient can be written as:

_ky[ @,(n,b)
a= o [—q)g(??, D nj (2.17)
[ n" expx-m7)
®n= JO (n* +b*)(1+ exp(x—7 )Y (2.18)
= [ eXple) (2.19)

(n* + b%)*(L+ exp(x—7 )Y

The formula for the electrical conductivisy and Hall carrier mobilityy(4), may also be defined.
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B 8re’
3h’m*

o (2m* KT)*27 D (7, B (2.20)

e Dg,(1,b)
= — 2.21
Hy - T pho o7, ( )

In the Hall equation, when calculating carrier camtcation from a measured Hall coefficient
(Rw), it is often assumed that the hall factay) (is unity, however it is dependent on energy

dependent carrier scattering and

R, =—" (2.22)

'
n-e

_ 3h’ Dy,5(77,b)
87 (2m*KT)* [@,(n,b)]

R, (2.22a)

F ()] b
r, =§ 1/2(77) or2(77,D) (2.22¢)

2 [CI)3(77, b)]z

Therefore, by measuring the Seebeck coefficentaybe be numerically estimated, assuming
or calculating values for. Withn and the Hall coefficient or resistivity, the effee mass of the
carriers may in turn be calculated.

The thermal conductivity of a material is oftenttan in terms of the thermal diffusivity,
heat capacity and mass density of the material.

k= pD;C, (2.23)
The thermal conductivity of extrinsic materials kview minority carriers can be considered to
consist of three contributiongx. +xi+ xp): the electronic termx(), the lattice termx«{) and
bipolar term ). The electronic term is largely dependent oncitveductivity of the sample and
can be engineered by modifying carrier concentnatio the type of charge carrier scattering.

The Wiedemann—Franz lawe(= LoT) may be used to calculate thig, where the Lorenz
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number (L) represents a measure of electron-phoaapling. Using a free electron gas model,
it can be found that L will have a value of 2.4%1/ Q K?. However, in the case of degenerate
semiconducting materials this value has a depemdena which for our currently discussed

degenerate statistics model can be estimat&éd as:

_ K2 3, D)5 (r,0) [ o7, ] (2.24)
€ [@4(7,b)]
Figure 2.6 shows the value of L calculated for-pfPbducedYh,MnShy; in the acoustic
phonon scattering (b=0) and the ionized impuritgtsring case (b>>0) versus the metallic limit
of L. Using the free electron model can lead to an ctienation ofL by nearly 30%
compared to the acoustic scattering case (b=0uaddr estimate values of L by nearly 10% at
1200K in the case of charged defect scattering @p%3 At higher temperatures, the effects of
thermally excited carriers influence the total thal conductivity. In this case, there is, in
addition to their contribution to total electricednductivity, an enhanced heat transport effect

due to the creation and annihilation of electrotehmairs which is commonly referred to as the

bipolar thermal conductivitykt).

T2 0,0, 2
K, =ka ;2 (ap—an) (2.25)
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Figure 2.6. a) A graph of the Lorenz number (L) fbe constant value derived from an electron ga:
degenerate statistics model assuming acousticesicagtt (b=0) and ion impurity scattering (b>>0) or
electrons. b) Plot of thermal conductivity of JPallbmilled YbsMnShy; with the thermal conductivity
calculated assuming b=&:£ oL T = k) and the minimunk, as calculated with equation (2.10).

2.3.2. Thermal Transport

The lattice thermal conductivity is dependent be structure, mass and bonding of the
atoms in the material. Assuming an average phmedocity equal to the low frequency speed
of soundy), the lattice thermal conductivity can be writiarterms of the mean free path ¢r a

phonon relaxation timez(=1/v) and the heat capacity {(C
K, :ECVVI :—1CV\fr (2.26)
3 3

This yields an important result since the speedonind can be shown to be proportional to the
square root of the elastic modulus divided by dgn(sxi/ocx/m). Therefore, the obvious
materials for low lattice thermal conductivity ageing to be “softly” bonded materials with
heavy atoms which describe many of most commondyg usermoelectric material systems such
as Bi-Sb, PbTe, (Pb,Sn)Te and,B.? However, similar to the case of charge carriens, t
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simple situation is complicated by the quantizetlireaof phonons and the energy dependence of
the relaxation times.

The Debye model is the most common tool used sordee lattice phonons. Assuming
a linear dispersion of phonon states, the diffea¢rfitequency-dependent heat capacity can be

estimated.

2 .2
C.(w)do =z’[—“’ dov (2.27)

2.3
14

Quantizing phonons, we get the classic equatiothi® heat capacity of a material.

3h2 T a)4eh(u/ka
3

C, - do (2.28)
27°K,T2 § 2 (e _1)’

In the Debye model, it is assumed that the Debgguiency is equal to the maximum phonon
frequency in the acoustic branch and is dependerthe speed of sound and average atomic

volume ¢°).

(2.29)

This also leads to defining a Debye temperatui®pfhwop) that in practice leads to the
temperature where the heat capacity approachedti@eng-Petit heat capacity (€3k,M).
Similar to charge carriers, heat capacity, phonetoaities and relaxation times need to be

treated as a frequency dependent dispersion tetieated in this modéi’: 8!

K = %fx C.(@)M(@)*r(0) do (2.30)
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Given the heat capacity frequency dependence dadtenu(2.30) and a frequency-independent
speed of sound, a formula to estimate the lattisemal conductivity can be stated witlof

unknown dependend®’

3 Omax 4 holk T
K =t (kOTJ | ® € do (2.31)

2z n ) (e 1)

The determination of the relaxation constants hasynparallels to scattering times of
phonons. The relaxation time of phonons is a pEnatocess as is the case with charge carriers.
Likewise there is an energy dependence which ircése of phonons we write now in terms of
phonon frequencyt(= 1o ® #).  For r=0, we have the case for boundary séagtef phonons
(tv=L/v) in which bulk material is rarely a consideratiorEngineering relaxation time is
generally considered to be the main cause of medseduction in the thermal conductivity of
micro- and nano-structured materi&f.Phonon-electron scattering can be described b§2r=1
This is often assumed to be negligible as thistegag is most active for frequency phonons
well below wp.?! For r=1, this is the case of Umklapp scatteringpbbnons ;) and while

models vary about the exact formulation of thisntebut it can be generally be said
thatr* o 0% 2T5/Mv2.?? This indicates that the term is temperature depends well as
strongly dependent on the Gruneisen parame)emich relates change in lattice volume to

vibrational properties of the lattice. The averag@mic mass in the compound is denoted_/lby
The inverse temperature dependence of this tenwhjys lattice thermal conductivity generally
exhibits a negative linear slope with temperaturemost materials. Point defect scattering
features a frequency dependence of r=2. Pointctsfsattering can be considered due to the
mass difference between an impurity and its hastyell from the strain caused by a scattering
parameter[().>%
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52,
fu= 0T (2.32)

The terml is calculated by taking into account mass andmeldluctuations in the bulk. For the

purposes of this thesis, a quaternary system isidered (AB,C.Dy). Important parameters
include M and the average atomic mass on a particular ﬁn—e),(the mass of the substitution

(M,), the proportion of an atom (i=A,B,C,D) on a sffiecsite (f*, f. in the case atom B on

site A) and the proportion of an element in the poand (o, i.e. p, = a/(a+ b+ o+ d)).PH >

i = Yt (1-%} (2.33)

To calculate the volumetric parametgY)( atomic radius of the atom on a particular sitg, ¢the

average atomic radius of that sifeXand a strain parametes,() are required.

o= e, (1—%} (2.34)
fo= > fr, (2.35)

The strain parameter is normally used as a fitfangor with typical values between 10 and
1005Y The sum of the scattering parameter due to ma3sand volume (") is considered for

each of the site8® 52
Mi M Vv
r=xp, qﬁ}ri I T j (2.36)
|

To get a good estimate to what effect substitutionght have on the lattice thermal
conductivity of the material, it is useful to loak methods developed by Klemens and Calloway

and Von Bayel°*? In this model, the lattice thermal conductiviky £i0,) of an alloy may be
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estimated from the unalloyed lattice thermal congig (. pure Without detailed knowledge of

the Umklapp and boundary scattering proceS8&8.

tan*
KL,aIon = u (u )KL,pure (237&)
U= /3Ck, e (2.37h)
7°0.6°
G- X 2.37c
v (2.37¢)

The mass scattering approach does not take intmuatthat there is an ultimate limit to
the minimum value for the lattice thermal conduityiv In a solid, the minimum meaningful
mean free path between atoms becomes the intelieaspacing. Taking this fact into account, a

minimum value for thermal conductivity, often callthe glassy limit, can be calculatéd.

(x 13 . l 2g.r e
=[] o Z“[@-j e ® (2:59)

Here the cut off temperaturd;) is calculated in the same manner fgs but using the
longitudinal speed of sounds) to calculate the contribution of the longitudinadanch and
transverse speed of sound) (o calculate the contribution of the two travelsanches. The
calculated minimum lattice thermal conductivity f8b;sMnSh; is plotted in Figure 2.6b and
stays fairly constant at ~0.4 W™, This limits the maximum “allowable” total drop #0%
at room temperature. In the same graph, the 1ha\ner due to Umklapp scatter is apparent in
the calculated lattice thermal conductivity and1400K approaches that 0.4 Wi limit
which is within the 25% apparent limits of thisieste as described by CaHfff!

It is important to note that the Debye model hapdrtant limitations since it only

regards the system as having just acoustical plwnbme Debye model is most accurate in
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simple materials with one lattice point per uniil.c&rom a practical standpoint, there are 3(N-1)
optical modes for every lattice point N. In MlinSh;; with 104 atoms per unit cell, this yields
303 optical modes which in practical modeling afteroignored but have some contribution to
the system since their group velocities are venw!fd While efforts have been made to improve
modeling of optical modes, work is continuing orveleping accurate models for complex
semiconductors.

When a system shows good parabolic band behavibigah be successfully modeled.
Assuming Umklapp scattering€ xo/T), ZT may be written als:>*!

_ [0, =m0, )] (2.39
@, (17,0)[®4(17,b)+ C] [ @, (7, D]

3n® Ky,
= 2.40
87+/2 kT)" Topn (M) vz ( )

From equation (2.39) and (2.40), assuming the damopisonon scattering of electrons (b=0) and
for a fixedn, it can be seen that a material that has longgehearrier scattering times (or high
carrier mobility values by equation (2.6) and heffective masses lead to higher ZTs. However
in a system where only band structure and not phy/properties change, equation (2.10) shows
that topn has a strong nm¥? dependence, meaning C in this case is proportitmah* and
therefore ZT increases with lower m* values. Imer to illustrate variability ofy and b,
example results of ZT versus carrier concentratisimg equations (2.9) through (2.11), (2.39)
and (2.40) are plotted in Figure 2.7 assumingrNand an arbitrary set of physical properties.
An increase with lower nfor a given temperature will optimize at lower re@r concentrations.
Also, higher temperatures leads to higher ZTs the peak is shifted to higher carrier

concentrations.
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Figure 2.7. ZT versus carrier concentration for degenerate statistics model with calculated
Timo @ndtaco for different values of m* and temperature.
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Chapter 3: High Energy Ball Milling Synthesis of Yb14MnSbi; and Derivatives.

3.1. High Energy Ball Milling

Ball milling techniques have become one of the thnpmgular synthetic techniques for
developing thermoelectric materidlis?® %*°71 It is unique because it provides a rapid low
temperature route to synthesize a wide variety @ftemmls in what is generally called
mechanochemical synthe§®. It is a fairly new synthesis technique. In itdemance to
materials, ball milling techniques which mix fineramic particles into metal matrixes have been
commercially important since 1968! It was not reported until 1989 that ball millingutd be
used to synthesize intermetallic compouhitist was later used to synthesize rare-earth sisfide
for thermoelectric materials in 1995 by Gschneid?férSince then, the technique has been used
in conjunction with high temperature uniaxial piegsand other consolidation techniques to
synthesize a wide variety of systems such as déligi Si-Ge alloy® %Y Yb;,MnSh,#,
LasTe*, and filled Skutterudité¥. Mechanochemical synthesis has been a successful
synthesis method for a wide variety of thermoelectraterials.

Ball milling processes greatly speed up the ratevlaich solid state reactions occur.
Often, in solid state reactions a product layem®between two particlé®! Diffusion through
that product becomes slower as the reaction move®mpletion, requiring high temperature
and long times to ensure complete reaction. Gépedraa ball milling process, that reaction
layer is continuously broken by grinding, makindfuion distances much short&. The

localized heating by the collision of the balls athe material is often sufficient to cause a

gradual conversion of the material. A good exangfléhis is Si-Ge alloying where the heat of
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formation is very low and yet alloying can occurjust a few hour&® Alternatively, if the
reaction enthalpy is sufficiently high, a self-paggating combustion reaction may occur. As is
the case with this thesis, the difference in epyphdletween a compound and its constituent
elements is very large and therefore very favor&Blnitially in a grinding/mixing mode brittle
components are milled down to small sizes and pm@ted or brought into contact with ductile
components. At some time, the reactants reachadl emough size that the energy of impact of
the balls sets off a self-propagating combusticactien'®® These reactions can happen very
quickly, on the order of seconds.

Although many Zintl materials were initially syntieed using a tin flux approach, this
process is difficult to scale up to the productiewel of many hundreds of grams of material
necessary to fabricate a device. Where it takesraedays to produce a few grams of material
from a Sn flux process, ball milling can producenttteds of grams of material in a few hours
from a single vial. Because of the reactivity afe earths, high temperature synthesis routes
such as direct reaction and vapor transport atenteally challenging to scale up as wW&lThis
is opposed to ball milling where the equipmentasmercially available. Since there is no flux
and no cleaning steps required, contamination rimized, although some contamination from
the vial and grinding media is unavoidabfé.This process for some materials has the added
benefit of creating fine grains at the micro andremano scal@® >8¢!

In mechanochemical synthesis, two primary methedscammonly used; Spex™ mixer
milling and planetary ball milling. Other types cdmmon commercial mills such as vibratory,
rod and attritor, lack energies high enough toatet reactions or sustain them at a reasonable

rate®®  Spex milling is a proprietary system developed ananufactured by Spec Certiprep

|[58. 63]

Group, Inc. which uses a “figure 8" motion to shdke via This system has limited
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scaling potential since vials are limited to 50wvalumes. This system is capable of developing
ball impact energies of up to a Joule with a fixate of 1060 cycles per minuté.®®! This
limits processing variables to vial and ball matkds well as the number and size of balls in
addition to the mass of the reactants. Planetdijnghas the potential to allow for much larger
loads, up to 500 ml, and adding variability in tataal frequency while matching the amount of
energy per impact of Spex™ milf§! It has been demonstrated that the synthesis afrakev

material systems can be transferred from Spex™snaillarger planetary miff!

curr det | mode HY Lens Mode | mag wbD Opm 5 curr det | mode HV Lens Mode | mag WD — 10 pm —
077 nAl| BSED | A+B |20.00 kV | Field-Free |5 187 x| 6.8 -10.77 nA | BSED | A+B |20.00 kV| Field-Free |4 507 x| 6.5 mm

Figure 3.1. SEM micrographs of ¥MnSh; with sub-micron metallic inclusion formed during
the initial reaction (left) and Silicide in an ¥/MnSh;; derivative with pre-synthesized particles
dispersed in the bulk through ball milling (right).

Ball milling is very amenable to forming compositeaterials through either a forced
assembly or self-assembly route. The first impdrtese of ball milling dates back to the 1960’s

when it was originally used to disperse fine oxitiestrengthen super-allo{&! This is being

expanded upon to include new thermoelectric mdseffiar improvement of both electrical
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properties and mechanical properti8sin Figure 3.1a, a micrograph is shown of a Zingtrix

with metallic inclusions which were formed in siluring the reactive milling process in a type
of self-assembly process. Figure 3.1b shows aomiaph of a pre-reacted silicide which was
then added to a pre-reacted Zintl and then mixeddiced energies. Both show well distributed

particles of a micrometer or less.

3.2. Conditionsfor Synthesis of Yb14MnSb;; and Derivatives.

In this dissertation all samples presented, exatyre noted, were synthesized from the
elements via high energy ball milling (Spex™ 800@anmill). A visual outline of the steps in
the synthesis process using the Spex™ proceskissrdted Fig. 4.2. Ytterbium ingots (Alfa-
Aesar, 99.9%+, rare earth oxide basis) and othergarth metals were cut by hand after having
surface oxidation removed by physical abrasion.ng#amese powder (Alfa-Aesar, 99.99%, 325
mesh) and antimony shot (Alfa-Aesar, 99.999%) wesed as received. The components were
added in stoichiometric ratios to the compounds Were to be formed. Milling times were in
the range of 30 minutes to 4 hours, with ball-tossnaatio ranging from 1:1 to 5:1. Both
stainless steel and tungsten carbide vials werd. us&ior to hot pressing, all materials were
handled under argon atmosphere or vacuum excephdotransfer of dies from the glove box
into the hot press. Consolidation of the resulpogvders was done under Argon in a uniaxial hot
press using high-density graphite dies at tempezattanging from 1200 K to 1300 K. The
mass density of the compacted samples was cornysienexcess of 97% of the theoretical

density. It was found that the powder could be iefa loaded die for tens of minutes without
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negatively affecting the thermoelectric propertoéshe pressed puck. It was also found that the

formation of the final 14-1-11 phase was only coetgd during the hot-pressing.

Figure 3.1. In the ball milling processes, (a)tfimecursors are prepared for milling and
weighed. b) Materials are loaded into vials anchthen in a (c) Spex™ Mixer Mill. d) The
powder is then extracted in a glove box and lodadtxla die. e) The die is loaded into a uniaxial
hot press and then heated and cooled while presswapplied under an inert atmosphere. f)
After running in the hot, the puck resulting frolmretcompacted powder can be then used for

measurement. (Photos from Sabah Bux and Billy LiRdt)
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Chapter 4. Modifying Yb14MnShi; by Group 1V substitutions

4.1. Introduction

As discussed in Chapter 2, the wide variety ofl1#1 compounds brings a large number
of possible elements that may be used to fine timeeelectrical and thermal properties of
Yb14MnShy; or to produce a compound with completely differefment constituents. In
approaching this search, it was useful to applyhods which have been attempted in similar
complex material systems. CaSbkutterudite) provides an immediate prototypeb&se a
search for useful substitutions in the 14-1-11eyst Skutterudites have a large unit cell with 32
atoms and can be understood under the expandedKfmim formulism which was used to
describe the 14-1-11 systéfh.®¥ There exists a wide variety of compounds whichreshea
similar structure to CoSlsuch as CoAsand CeFg5hi,. This family of compounds has been the
object of intensive research for two decades andows strategies have been applied to
maximize their thermoelectric performarige> 52 ¢4

One of the first approaches employed was alloyiith W8ostructural binary compounds.
Generally, the primary motivation for alloying iset inclusion of mass and volume defects into
the crystal structure which scatter phonons. H@methis approach is typically coupled with a
negative effect on charge carrier mobility. Nonddhks, this approach can be successful and
leads to meaningful improvement over the base nadtes the success of Bie;-ShyTe; and Si-

Ge alloys points out; ® ¢ 2°
The theoretical model of Callaway and Von Baeyes ha&en successfully used to

describe alloy scattering in the Skutterudite syste This work demonstrated that substantial
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reductions in lattice thermal conductivity can lealized and predicted using a fairly simple
model given the phonon band structure of a compieterial®® °* The simple result of this
work was that guest atoms with larger mass and iatoadius values made for more effective
scatterers even in these complex matefi&Is"! However, it is important to note that the most
common approach used to date to lower thermal adivity of high performance Skutterudites
has not been through the introduction of substitutf defects but through the introduction of
interstitial “filler” ions [° 2% 23!

Preliminary calculations considered convenient suh®ns in YhsMnSh; alloys with
Yb14AISbi1 YbisMnBig1, YbisMnAs;; and CasMnShii.using the Callaway and Von Baeyer
model, equations (2.32) through (2.37). A Ca sulggdn for Y was chosen because of its
chemical similarity to Ytterbium and large masdatiénce. For substitutions on the antimony
sites, the Group V elements immediately above @sg) below (Bi) Sb were chosen. In this
calculation, the volume fluctuation terms were iggtb because of the complexity of the
oxidation states and the ambiguity in determinihg strain parameter. For ¥MnShi, the
Debye temperature has been measured by low tempetaat capacity measurements to be 160
+ 10K ®®  The application of strain field in these compteaterials becomes difficult since in
complex Zintl compounds, the pnicogen atom sitgdiffierent sites so deciding on whether to
use an ionic radius or covalent or some averaghffisult. Figure 4.1 is a plot of modeled
with alloy fraction for the various substitutionsNeglecting strain effects and at about ~300K,
substitution of ytterbium with calcium yields therdgest theoretical impact with a potential ~75%
drop. Possible substitutions of antimony with bisimand arsenic yield a ~50% and ~40% drop,

respectively. Even though aluminum substitutiormainganese represents a very small change
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in the mass of the compound, a ~10% drop is predict Hence, potentially great gains in

lowering the thermal conductivity of YdMnSh; seem to be achievable.

0.8
0.7
0.6 -
< 0.5-
£ 04
= 03-
0.2
0.1 4 Yb, MnSb, -Ca, ,MnSb, |
00 t+——F——7———7——1—
00 01 02 03 04 05
Alloy Fraction

Yb,,MnSb, -Yb AlSb,,

Yb,,MnSb,,-Yb, ,MnAs |

Yb,,MnSb, -Yb ,MnBi,,

Figure 4.1. The calculated lattice thermal conghitgtof Yb;sMnShy; alloyed with Yh4AISb;;,
Yb14MnBiy;, Ybi14MnAs;; and CasMnShy; using Eqgs. 2.32-37c.

For comparison, it is important to note that th@imum glassy limit of YiksMnSh; as
described by equation (2.38) was calculated to .88 ®v/mK at room temperature. It was
calculated that this limit would be reached with7&b6 alloy of YRsMnBi11 in Ybi14MnShy1 using
the Callaway and Von Bayer model, equations (282pugh (2.37), assuming only mass
scattering effects. ForYMnSh ;. ,Ascsubstitutions the same calculation shows a redudhiat
remains above the glassy limit. Because of theelawgic radius difference between Sb and As,
As substitution would exhibit greater scatteringeda volume fluctuations which has not been
taken into account due to the difficulty in deteming the parameters in equation (2.34). The
only attempts to modify the Group V site has beemall substitution of Sb with Te and Ge in

an attempt to modify the carrier concentratiorhie taterial®®: "
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4.1.1. Bi Substitution

Yb14MnBi1; was first synthesized by Kauzlarich, et al. in 898 This work was focused
on low temperature magnetic effects only. Theneehaot been any studies of solid solutions of
Yb14MnBi1; and YhsMnSh;. Sb and Bi exhibit similar bonding as they are &min electro-
negativity. Also, the differences in Sb-Sb and BiHinding distances in YiMnSh; and
Yb1sMnBiiare small (~3% difference) which is well within th&% suggested by the Hume-
Rothery rule$?® ®® Therefore a solid solution is expected.

In using Skutterudites as a model system, injgartant to note that Skutterudites lack a
bismuth analog compourtt! Bi should serve as a better phonon scatteringecavith less of
an effect on mobility due to the relatively closeesand electro-negativity of Bi to Sb as
compared to Sb and As of%¥.

Bismuth substitution also had several additiondakptal benefits in addition to being a
good phonon scattering defect. The addition ofrBreases both the density of the material and
the potential for “softer bonding” of the materi@uch bonding lowers the speed of sound
which, as previously discussed, is a fundamentahatefor reducing thermal conductivity. Bi
is also less toxic than Sb or As, and its heavysns®uld increase the material’s resistance to
radiation damage. These factors made the exploraif YhsMnBi;; and its alloys with

Yb1sMnShy; attractive research targets.

4.1.2. As Substitution

Substitution of As for Sb in iBMnSh; has not been explored. The compound
Yb14sMnAs;; has not been reported. @dnAs;1;, ShsMnAs;; and EusMnAs;; have all been
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successfully synthesized, but have only been imgestd for low temperature magnetic
propertied®® " Even if YhsMnAs;1 does not exist, based on the relatively smallecifices
between group V bond distance (~10%) inf&mAs;; and CasMnSh;, some alloying should
be expected even if the Yb arsenide compound isstadtle?”® As substitution also has good
potential for increasing the performance ofidnNSh;. General trends in 111-V semiconductors
would suggest that the addition of As would leadatavider band gap semiconductor’™
Yb14MnSh; has a fairly narrow band gap of ~0.5 eV, so thatedticed carrier concentrations
thermally excited carriers start to negatively ity the ZT at high temperatures (~1006K).
37,721 A wider band gap would allow for the effect to mnimized.rist principles density of
states calculations done by Paul van Allmen andhTvo at JPL showed that, overall, there
was an increase in the calculated Seebeck coeffitoe all As substitutions over that of the pure
antimonide phasé? As previously discussed, the calculations werdtdichto the simpler non-
rare earth-based €AIPn;; system. To determine if there were any enhantfedte due to site
specific substitutions, calculations were perfornmad the end compounds as well as for
substitutions on the four unique pnicogen sitegyfg 2.5b). A large enhancement in Seebeck
values was calculated in the case where As replatigétrahedral sites due to a spike in the
density of state8” Therefore, the addition of As should yield inaed thermoelectric
efficiency provided carrier mobility values weretneegatively impacted in addition to the

benefits of a wider band gap material.
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4.2. Experimental

4.2.1. Synthesis

Yb1sMn;1Shi1.Biy (y = 0.5, 2, 3, 4.5, 5, 6.5, 7.5 and 11) samplesevsynthesized from
the elements via high energy ball milling usingpe$8000 mixer-mill. Ytterbium ingots (Alfa-
Aesar, 99.9%+, rare earth oxide basis) were hamdwduile manganese powder (Alfa-Aesar,
99.99%, 325 mesh), antimony shot (Alfa-Aesar, 99989 and bismuth chunks (Alfa-Aesar
99.999%) were used as received.

Synthesis of YbMnSh;;.,Asy was challenging due to the ready formation of YbAs
which did not anneal out at the pressing conditimnsball milled Yh/MnShi;. The Yb in the
material was pre-reacted with Sb and Mn and thepdvgder (Alfa-Aesar, 99.999%) was added.
This limited the maximum value of x to 1 in ;MnSh;;.,Asx. All other variables in synthesis

were similar to those for YEMnSh; ;.

4.2.2. Characterization

The synthesized samples were characterized by Xediffyaction (XRD) using a
Panalytical X'Pert diffractometer. This was doneabsolid fully dense puck as the reactivity of
materials made powder diffraction experiments iropcal. Electron microprobe analysis was
done with a JEOL JXA-8200 using 8k, FeAsS, Mn, Sb and YbRGQtandards. Approximately
9 sampling points were taken for each sample amdaged. The typical analytical error was

~0.5% for Yb and Sb, ~10 % for Mn and As, and ~b¥oHi. .
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Electrical resistivity and Hall carrier concenioats measurements were carried out using
a four point van-der-Pauw method in a custom highpterature vacuum Hall-effect systE&ph.
Low Hall resistances, due the metallic behaviothef samples, lead to data spread in excess of
the standard errors. The error was calculated usilmgear fit of data from 400K to about 700K
and then calculated from a standard deviation flleenmean. Tests were done under vacuum of
10° Torr or better and Hall measurements used 100 mrfent with an 8000 Gauss field. For
simplification, the Hall factor was assumed to hawevalue of one. SmalhT Seebeck
measurements were also carried out under vacuu@®(¥brr) in a custom built systelf’
Thermal diffusivity measurements were conductedeurdtynamic vacuum in a Netzsch LFA
457 system using a Pyroceram standard. In preypabBcations the Dulong-Petit value of heat
capacity had been used since the measured Debypertamre of this material is about 143K.
The molar heat capacity for the ¥bIn;.«AlSh; series was taken from reference 27 and was
assumed to be valid for the entire range fosathples. Experimental data for YdnShy; (x =
0) was provided by the Jet Propulsion Laborat$ty.

Typical error in Hall-effect measurements is eatied to be about ~3% do to
inaccuracies in the placement of the probes amatem measuring sample thickness. Machine
error due to measurement noise is typically <1%résistivity and <5% in measuring the hall
coefficient at room temperature for resistive saap(>2 n®-cm)!® Error in Seebeck
measurement has been measured to be practicall{*'5Bhermal conductivity error is estimated
to be ~10%. This includes uncertainty the thicknelsan applied light absorbing coating, error
in measurement of sample thickness and stated meehior’? Error in molar heat capacity is
not considered. This leads to approximately a Hd#6r in power factor determination and a

20% error in ZT calculation.
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4.3. Results and Discussion

4.3.1. Yb14|\/| nlsbll-yBiy

Figure 4.2a shows representative XRD patterns Hersynthesized pucks. Calculated
lattice parameters showed a good agreement (FiguBdsc) with the expected values of the
lattice constants using Vegard’s law, using presipypublished values of the lattice constants

for the end line compounds. There were no secoadgshobserved in the patterns.
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Figure 4.2. a) Representative XRD patterns ofsMimSh1.1Biy and the calculated (b) lattice
parameters a and (c) c. The tie lines represenadégylaw for values of the lattice constants
from reference 28.
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The atomic compositions determined by electron oposbe analysis using known

standards are shown in Table 4.1. The deviatiofi¥d composition from the expected values

do not seem to follow a systematic trend and &=ylidue to the effect of surface oxidation.

Back scattered electron microscope micrographs stilono obvious second phases and thus

confirmed the initial XRD findings.

Table 4.1. Microprobe composition of synthesizedrbfsMn.Shi1.1Biy. Nine data points were
taken per sample. Standard deviation appearsaokeéts.

Ynom

Microprobe Compositions

0.5

2.0

3.0

4.5

5.0

6.5

7.5

YD13.41(10MN1.13(aSb10.99¢2BI0.01(1)
YD14.395MN1.09(55010.465B10.53(3)
YD14.03aMN1.083SkB.945B12.06(3)
YD13.625MN1.17(5507.92(5Bl13.08(5)
YDb13.88eMN1.105505.36(4B14.66(4)
YD13.99(12MN1.08(aSs 843 PIs5.16(7)
YD13.73(15MNo0.982S 4 42(5Bl6 58(7)
YD13.6800MN1.1345k8 51(5B17.49(7)

YD13.913MN1.05350.02(6Bi10.98(8)
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Figure 4.3. A representational SEM image of nomya.5 for YhsMn;Shi1.1Biy

Increasing Bi content (y) in ¥BMn:Shi1.1Biy led to an increasing metallic behavior for
the alloy. Room temperature (~300K) resistivity téegound that the values continuously
decreased from 1.97@icm for Yb4MnSh;; to 0.85 n@2-cm for YbsMnBii;, which is similar
to values reported for single crystal Sn flux-groenystals?® Measured electrical resistivity
versus temperature curves for all the compositeymshesized are shown in Figure 4.4a. At 1173
K, the resistivity values for the end compoundsenei72 n@2-cm for Y sMnSh; and 1.2 -
cm for Yb4MnBii1, confirming the room temperature trend of incrélasetallic transport with
increasing Bi substitution. Seebeck coefficientameements made over the same alloying
range are shown in 4.4b and show a similar trendane metallic behavior or reduced Seebeck
coefficient with increasing bismuth (y) content.itder resistivity nor Seebeck coefficient curves
show turning points indicative of thermally actiedt mixed carrier conduction. The room

temperature Seebeck coefficient showed a similamdtrto that of the resistivity with room
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temperature values between #8/K for the pure antimonide falling to about 1¥/K for the

pure Bismuth compound. At 1173K, these values t04680 and 7QV/K respectively.
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Figure 4.4. a) Resitivity p) and (b) Seebecko) coefficient with temperature plots for
Yb1sMn1Shi1-1Biy samples.
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Figure 4.5. a) For Y@aMn:Shi1.1Biy , carrier concentration and (b) estimated reduoceank
energy increased with increasing Bi content (y)levlt) carrier mobility and (d) effective mass
(up to about y=5.5) stay constant with regards to y

Figure 4.5a, shows carrier (hole) concentrationefach composition at around 600K as
determined from Hall measurements. The carrier eoimations increased from 0.8xt@m* to
2.4 x1G* cm?® as y increases. This trend contrasts with whekjected from the Zintl-Klemm
concept which predicts a carrier concentrationelws1.3x1G* cm® regardless of temperature
and composition. It is possible that the extrariees could come from Yb vacancies in this
material since such defect structures have beesrtezpp”>! However, this trend is not apparent
in the microprobe compositions (below the detectiont). The presence of metallic inclusions
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may also cause such an anomalous behavior in Hatiec concentration; however these
inclusions have yet to be detected. Ini¥bBaZnSh, it has been hypothesized that the
differences in electronegativity of Yb and Ca résula variation of carrier concentration despite
being isoelectroni€® " In this case, the differences in electro-negatibittween Sb and Bi are
minimal making this an unlikely mechanism to expléhe change in carrier concentratiorh.
There could possibly be a shift from the “threeteeffour electron” [Bi]” to [Bis]® where the
central atom is double bonded to each end atomweMer, this hypothesis runs contrary to
previous first principles calculations done on:{8MnBi;; which predicted one carrier per
formula unit’® Valence shifts of Yb and Mn would not lead to acréase in hole concentration
since they are considered to be already in thewes oxidations states of Yb2+ and fMmnd
higher oxidations states would only lead to lowamrier concentration8® " It also stands that
from trends in the periodic table of elements &@npounds which have one element lower in
the same group are more metallic. Despite theeas® in carriers, the measured Hall mobility
for this system stays at a constant value of ~8\s (Figure 4.5c). This is consistent with
what is expected from the™fi dependence of carrier mobility in a free electgms model, as
factor of 2 in carrier concentration would not dedizally impact carrier mobility if effective
masses remain constafi.

Because of the unexpected change in carrier ctnatem, material parameters were
estimated for the samples in order to better coeplagir potential performance. The reduced
Fermi energy ) was numerically calculated from the value of 8eebeck coefficientof at
600K using equation (2.17) for each sample. Puaelyustic phonon scattering (b=0) was
assumed to be dominant as this is has been a kgsisamption for other system¥.At 600K,

the value of the reduced Fermi energy (Figure 4diatreases almost linearly with increasing y
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from a value of 2.4 for the antimonide to 10 foe thismuthide. This increase in calculated
reduced chemical potential is consistent with tr@renmetallic trends seen in higher carrier
concentration and lower resistivity with increasisigmuth content (y). The effective masses
for the holes in this material were calculated Wy tmethods. The first method was applied in
reference 45 for a Zintl material, using the eleetgas model describe in equation (2.15b). In
the second degenerate statistical approach metigodtion (2.22a) and the Hall coefficienifR
are used to calculate m* usimgcalculated fromo and equation (2.17). In Figure 4.5d it is
shown there is reasonable agreement between thetiedf mass calculated using both methods
which is expected as the two methods should coevatrdigh values of reduced Fermi energies.
Both models show that the effective mass remailasively constant (~2 gfor the degenerate
statistical approach or ~3 for the free electrordetpuntil y==-5 and then decreases to about
~1.5 m calculated with degenerate statistics or ~2with the electron gas model for the full

Bismuth compound.
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Figure 4.6. a) Total measured thermal conductivéiyd (b) calculated lattice thermal
conductivity versus temperature of Y¥kIn:Shi1..Biy samples. c) Measured ~300K values of
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theoretical Callaway-Von Bayer lattice conductivitgrsus Bi content (y) in YiBMn;Shi1.1Biy
samples.
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As seen in Figure 4.6a in a plot of total thermahductivity ) with temperature, the
total thermal conductivity displayed an increasirend with increased Bismuth content (Figure
4.6a). This result is consistent with the corresjiog decrease in electrical resistivity with
increasing Bismuth content. To determine if thdidatthermal conductivity in this system
decreased as predicted from increased point dpfemton scatteringg,: was estimated via the
Wiedemann-Franz law. The Lorenz factor (L) was waked using (2.24)) being calculated
first from fitted values oty (Figure 4.6b) using equation (2.17). Again, tlaerier scattering
mechanism was assumed to be only due to acousiimophscattering (b=0). The, calculated
was using fitted values afand is plotted versus temperature in Figure 4.6be values ok
have little change compared to the dramatic ineré@as.. In the case of YlaMnBi; at 1000K,
the ke contribution is 1.5 W.MK™ while in Yb4MnShy the contribution it is only 0.4 W.hK™
to the total. Overall, even though there is a éa@se ofi,x by alloying, this is more than
counteracted by an increase in the electronic tmtton due to the increasing metallic character
of material with bismuth content.

The resultinges: curves are consistent with an expected 1/T degpereddue to Umklapp
scattering. This suggests that the increase inthbemal conductivity below 600K for most
samples is due to LT increasing faster thanAbout that temperature, L saturates while dte r
of increase irp continues leading to a decrease in thermal condiycgreater than that shown
iN Kiat.

In Figure 4.6¢c, the thermal conductivity and thdcekted ki, at ~300K have been
plotted against y, assuming £10% measurement eAaignificant decrease in calculategl is
observed, from 7.5 mW/cm-K to 5.0 mW/cm-K or a ~3@égrease at 300K. This is compared

to a maximum decrease of ~50% calculated usingCitaway-Von Bayer modethown in
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Figure 4.6, but considerably above the glassy mininthermal conductivityx(min, €quation
(2.38)) calculated for YhMnShy;of 0.39 W.nmtK 27 5152 |n the Skutterudite system, both
over and underestimations based on this model wieserved® Two samples (y=4.5 and 6.5)
were calculated to have significantly lower thermahductivity than YiuMnShy1.  In Figure
4.6b, it can be seen that for y=0.5, 2 and 7.5 abBO0K, the calculated lattice thermal
conductivity exceeds that of YMMnSh;; but these values are not outside the expected
experimental error. Other samples seem to apprb@classy limit with increasing temperature
as expected. Cabhill noted that his approach ierdehing k. was accurate to about 25% of
measured values, therefore the observed 4.8\ floor might be themin of Yb1sMnShy1.1*%!
Yb14MnBii; which does appear to reach a lower limit would kpeeeted to have a lowedin
compared to YlMnSh;; thanks to its higher density and likely speedaafrsl.

The bismuth dependence of the power factor at 6K and 1173K is shown in
Figure 4.7a. Calculated data points are superintposethe curve for 900K. A similar set of
curves for ZT as a function of Bi content (y) an@wn in Figure 4.7b. The power factors tended
to decrease with increasing bismuth content, honee effect was not as pronounced at higher
temperatures when the presence of additional carinethe Bi-containing materials suppresses
the mixed conduction effects due to thermally czdatarriers and leads to a power factor of .83
mWcm K? which is nearly independent of composition. Beeaof higher overall thermal
conductivity values, the ZT decreased monotonicallgh bismuth content for all alloy
compositions. According to equation (2.39) andl@. if materials parameters are minimally
impacted by the addition of Bi, a gain in ZT midi& made if the reduced Fermi potential could

be adjusted to lower levels by counter doping.
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Figure 4.7. a) power factor and (b) ZT with bismstibstitution (y) at 600K, 900K and 1173K.

43.2.Y b14|V| nSbll-yAsy

Electron back scattered images showed no evidencther phases. The sample with an
as-synthesized composition of ¥lInSh;As; was measured by electron microprobe to have a
composition of Yks sMn;16Sky 9sAS1.16. Lattice parameters obtained from XRD measuresnent
on the pressed puck were determined to be 16.35An@ 21.75A (c). The XRD pattern and
reference pattern for YBMnShy; are shown in Figure 4.8d. Since, the end compound
Yb14sMnAs;1 has not been synthesized, other isostructuramanides and arsenides must be
used as a guide. BetweenlMinSh; and EWsMnAs;; single crystal data at 130K, the lattice
showed a reduction of 5.7% along the a axis andb64t@duction along the ¢ a8 ™
Following Vegard’s law, this would lead to ¥MnShipAs; having lattice parameters of 16.53A
(a) and 21.86 A (c) which overestimates changes experimentally determined lattice

parameters.

51



The electrical resistivity and Seebeck coefficiemtasurements obtained for the As-
doped materials gave values close to those qiMitiSh; as shown in Figure 4.8a. Room
temperature carrier concentration was measuredetal.bx18* cm®, slightly higher than
1.1x1G* cm?® for ball milled Yh4MnSh;and 1.3x16" cmi® as expected from electron counting
in the structure using the Zintl-Klemm formalismlhe Hall mobility at 300K for the As-
containing alloy was determined to be 2.0°&B, which is comparable to 2.3 &ivs for the
antimonide. The value of the effective mass catedlaising the degenerate statistics method, as
outlined earlier, yielded an effective mass of 3 %vhich is higher than the value of 2.4 m
calculated for YiyMnShi; and closer to the value calculated from Sn fluowmn sample§’?

Figure 4.8b shows the total thermal conductivityd ahe calculated lattice thermal
conductivity as a function of temperature. Théidatthermal conductivity is lower for the As-
substituted sample than for the pure antimonidetaug73K and then is apparently higher.
However, values are within the estimated total expental error of 10% inc.®” At room
temperature, the,; was calculated to be ~0.65 W/m-K. This is reasanaampared to the
Callaway and Von Baeyer model (Figure 4.1), takig account just mass fluctuations, which
predicts a value of 0.57 mW/m-K, again well withime error of the measuremétt.®" >
Calculated power factor and ZT as a function ofgerature are shown in Figure 4.9c. There is a
slight increase in the calculated power factor 6i,¥MnSh;;As; that is not significantly above
the expected error of the experiment. ZT doesshotv any significant change and peak ZT

was calculated to be 1.2 at 1200K. Above 900K ,itkecase in power factor over yMnSh;

is offset by a higher total thermal conductivity.

52



—— K Yb; ,MnSb, b

—a— K Yb14MnSbloAs1

0.9+

-_— - Klat. Ybl4MnSbloAs1

K, K _(W/m-K)
o
®

07y S \
06 L ™ e -— \\\ /
] \\ -—
—_— - 450 ] ~
/ py=1 0.5- - -
0 T T T T T T T T T T T T T T T T T T J
400 600 800 1000 1200 400 600 800 1000 1200
Temperature(K) Temperature (K)
1.0- 116
— — PFy=1 C d
NQ - = PF y:O P - ; 114
= 0.8 7 -
£ -~ 112 ——— Ball Milled Yby ;MnSb; (As,
; i Reference Yb, ,MnSh
R 1.0 ‘ 14MnSbyy
& 0.6 ’ P
< {08 5
S = >
% 0.4+ 1oeN g N ‘
L = |
< I |
o 104 | Il | ‘\
s % lM ‘\»’ M ‘”“'v‘”f\ A
— - 40.2 It n \ A\
a ZTy=0 e L Y g v P
0.0 T T T T T T T T T 0.0 Lol \‘ ‘\‘ H_m_‘d‘ H‘h ‘ MwH‘“‘u“w‘ T
400 600 800 1000 1200 A
Temperature (K) 20 (Degrees)
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4.4. Conclusions

A full range of alloys in the YfaMn;Shi1,Biy, system were synthesized using high
energy ball milling techniques. Up to y=5 for ¥kIn;Shi1,Biy. , the calculated values for
carrier mobility (1) and effective mass (m*) were similar to those essd for the pure
antimonide (x=0).A significant decrease in latttbermal conductivity, by as much as 33% of
the pure antimonide value, was observed but ntited@xtent predicted by the Callaway and von
Baeyer model, when only scattering effects due tantpdefect mass fluctuations were
considered. Carrier concentrations were observethdrease with increasing Bi content, a
departure from what the Zintl-Klemm rules preditis not clear if these are due to the presence
of multiple bands or due to the presence of ano#ueeptor defect. As a consequence the
reductions in lattice thermal conductivity valuesres offset by the increased electronic
contribution to the lattice thermal conductivityndadepressed the power factor due to the
presence of the excess carriers. According to thdigtions of a degenerate statistical model,
gains in ZT can only be achieved for alloy composg that will exhibit much lower carrier
concentrations, allowing for getting the full behef increased point defect phonon scattering..

To start testing this approach, the XWnShi;.,As, system, was explored. Due to a
challenging synthesis, only YAInShAs; was synthesized using the ball milling technique.
The sample’s measured thermal and electrical taahgpoperties were within the error limits of
the values obtained for YMMnShi;. This is not unexpected given that first prinegpl
calculations for CaMn;Shi;1.4/Asy do not predict an increase to the Seebeck coeffiaiatil
carrier concentrations are reduced and higher Astgution levels are achieved (y equal to 4 or

higher).
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Chapter 5. Carrier and Band Engineering in Yb14MnSby; and Yb1sMnSb11.,Biy

5.1. Introduction

As described in the previous section, carrier eatration tuning is an important part of
optimizing thermoelectric materials. It was foumygl Snyder, et al., that doping in ¥\MnSh;;
can be achieved in this material with the substitupf Al on the Mn sité?” **! The formal
charge of Mn in that site is given to be ¥Mand replacing it with AP results in the elimination
of a hole from the material. Using a free electnamdel, they were able to model an observed
30% increase in peak ZT with an optimum hole cotregion of 2.2x13° cm>.**! This material
was synthesized via the tin flux technique whicmad practical for synthesizing materials for
the production of devicds! JPL- synthesized YEMnShy; developed for advanced RTG
projects has been demonstrated to have a peak ZT2ofhich is higher than values for even
carrier concentration optimized YAvn;.,Al,Shi; synthesized through the Sn flux mettibd.*®!
Therefore, there is motivation to reproduce thesalts using a more production capable method
like high energy ball milling.

In Chapter 4, alloys of YilaMnSh;1.1Biy were calculated to have reduced lattice thermal
conductivity values combined with minimal changeshble mobility and effective mass up to
~y=5.5 compared to YkMnSh;;. However, the inclusion of Bi leads to a rise carrier
concentration away from the optimal values. To entw lower carrier concentrations in this
system, substitution of Yb by La or Mn by Al in ¥MnSh;.1Biy are considered. Higher ZT
compositions in the quaternaries Mn1.,AlShi11Biy or Ybys.,LaxMnSh;.1Biy might be found

by modifying both thermal conductivity and carr@ncentration. In this initial investigation,
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the value y=5.5 was selected as a starting pamcest should maximize the amount of phonon-

defect scattering possible as calculated in Cha&pter

5.2. Synthesisand Characterization

5.2.1. Synthesis

Samples with nominal compositions Mlin;.AlSh1 (x = 0.4, 0.7, 0.8, 0.95) were
synthesized from the elements via high energyrdling (Spex 8000 mixer-mill) as discussed
in Chapter 3.2. Samples with nominal compositiofis,Mn; xAlx Biss Sk s (x = 0.8, 0.95) and
Ybi3.4da0eéMnBis s Sk s were also synthesized with Bi chunks (Alfa-Aes@r999%) and hand
cut La (Alfa-Aesar, 98%+ rare earth oxide basi§ynthesis techniques were similar to those
used for the pure antimonides, except that proogsand measurement temperatures were

reduced to avoid excess sublimation of Bi.

5.2.2. Characterization

The synthesized samples were characterized byr@featicroprobe analysis utilizing a
JEOL JXA-8200 using ADs, Bi»S;, Mn, Sb and YbP@standards. Approximately 9 sampling
points were taken for each sample and averagee. tyffical analytical error was ~4 % for Al,
~1% for Bi, ~10 % for Mn and ~0.5% for Sb and Yi.previous publications, the Dulong-Petit
value of heat capacity has been used since theumeebBebye temperature of this material is
about 143K Molar heat capacity for the YiMn;.,AlShi; series was taken from reference 27

and was assumed to be valid for the entire rangalfeamples. Experimental data for high
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temperature Hall, Seebeck coefficient and thern@idactivity measurements for “pure”
Yb1sMnShy; (x = 0) was provided by samples previously produby the Jet Propulsion
Laboratory using high energy ball miIIir[f’@! The values for YpMnBissShy s were linearly
extrapolated from the values of polynomial fits fugh temperature Hall, Seebeck coefficient
and thermal conductivity measurements of compasstmf the compositions of YMnBiy,Shy.y

of x=4.5, 5 and 6.5 described in Chapter 4.

5.3. Resaults and Discussion

5.3.1. Microprobe Results

Table 5.1. Doped YiaMn;Shisand YR4MnggAlp.sShi; microprobe compositions. The typical
analytical error was ~4 % for Al, ~1% for Bi, ~10f% Mn and ~0.5% for Sb and Yb.

Nominal Microprobe Compositions
Yb1sMnShy; YD14.0dVIN1.04Sh10 88

Yb14Mng 6Alo 4Shis Yb13.0dMN0 78Al0.39Sb10.93
Yb14Mno sAlo 7Shis Yb14.0dMNo 33Al0.7:Sb10.93
Yb14Mng 2Alo sShis Yb14.1dMNo 22Al0.76Shi0 86
Yb14Mng 05Al0 95511 YD14.1MNo 049Al0.925h10.89

YDb14Mno 2Alg eBis 5Sks 5 YD13.9aMNg 26Al 0.80Bis 60515 51
YDb14MnNg 05Al 0.95Bi5 5515 5 YD13.90MN0.06:Al0.9Bi5.4851% 60
YDbi3.4-806MN1Bis sShs 5 YDb13218050MN1.16Bi5.5650 42

Table 5.1 gives a summary of the samples ofsMhb; Al Sh1 (x = 0.4, 0.7, 0.8, 0.95),

Yb14sMn1,Alx Biss Shys (x = 0.8, 0.95) and Yk a,sMnBiss Sk s and their compositions as
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determined by electron microprobe. For comparigét, provided a sample of Y/MnShjused

in their Advanced Thermoelectric Converter (ATEGDjBct. The microprobe composition of
this sample suggests either an under counting afr@bdeficit of Sb in the material. In light of
this, microprobe compositions show good agreemétht éxpected values and for the most part
close to the microprobe’s calculated measuremeat.etn electron backscattered images, there
were no secondary phases detected. The Yb cas#ents to be higher with Al content because
of an overlap between Ybdand Al Ka lines leading to an overestimate of Yb content. Bioc
containing samples, the trend of underestimatingcdftitent is possibly due to surface oxidation
resulting from the increased reactivity of thesmpounds. For several samples, the Mn content
was measured to exceed the 10% analytical ernsrrebult has also been reported in previously

published microprobe data on Sn flux-prepared rizdsenf similar compositioff.”!

Chapter 5.3.2. Doped Yb14MnSb;;

Figure 5.1a shows, the Hall carrier concentratisraaunction of Al content (x) at ~
300K. The samples show a good fit with the Zinkk#dm formulism with each Mn yielding one
free hole per Mn atom. Ball milled YMMnSh;; is experimentally measured to have a slightly
lower than expected carrier concentration of 1.35@° versus the predicted 1.3}tem?.
Room temperature mobility values of lower carriencentrations (x>0.4) samples tend to be
higher than the #* dependence fit for mobility from reference 45 & flux-grown samples as
shown in Figure 4.2c.

However, this picture changes at elevated temyes as shown in figure 5.1b where
carrier concentration decreases linearly in tenpegain Y /MniSh; and Yh4Mng gAlp 2Shii
until the effect of thermally excited carriers algaoccurs. This is contrary to the Sn flux
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material in which no change in carrier conductivitsis reported® At 600K, ball milled bulk
material is measured to have a Hall carrier comadon of 8.8x18°cm?®. It is possible that at
these higher temperatures fluctuations in the wa&lestates of Y8 or Mn*? are occurring or
some other thermally activated charged defect isgbformed. As previously stated, there are

many examples of 14-1-11 compounds which do néivothe Zintl counting rule§®: 8%
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Figure5.1. a) Plot of measured hall carrier concentration \aithminum content (x) at 300K for
high energy ball milled (HEBM) samples and publgh&n Flux-grown YgMn;., Al Sh
materials from reference 45. b) Plot of carrier aaniration and mobility versus temperature in
ball milled YhisMn;.,AlShi1 with temperature for x=0 and 0.8.

In Figure 5.2a, electrical resistivity values atetigd versus temperature for the samples
of YbisMny1 Al Shii. As expected, as carrier concentrations are egjuelectrical resistivity
values keep on increasing. At high temperatur@d® K), the resistivity values decrease with
temperature due to the effect of thermally actidatdarge carrier pairs, with the peak in

resistivity values shifting to lower temperatures increased Al content and decreased carrier

concentration. In Figure 5.3b, Seebeck coefficienlues are plotted versus temperature with
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similarly increasing values and lower turnover tengpures with increasing Al content. A
simple analysis of the relative simultaneous changeSeebeck and electrical resistivity values
compared with the baseline pure antimonide shows tthese changes are indeed reasonably
consistent with the observed variations in carc@ncentration, except perhaps at the highest Al
concentrations,, implying that no major changeselectronic band structure are involved.
Moreover, an estimation of the band gap of a malteray be written as a function @faxand T
max Which are the maximum Seebedk.{y) and the temperature {£I) at which that maximum
occurs® 4282

E, =260, T (4.3)
As shown in Figure 5.3b, the ball milled materiaklan average band gap of about 0.6 eV. This
is fairly consistent with the Sn flux-grown maténehich has a slightly lower band gap 0.5 eV.
In both cases, the band gap seems to be independiealtminum content, confirming the

combined Seebeck and resistivity transport ana{is
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In order to use the degenerate statistical appré@echodel the system, an estimation of
the relative magnitudes of the acoustic phongg)@nd impurity €ime) carrier scattering times at
the band edge should be made. This can be donsity equations (2.10) and (2.11). The speed
of sound and density for YiMn:Sh1 have been measured to be 1970%5sand 8.367 g.cim
31281 Carrier effective mass values have been deterntigedarious methods to range between 3
me’? and 17.4 nd*®. The deformation potential & is normally on the order of a few eV
ranging from ~10 eV for 8! to 3 eV for BiTe; Since Ee is related to the stiffness in the
material and therefore speed of sound.Mm;Sh; is assumed to fall into that rang®.2% For
impurity scattering, it is assumed that scatteregters are equal to the number of carriers.
Since, there are no DC dielectric permittivity ma&a&snents published, a range betweeg, 10
10C, is assumed. Fitting for resistivity, Seebeck ot and carrier concentration between
500 and 700K and combining equation (2.17), (2&t) (2.21) gave values of m*=~2,mpc
=30 ¢ and Eer= 5 eV. At 500K, this leads to b=0.83 and at 700§ gives b=0.22 which
validates the assumption that acoustic phonon es@agt is dominant in this material at high
temperatures (T>700K). These values dp¢ and Eswere then used to estimate the effective
masses of the other samples (Figure 5.3a). Fopadson, effective mass values calculated
with Egs. 2.15a and 2. 5b are also shown as wellhaspublished effective masses from
reference 72 using equation (2.15b) for Sn fluxwgranaterials. These effective masses are in
good agreement with one another except that tleetdfe mass calculated from the slope of the
Seebeck coefficient, equation (2. 15b), was offe@her than either the electron gas
approximation method or the degenerate statistiethod via a single point Seebeck coefficient.
The Sn flux-grown YiyMnSh;; material was calculated to have a higher effectiass (of

m*=~3mg) compared with that of the ball milled material*ém2.5m;). Overall, the ball milled
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material showed a gradual decrease in measuredtigd mass regardless of the method of

calculation as opposed to the sharp drop for natewith Al content x>0.8 as seen in Figure

5.3a.
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Figure 5.3. a) Effective masses fory¥n; Al Sh; using equations (2.15a) and (2.15b) as well
as the degenerate statistical approach assumiggobnhon-electron scattering. Also plotted are
effective masses for Sn flux grown Mbin;_,AlShi; from reference 45 using equation (2.15a).
b)Band gaps calculated from peak Seebeck coefficieues for YhMni,AlShi. ©)
Calculated effective mass for ¥YMn;, Al Sh; samples versus calculated Fermi energy
including the linear fit for calculating non-pardicdband bending parameters.

63



The apparent change in m* has two possible sounddsh might be explained by
multiple band effects or non-parabolic band streetu Band calculations for €Mn;Big;
clearly showed the presence of a single band ¢toslee top of the main valence band and then
several bands ~0.5 eV away from the band é§yAs Ca,Mn;Biy; is a semi-metal, the Fermi
level was calculated to be below the edges of tlmker bands and some multi-band effects
might be expected. As this is a narrow band gapicsermductor, it might be assumed here that
non-parabolic behavior is responsible for this appieffect. For an initial top of the band m*,
wave vector (k), energy level (E) and a set of bdesding parameters (a, b, etc.), non-

parabolicity of the band can expresse%&”

2
E(1+aE+bE +..)= L k (5.1)
2m,

It can be shown using first order approximationtbé band bending parameters, that the

apparent effective mass can be estimatdtf as:
m = n1(1+1—: ab (5.2)

Values are typically on the order of the inversehe band gap of the material. For example,
silicon has a value af about 0.6 eV and an inverse band gap of 0.9%8¥! Figure 4.3¢c show a
good linear fit to the calculated effective mastuga and the Fermi energy. From this fig*fm
was calculated to have a value of 1.24md the band bending parameter was calculated B b
eV'. This is reasonable compared to the inverseegttimated thermal band gap as calculated
here from equation (5.1) to be 1.7V

With values available to more accurately descrhme gdystem, the hall constang)(was
calculated to determine its effect on the halliearconcentration using equation (2.22b). Using
the estimated values of scattering times in eqoat{@.10) and (2.11) angas determined from
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the Seebeck coefficient and equation (2.17), #iees were calculated to be=1.095 at 300K
and r=1.02 at 500K. While not insignificant, this is nemough to explain this ~20% drop in
carrier concentration to 8.8x38m? at 500K from 1.1x18cm? at 300K.

Figure 5.4a shows the temperature dependencesdbthl thermal conductivity for the
Yb14Mny« AlkShiisamples. Thermal conductivity values increasinglypdat room temperature
with increased Al content. Also apparent is theaahigh temperatures due to the increase of
the bipolar term resulting from thermally activatdehrge carrier pairs. Using the Wiedemann-
Franz law and assuming acoustic phonon scattebin@)(to calculate the Lorenz number (L),
equation (2.24), and then the electronic contrdoutio the total thermal conductivity, lattice
thermal conductivity values were estimated. Figlt@b shows the results of the lattice thermal
conductivity as a function of temperature for tlengles after the electronic contribution has
been subtracted. The drop in lattice thermal cotidty shows a 1/T dependency as expect.
LT/p is approximately constant, total thermal conduttidecrease is due to Umklapp
scattering. At high temperatures and for low earsamples, bipolar effects arise due to
increased mixed conduction, leading to a sharprampancrease in the calculated lattice thermal
conductivity.?” *> "?ICalculated lattice thermal conductivity decreaaetbom temperature with
increased aluminum content which is significant pamed to the assumed 10% inherent error.
For x=0.95, the calculated lattice thermal conadugtiactually approaches the glassy minimum
value of 0.39 W.iK™ which is lower than the minimum of ~0.5 W* which was found for
Yb1sMnShi1.Biy. It is important to note that for the x=0.95 saendecause of a negligible
contribution to the electronic contribution, theaiothermal conductivity approaches this value
until the bipolar term become apparent around 9Q@#gure 5.4b) However, this reduction is

unexpected since YJAISb;; is expected to have more ionic bonding overalljcWwhshould
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increase the speed of sound and Debye temperahdetherefore lead to higher thermal
conductivity than YiuMnShy;. Comparison to Sn Flux synthesized materialsgractical as a
fixed L was used to calculate lead to valuesifgrwhich are unreasonably low compared to the
calculated glassy minimulft! The reason for this unexpected result is uncle&rcbuld be due

to several factors. At 500K, the variation of Ltween that calculated using only acoustic
phonon scattering and the mixed scattering valevipusly calculated for YaMnSh;; with
b=0.8, is less than 5% so this is not a likelyrseufor the observed effect. However, this
approach does not take into account non-chargdtesog mechanism and which may affect the
value of L. Point defect phonon scattering eBeduie to replacing Mn with Al are only
projected to give a modest reduction of ~0.5 Ak units (Figure 4.1) without taking into
account volume fluctuation effects. However, forOx® thermal conductivity decreases as
composition gets closer to the end point compasitidich is the opposite behavior from the
“bath tub” trend which is predicted. Besides poil@fect scattering, other scattering modes
could be enhanced. As the material gets increbslags metallic, it becomes more brittle and
that could lead to a finer microstructure which meffectively scatters certain frequencies not
scattered by alloys® 2 Also, the more ionic Al-Sb bonding might similatiune the rattling
frequencies of the Sb tetrahedral to better scattescattered frequencies of phonons as well.
There is also some uncertainty in the determinatiotihe heat capacity of these samples. Laser
flash diffusivity requires an accurate determinatad heat capacity while the electronic thermal
conductivity is calculated independently of heapamty. If the heat capacity is not correctly

determined, scaling issues in the resulipgterms will occur. .
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Figure 5.4. a)Total lattice thermal conductivitydathermal conductivity with electronic term
versus temperature for ¥Mni..AlSh; using molar heat capacity from reference 27.

Figure 5.5a plots power factor versus temperatardtfe ball milled YhsMn1. Al Shy1
samples. Except for the lowest carrier concemmnat{x=0.95) below 500K, there is no
improvement in power factor over YMMniSh;. At higher temperatures, power factor is
negatively impacted by mixed conduction. As illas&d in Figure 4.4c, the power factors for
ball milled and Sn flux-grown samples of x=0 showimilar temperature dependence, however
the Sn flux material does not seem to be as imgalyethermally created carriers at higher
temperatures. Figure 5.5b shows the high temperafiir curves for the ball milled YMn;.
«AlShi1 samples. The peak ZT for this material did natease. For x=0.8 and 0.95, there was
some improvement in ZT over Y#niShi; below 1000K. In Figure 4.4d, the ZT curves of
Yb14Mn2Alo sShy; for ball milled and Sn flux-grown material fromfeeence 45 as well as ball
milled Ybi14Mn;1Shy; are plotted. For YlaMn,Alq sShi1 synthesized through both methods, there

was very good agreement up to 1000K in ZT valudsowg 1000K, the Sn flux synthesized
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material’'s ZT out performs the ball milled materidlie to a degraded power factor as shown in
Figure 5.5¢c. However, this Sn flux sample doesimprove upon the baseline ball milled “pure”
Yb14MnSh; which has a higher zf*!

A possible source in the discrepancy in performdme®veen ball milled and Sn flux-
synthesized YhMn,.,AlShi1 samples is the presence of secondary phases. Setadlic Sn
has been shown to remain in pellets made from 8r §town YhsMn1.,AlShi sampled?”!
While Sn has not been shown to be present in thie b#+1-11 phases, solubility into the
structure improve at higher temperatures. If Systuted for Sb, Sn having one fewer electron
would be a p-type dopant. In the case of¥n,AlosShi, Sn p-type doping counteracts the
effect of thermally produced carrier pairs and ge#&uol improved power factor. In the case of
Yb1sMnShy;, extra carriers would shift the carrier concentratiarther away from the optimal
level. This is in addition to the deleterious etfeof having a metallic element negatively impart
overall ZT®® Furthermore, all the room temperature Seebeckfic@eft values appear to
intercept each other at 300K at aroundi8K in the Sn Flux synthesized samplt&%.For ball
milled materials the expected trend is more appgatha Seebeck coefficient increases from 46
uV/K for x=0 to 115uV/K for x=0.95 at 300K. However, at 600K both sysis appears to be a
good fit for the Seebeck coefficient Pisarenko euf¥igure 5.2b) calculated according to
equation (2.1554.5] The uptake of metallic Sn into the Zintl phase nhajp explain that trend
since at low temperatures a metal-semiconductorpogite will have reduced:. values
compared to the semiconduct8¥.It also has been reported that;Y¥nShy; is capable of some

degree of nonstoichiometry so that this uptakerofrigyht not lead to a loss of 8.
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Figure 5.5. a) Power factor and (b) ZT versus teatfpee curves for ball milled YiEVin;.
«AlShi1. ¢) Power factor and (d) zT versus temperatureresufor ball milled and Sn Flux
Yb14Mnp 2Alp 8Sb11 from references 72 and 27 respectively atadnilged Ybi4Mn;Shy;.
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5.3.3. Doped Yb14M nBiss Sbss

The same methods of analysis applied toisMm;AlShi; were used for doped

Yb1sMn1Bis 5 Sk s. The Hall carrier concentration as a function ofsxshown for YhsMni.

xAlxBis sShs 5 and YhalaMnBis sShs 5, in Figure 5.6.Instead of the elimination of orwdehper

added substitution of La or Al, the trend suggekes removal of two per substitution. This

suggests the possibility that there is some seamander-producing defect tied to the total

carriers in the system. Room temperature mobilgl&s for the reduced carrier concentrations,

as shown in Figure 5.9a, are higher than in then@mide series or the reported Sn flux samples.

Hall Carrier Concentration

® Al Doped
¢ LaDoped
— Theo. Line

0.00 0.25 0.50 0.75 1.00

y

Figure 5.6. Plot of measured hall carrier conceiatnawith Al or La content x for YpMn.Alx
Biss Sl s and YhsLaxMnBis s Sk s ball milled samples.

High temperature resistivity plotted Figure 5.%a ¥bisMn;AlBiss Shys samples

shows similar trends to those observed fog.¥m;.,AlShi 1, exhibiting a more semiconducting
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behavior as x increases. Increasingndp with increasing Al content is also seen on the pfo
Seebeck coefficient with temperature, as showniguré 5.7b, confirming the same shift to
more semiconducting behavior seen in the antimoniletimated band gaps shown in Figure
5.7c and indicate a band gap of ~0.4 eV. A liredrapolation from YbMn;_Al,Sh; yields a

band gap for YlyMnBi;; of ~0.2 eV.

Using the degenerate statistical method describethe previous section, the effective
mass was calculated for the Al doped samples & 5@xlculated values for effective mass as a
function ofn can be found in Figure 5.7d For x=0.8, resistildelow 650K is comparable to
Yb14MnSh; and yet the measured Seebeck coefficient is ceradidly lower due the much lower
effective mass. Plotting the calculated m* valwathn is shown in Figure 5.7d with a linear
fit. From equation (5.2), a value afis calculated to be 2 éVand a rg*of 0.2m.. A summary of
derived parameters for Al-doped ¥bIn;Alx Shiiand YhsMn;Al«Biss Sk salloy is found in
Table 5.2.
Table 5.2. A comparison between parameters forsMi,.,Alx Sh; and YhsMni,Alx Sh;

sample series for band gapgfEalculated from equation (5.3), fitted band eéffective mass
(mo*) and first order bending parameta) @nd for comparison the band gap inversdélx.E

Compositions EeV) my* (Mo) aeVvy) E;(ev)
Yb14Mn1-XAIX Sh.l ~0.6 1.2 2 1.7
Yb14Mn1-XA|XBi5.5 Sb;5 ~0.4 0.2 2 25

Thermal conductivity is shown in Figure 5.8a foe thb;sMn; xAlBis 5 Sk 5 system. The
trends are similar to those described for ;. Al Sk ;where the thermal conductivity drops

with increasing aluminum content, and the appea&asicthe bipolar term appears at lower
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temperatures with increasing aluminum content. fegu8b shows the estimated value €gras
a function of temperature after the electron cobnotion has been subtracted fraarusing the
same values for heat capacity and assuming pholectren scattering in determining L. The
calculated values of;; show the same trend towards decreasing values a¥@W€ and are
lower at similar values of x than YMn1.,AlSh1 as expected due to the increased point defect
scattering from Bi. However, the values do notlasely approach the glassy limit, most likely
because of the onset of the bipolar term at loeeperatures caused by the narrower band gap.
Overall there was unfortunately no substantial mwpment in the thermoelectric
performance over YItMnSh;;. The temperature dependence of the power faotoYih;sMn;.
xAlxBis 5 Sy 5 and YhsMnSh; compositions is shown in Figure 5.8¢c. The povaetdrs for the
samples of YiuMn,,Al«Bis 5 Sky 5 do not substantially change with carrier concdiatnsand are
negatively impacted at high temperatures wherenth#ly excited have a greater impact due to
reduced band gap values. Thos impacts performantégla temperatures where the 14-1-11
materials get their largest ZT values. Finding1t41 materials with larger band gaps are
therefore preferable in order to take advantagallofy scattering effects or. Figure 3.7d
shows ZT versus temperature for ¥n;.,Al«Biss Sk s samples and YilaMnSh;;. However,
due to the reduced thermal conductivity, these eeducarrier concentration alloys provide
improvements over YaMnBis sShs 5 with the sample of x=0.8 managing to improve ZEmthe
entire temperature range. These samples also rtiacBT of YhsMnSh;, but for a reduced
temperature range. Despite a calculated loyygra reduced power factor for ¥Mn; xAl«Bis 5

Shy s results in no substantial overall gain in ZT oVéxMnShy;.
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Figure 5.7. Temperature dependence for (a)Resisavid (b) Seebeck coeficient for ¥bin;.
xAlx Bis s Sl 5. ¢) Band gaps calculated from peak Seebeck comftivalues for YhMn; Al
Bis 5 Sl s and the mean value from reference 45 and balechifb qMn1 Al Sh;. d)
Calculated effective mass for ¥in;. Al Bis 5 Sl 5 samples versus calculated Fermi energy
including the linear fit for calculating non-pardiosdband bending parameters
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Figure 5.9. a) Mobility versus carrier curve fobyyMn;4Alx Biss Skys and YhslaiMnBis s
Sh; s at ~300K. b) A Pisarenko curve at 600K for,¥n; Al«Shi;and Yh4Mn; Al Biss Sk s
with a fit line from reference 45 for YiMn,.,AlShy1.

5.4. Conclusions

Reduced carrier concentration versions of/¥m:Shi1.,Biy were synthesized, mostly by
replacing MA* with AI**. Using degenerate Fermi statistics, several nadtpdrameters were
estimated. In YpMn;AlSh;, a calculated decrease in m* with increasing Ahteot was
calculated and was consistent with effects dueoto-parabolic band behavior. Because of this
and the effects of thermally created carriers, iansbite of a marked decrease in lattice thermal
conductivity, only limited improvement was obtaingeer the ZT of YiyMnShy:. For YhsMn;.
xAlxBis sShy 5, the same non-parabolic behavior of m* was obskrv®ue to reduced power
factor values, ZT did not improve over Mbin; Al Sh1in spite of lowenc,:.

Because of effects of thermally created carrierspei these materials, materials in the

14-1-11 with wider band gaps should be exploreddi#i@hally other doping methods should be
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investigated in an attempt to determine if diffargpes of dopants can favorably influence band

structure.
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Chapter 6. The Effect of the Substitution of Yb on Yb14MnSh;.

6.1. Introduction

In Chapter 5, it was demonstrated that ball milliaghniques could be used to synthesize
14-1-11 materials with variable carrier concentnasi in the YksMn1.,AlxBiy Shiy System.
While some limited improvements in ZT were realizestuction of the apparent effective mass
at lower carrier concentrations limited overall mopement. In Chapter 4, substitutions of the
Group V site replacing Sb with Bi and As, yieldeal immediate improvement in ZT. Other
options for modifying the structure could focusaither substituting on the Yb site or exploring
other transition metals to substitute on the Mae.sit

In the preceding chapter, it was suggested thain ,AlSk1 showed a reduction in
the effective mass (mwhich could be effectively modeled using a nonapalic band behavior.
Previously discussed calculations in Chapter 2dauAlSbr1.xAsx indicated that the bonds that
had the greatest contribution to the valence barithe material were the group V atoms in the
[AIPNn,] *° tetrahedr&'® However, some drop in'nat lower concentrations might also be due to
the replacement of Jahn-Teller distorted [MijShtetrahedra with symmetrical [AIgH'°.*> 2"
28,4590 There is also the large difference in electrotieijg between Al and Mn which might
affect local bonding™ Therefore, modifying carrier concentration outsideltering the Group
V tetrahedra would be useful in clarifying the @dation between carrier concentration and m
independently of modifying the tetrahedra.

It was previously determined that Ca substitutionYib;sMnSh;; should be a very

effective phonon scatterer using the Callaway-Vayeé model. For Y .CaMnShi;, phonon
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scattering due to simple mass fluctuation leads doamatic reduction iib14.,CaMnShy; which
approaches the glassy limit of thermal conductiafyYbisMnSh; around x=1 as shown in
Figure 4.1. Previous work done on the system determined tleaptactical solubility limit of Ca

in Yb1aMnShy; was about x=%2 %! Above that, the samples exhibited signs of semieg of
calcium and solid state synthesis of single phasgans was difficult. Good solubility was
expected because €and Y have ionic radii which are within 268! In spite of the limited
solubility range experimentally achieved, one sHoexpect to see substantial reductions in the
lattice thermal conductivity«).

Previous work in synthesizing this material hasnbdene using Sn flux techniques as
well as solid state reactions. Published thermdetecesults using Yh..CaMnSh; materials
grown by the Sn flux technique have not shown imptbpeak ZT values over ball milled
Yb1aMnShy; (ZT=1.2)? Materials synthesized using a direct solid statproach show some
improvement over Sn flux-grown materials, but ditl not achieve better ZT values. In both
approaches, a Yb«CaShyo secondary phase negatively impacted carrier mgpsgiv that only
peak ZT values of ~1 were obtainéd.

In violation of a simple application of the Zintllénm formulism, it has been shown that
the addition of Ca leads to a significant reductiorcarrier concentrations. A similar trend has
been seen in YhCaZn.Sh, another Zintl materidl® " From YbznSh to CazZnSh,
measured Hall hole concentrations decreased fromx~B0*° holes/cmi to ~1.5 x 16°
holes/cm.’® " It was claimed that since Ca is more electropasithan Yb, Ca more fully
transfers its valence electrons than Yb, leadinthéocompensation of hol€8! More recently it

has been suggested that the source of these disfeaisancie&®
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There have been several attempts at modifyingectaconcentration by modifying the
alkali/rare earth site or the Group V site. 1¥jhaMnSh; has been demonstrated to have
comparable thermoelectric performance toi¥m;.AlxShi; when synthesized via a Sn flux
techniqué®” Attempts to modify the Group V site through dopihgve shown inconclusive
results by substituting Sb with Ge or #2571 CaAl,Shs is a material understood through the
Zintl-Klemm formulism to be a semiconductor and hsisown carrier control with the
substitution of Ca with Na. This substitution wasind to be effective but it is limited by the
solubility of Na. In Yhs,LaMnShy, the substitution of Y1 with La* yields an electron which
compensates for the hole from the [MalSP cluster®” 8 In Yby4NaAlSby,, substitution of
Yb*? with Na'* yields a hole that might conduct through the miatsince YhsAISbs; should be
a charged balanced semiconducting compound.

Since there are differences in the performanceSof flux-grown and ball-milled
materials, a comparison of calculated propertiegseful to identify these differences. The Sn
flux growth conditions of Yh.xTm:MnSh; can be found in reference 94. Tm is expected to
have similar properties to La in reducing carrieneentration. The material was calculated to
have a modest improvement over Sn flux-growmhm\Sbll.[g“] Data for YhsxTmyMnSh; was
analyzed using degenerate statistical methods ltmlate values of effective mass and lattice
thermal conductivity in order to compare with bailled materials.

Models have been developed which have been useprddict the thermoelectric

properties of heavily doped semiconductdts? %!

Carrier mobility, Seebeck coefficient,
power factor and ZT were modeled using parametersvetl from YhsMn;. Al Shi;. Better
modeling will hopefully lead to a better understaugdof 14-1-11 material systems and provide a

better guide for future optimization.
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6.2. Experimental

6.2.1. Synthesis

Ybise Lap.aMnShy;, YbisdNay AISb; and Yh,CaMnShyjusing the process described in

Chapter 3. The synthesis of ¥k TmiMnSh;;via a Sn flux method is described in reference 94.

6.2.2. Characterization

The synthesized samples were characterized usengaime methods and instruments as
in previous chapters with the addition of albitea@®SisOs) and anorthite (CaA5iOs) used for
microprobe standardization. The typical micropralpalytical error was ~0.5% for Yb and Sb,
~5% for La and Ca, and ~10 % for Mn and Na. Theadtarization of Yku-x TmyMnShy; is

described in reference 94.

6.3. Results and Discussion

6.3.1. Yb14-x CaM nSbll

The sample with a nominal composition of ;¥bCaMnSh; was measured by
microprobe and the determined composition of,%Ca 19VIn1 0:Ship s0 Showsreasonably good
agreement.. No secondary phases were apparentckndoattered electron SEM micrographs
(Figure 6.1). In Figure 6.2d, the XRD pattern fradme puck is shown with the ICDD reference
pattern for YhsMnSh; and no secondary phases were detected. Lattimpters were

determined to be 16.621(5) A (a) and 22.04(1) A.
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Figure 6.1.Backscattered SEM micrograph of the sample withominal composition of
Ybi, CaMnSh

Electronic transport properties at ~300K showhgligmore resistive properties than ball
milled Yb;sMnSh;;. Room temperature Seebeck coefficient was medgorbe 48.6.V/K and
resistivity was measured to be 2.82mam. Room temperature Hall hole concentration was
measured to be 8+1 x focm?® which is within the error of the values in refeter92 for this
composition. The Hall hole mobility was determirtecbe 3.0+0.4 cAiVs.

Figure 6.2a shows a graph of Seebeck coefficiadt r@sistivity for ball milled Y
CaMnSh;; and the baseline reference /MnSh;;. Both the Seebeck coefficient and resistivity
for the Ca-doped material were slightly higher tfanYb:,MnShy; At higher temperatures there
was no significant change in carrier concentrati®n500K, m was calculated using degenerate
statistics using estimations of carrier scatterimges due to ionized impurity and acoustic
phonons as discussed earlier in Chapters 3 an@hds calculation resulted in ‘nof ~2.5m
which is higher than the ~2sthat was calculated for YiMng sAlo 4Shi1. Carrier concentrations

decreased slightly to 7+1 x 0at 500K. As illustrated by Figure 6.2c, the regult of the rise
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in resistivity and Seebeck coefficient resultsittle net change in the power factors between
Yb12CaMnSh;and YR /MnSh;.

Figure 6.2b shows thermal conductivity as a funcof temperature for BCaMnSh; 1
and YhsMnSh;. Values for thermal conductivity were close teateather and within the 10%
experimental error. Values of thermal conductiarg comparable for direct synthesis materials
and Sn flux-grown materials, however, ball millethXCaMnSh;; and YhsMnSh; showed less
apparent bipolar effe€t?! The lattice thermal conductivitykj was estimated using the
degenerate statistical method, assuming only aicopisbnon scattering. At ~300K, values for
were 6.5 mW/cm-K for YbCaMnSh; compared to 7.5 mW/cm-K for YiMnSh;s; this is not
the substantial drop in thermal conductivity préelc from the Callaway and Von Bayer
model*” ** *@ This reduction is similar to the reduction iofin un-doped YhMnSh.1Biy
discussed in Chapter 4.

When ZT is plotted with temperature for both sarmspie Figure 6.2c, there is no
substantial change in ZT. Despite increasedvaiues at lower carrier concentrations, the
degraded carrier mobility combined with a lack eduction in lattice thermal conductivity lead
to no net gain. This substitution does have soerefits in that it produces a boost in specific

power of a device since the material is less dansereplaces expensive Yb.

82



10- e b

- =0, X=0 . //
-—- - X:2 7
8+ * {'/ ~ 1200 <
- 5
5 1150< =
T >
a ERS
E ) kS
~ 1
Q 1100 Z —B— X=2, k
3 ! Ttotal
0 g,ﬁ 24 - —XZO’ K at
. 5 — —y—
X=2, K o
0 T T T T T T T T T 0 T T T T T
400 600 800 1000 1200 400 600 800 1000 1200
Temperature (K) T(K)
Lo C d
0.84 Ball Milled Ybl4Ca2MnSbll
' Reference Ybl4MnSbll
NA ﬂ
X 0.6 5
e <
- ot >
= N S
o 1IN |-
LL. < ' | “
* 0] )‘ﬂ J\N“ W\ ‘ U“u b
MWW W v WMMV IWW}M MWM W‘W
0.0 . . . . —L0.0
400 600 800 1000 1200 | \\"\ “ ‘\‘I ‘ L M‘h “, I\h‘\‘\“'ﬂ“\“\‘ \MHMHN \WM \I\in\m .
20 30 40 50 60 70
Temperature (K) 26 (Degrees)

Figure 6.2. a) Resistivity and Seebeck coefficidnt,Total measure thermal conductivity and
calculatedkl and (c) power factor and ZT versus temperaturebfdl milled YhMnShy and
Ybi2, CaMnShi; (YbisxAsx MniShii). d) XRD pattern for the Yilb CaMnSh; with reference
pattern for YRsMnShy;.

6.3.2. Yb14-x LaM nSbll and Yb14-x NaXA|Sb11

Samples with the nominal compositions of:¥bLaysMnShi; and YhsdNayAISbig
were characterized using electron microprobe andnhaphase compositions were found to be

Yb13_6d_ao.41|\/|n1.083b|_1_01 and Yb_z_ozC@.ld\Anll()le]_o_go which is close to the expeCtEd values.
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Backscattered electron micrographs (Figure 6.3bdwsld secondary phases for ¥b
LapaMnShi; and Yhs Nay MnSh; which were less than 2m in diameter and comprised only
about ~4% by volume of the material. Because sagplolume of beams used (acceleration
voltages of 30 KeV) was estimated to be larger tipanticles, lower un-calibrated EDS
measurements using lower acceleration voltage® d€elvV gave the stoichiometry of the phase
close to YbLaSh, This is similar to YhsxT myMnSh;; materials which found Tm\Yb,Sb to be

a major second phaS& YbisgNay-MnSh;; showed similar good agreement with expected
values for the majority phase. Sub-micron secongdases are apparent in backscattered

electron micrographs as shown in Figure 6.3a atichaed to be only ~1% of the volume.

Figure 6.3. Back scattered electron micrographgledf) Ybisz fNap.MnShy; and (right) Yhse
LapsMnShyi. For Yhsg Lag4sMnShyy, the dark spots are porosity. Fori¥¥Nay MnShy; darker
grey areas were due to oxidation.

A summary of room temperature properties is shawfable 6.1 comparing VYibs

LapaMnSh; and YhsdNa 2AISbis with ball milled YhiaMnix AlpsShii.  Electrical resistivity

values for La- and Na-doped samples around ~300kKe we92 nf@-cm and 2.7 €-cm
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respectively. Hall hole concentration for the Lapdd material was 7.2+0.4x3&m? which is
close to predicted the results seen in Sn flux gramaterial®”’ Na was a somewhat less
effective dopant with a 1.4+0.2x4%0cm? hole concentration but this is not unexpected mive
effects seen in GAI,Sks.®® The room temperature Seebeck coefficient was medgo be 42
uV/K which is lower than the 46V/K measured in YMnShy; and 52uV/K for the YbisMng s
AlosShi;. This would suggest that the secondary phaséa$y I metallic. For the Na-doped
sample, the room temperature Seebeck wasV/B, which is close to the value for YiMno 2
A|0.88b_|_1.

Table 6.1. Summary of measured and calculated piepeat 300K for Yb substituted doped
materials. Added electrons per formula unit (e/l.déscribe how many electrons are added to
the system relative to YiMnShy; as described by the Zintl-Klemm formulism. ErramsHall
carrier concentration {pHall) and mobility (1) were derived from the standard deviation of
measured hall resistance. ResistivjtyWas measured and measured errors estimatedlésde

than 3%. Measured Seebeck coefficienjt i§ expected to have errors of 5%. Effective mass
(m*) was estimated using the degenerate statishjgpfoach and material properties at 500K.

Composition e/F.U. | p" Hall M p a m*
(cm®) (cn?V-s) | (mQ-cm) | (uV/K) | (m*/m.)

Yb14MnShy; 0 1.1+0.1x16" | 2.5+0.2 | 1.9 46 2.6
Ybiz6 TmoMnShy; | 0-0.4* | 1.1+1x 16" | 2.5+0.3 | 2.2 48 2.0
(TM2, Sn Flux Referent94)

Ybize LagMnSh;; | 0.4 7.240.1 x16 | 4.6+0.1 | 1.9 42 1.9
Yb14Mng 6Al o 4Shi1 7.5+0.3x16° [ 3.5+0.1 | 2.2 52 2.0
Yb1aMng2AlpsShi; | 0.8 2.2+0.1x1¢ [ 8.7t0.3 | 3.1 72 1.5
Ybi3eNag sAIShy; 1.4+0.2 x16" | 10.4+2 | 5.2 70 1.2

*It is uncertain whether Tm takes on a *Fror Tm' state or some mixed valence.
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Figure 6.4. Plot of (a) resistivity, (b) Seebeamkeficient and (c) thermal conductivity with
temperature for ball milled Yibe LagsMnShy1, YbizgdNagMnShyi, YbiqMnShy;, and Sn flux

Ybi3eTMy4MnSh; samples. d) Thermal conductivity with subtractestineated electronic
thermal conductivity with temperature for ball redl samples.
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High temperature electrical resistivity and Seebeolefficient curves are shown in
Figure 6.4a-b. Both follow trends of semicondugtitvehavior with decreased carrier
concentration. Also, the bipolar transport effeecomes apparent at higher temperatures for
lower carrier concentration samples. The Hall hedacentration values measured at 500K, for
La- and Na-doped materials were determined to Be1x10° cm® and 1.0+0.2x18 cm?,
respectively. Using the estimated scattering tinethmd described in Chapter 3, the values
were calculated to be ~1.9.for Ybi3dlapsMnShy; and ~1.2 mafor Ybsz Nag MnShy;.

The variation in total thermal conductivity witlerhperature for doped and undoes
materials is shown in Figure 6.4c. Total thermahdwectivity decreases with the increase in
resistivity as expected for the La- and Na-dopetenes. For the estimategwith temperature
shown in Figure 6.4d, the La doped material shog@ad agreement with YiMnSh; until at
high temperature the bipolar effect starts becomimgarent, as expected. The room temperature
value fori; was estimated to be 0.75W'K™. This value is consistent with what is expected in
the Callaway-Von Bayer model, not including straffects, since the masses of La and Yb are
almost identical’” ** %2 Volume fluctuation effects are also expected & small as the
difference atomic radii less than 1% as shown ibld®.2. The Na doped material showed a
decrease in estimateg with a 300K value of 0.58 W/m-K. The Callaway-V&ayer model
predicts a substantial 25% decrease; jnst considering mass scattering and volume fluana
scatter is expected to be nothing as the atomicoata™ and YB? are identical.; however this
decrease is also seen in;y¥n1.AlShi; which does not follow as expectéd %

A graph of power factor versus temperature is shawFigure 6.5a for La-doped and
Na-doped materials. The La-doped material showedvarall decrease in power factor which

was consistent with what was seen for the comparball milled YhsMngeAlo Sz sample.
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For the Na-doped material, a continued decreaspower factor at high temperatures was
expected due to mixed conduction effects. The &Buws temperature plot of La doped material
is plotted with an Al-doped sample at a similargarconcentration and undoped YdnSh;; in
Figure 6.5c. While this La-doped sample outperfothe Al-doped sample, neither outperforms
the undoped ball milled material. A similar ZT pladr Na-doped and Al-doped equivalent
(Yb1sMno 6AlpsShii) can be seen in Figure 6.5d. In spite of the cedupower factor, the
calculated ZT does show some improvement for theldyzed material in the same temperature
range as the Al-doped sample overdnShi;. From the modeling put forth in Chapter 2, the
improvement in ZT at lower temperatures qualitdfivmatches the behavior seen in Figure 2.7
where peak ZT shifts to lower temperature with lowtective masses. Improvement at higher
temperatures is counteracted with the appearantteehally created charge carrier pairs which

are not taken into account in the simple model.
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Table 6.2. Table summarizing the standard atonaissniS.A.M.), possible ionic states and ionic
radii of substitutions considered.

Element SAM™  lon  lonic Radiu§” (pm)

Yb? 116
Yb 173.0

Yb*® 108

Tm'? 117
Tm 168.9

Tm 102
La 138.9 L& 117.2
Ca 40.1 C¥ 114
Na 23.0 N 116

Mn™ 97
Mn 54.9

Mn™ 785
Al 27.0 Al"® 675
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a ] = Yb,Mn_AlSb, b

129 = vb, ;MnSb,
| = Yby3 gTMg 4MnSby1(TM2) ; 4 Yb,CaMnSb,,
104 = Yb, 5 gLa ,MnSb,; Yb,, Na AISb,
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Figure 6.5. a) Plot of power factorwith temperatdog ball milled Yhsg LagsMnShis,
YbisdNagMnShi, YbiaMnShii, and Sn flux Yz sTmy saMnShy; samples from Reference 94. b)
Plot of calculated mwith calculated Fermi level for various dopedi3#nSh; materials and
the line fit given by equation (4.2). c) ZT plottivitemperature of samples with 300K carrier
Yb13_6 Lao.4MnSb_|_1, Yb14Mno.5A|o.4Sb|_1, Yb14MnSb_|_1, and Sn flux Yb3_4 TrfbAMI’ISb]_ld) ZT p|0t

of Yb13_6 Lag 4M nSb_]_]_, Yb14Mno.5A|o.4Sb|_1 and Yb_4MnSb_|_1.
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6.3.3. Yb14-XTmXM nSb]_l

Yb14xITmMnShy; grown with a Sn flux method was characterized fighitemperature
electronic and thermal transport properties. Tilerésults can be seen in reference 94. The
samples were expected to have compositions of $=(0M1), 0.5 (TM2) and 0.7 (TM3).
However, it was found that the composition of thajonity phase for all samples was close to
x~0.4. Tm is expected to be isoelectronic in ttnacture with La, results should compare well
with the previously discussed La-doped samBfésiowever, Tm can also form a +2 oxidation
state which does not exist for La. TM2 was foumdhave a marginal improvement in ZT above
the undoped Sn flux-grown YiMnSh;; and the best performing of the ¥MRTMmMnSh;
sampled®

TM2 was found to be comparable in carrier conegiatn to the undoped ball milled
Yb1sMnSh; with a Hall hole concentration of 1.1+1 x2@m?® and mobility of 2.5+0.3 chiVs.
This carrier concentration measured value was tjighduced but not significantly outside of
the measurement error uncertainty of the reportedfI8x value for YesMnShy; of 1.3 x 16*
cm?® and is much less than the~ 4 X% value expected from Tthfollowing Zintl-Klemm
rules. This highly suggests that Tm is actuallyiinf” valence state. The hole mobility was
also lower than the 3.2 éfv's observed in ball milled YaMnShy1.1°*!

High temperature resistivity values of TM2 divergem YbsMnShy; at higher
temperatures as shown in Figure 6.4a, but do ramthréne values of Yibs Lag sMnShy;. Table
6.3 contains values measured and calculated prepart 500K for comparison. The valuesuof

are comparable with YkMnShy; (Figure 6.4b), as expected from the near identizatier
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concentration to that of the baseline Sn-flux groiMil-11 sample. As a result TM2 has a
lower power factor than the two ball milled sampdssshown in Figure 6.5a.

The value of the lattice thermal conductivity was estimated using the Wiedemann-
Franz law and degenerate statistics, assuming acalugshonon scattering, to calculate L. The
results are plotted in Figure 6.6 with temperatutevalues around 300K for Tm-doped samples
and Sn flux-grown YQhMnSh;; were in good agreement those of ball-milled; ¥nSh;; with
values of 0.7+0.1 W/m-K which is within the expettangd?” °* At higher temperatures, the
values diverge more from those of ball milled :Y¥WnSh;; possibly due to increased thermal
conductivity from the likely semiconducting secoplase. As shown in Figure 6.5a, despite
having a power factor close to the La doped sanfileabove 750K for Tm-substituted samples

is less than for the La-doped materials.

1.0+ —a— TM1
—eo— TM2
T™M3
Sn Flux Yb14MnSb11

0.8
xl
=
~~
; 0.6 1
Ball Milled Yby 4,MnSb, 4
Ball Milled Yb13_5LaO_4MnSb11
0.4-

400 600 800 1000 1200
Temperature (K)

Figure 6.6 Temperature dependence of the thermal conductiaftgr subtraction of the
estimated electronic conductivity. ¥ TmMnSh; samples TM1, TM2 and TM3 (x ~ 0.4)
from reference 94 are compared to ball milled ¥MShy;and Yhs s LaosMnSh;.
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6.3.4. M odeling of Thermoelectric Properties

Previous research showed that ZT for Sn flux-gradaped samples of YEMnSh;;
peaked at a carrier concentration in the range-6%127° cm®B” #®! |n ball-milled doped
materials it was found that carrier concentrati@swiot constant with temperature and there was
no peak in ZT nor was there an improvement oveopad Yh/sMnSh;. It is useful to attempt
to use a single parabolic band model to explaisdheehaviors. Also, in Chapter 4, calculations
for m indicated that YMn1.,Al,Shi; decreased with increasing aluminum content argivtai
consistent with a non-parabolic band seen in narbewd gap semiconductd?s.®® Here,
modifying the carrier concentration by substitusamn the Yb site has shown conflicting results.
The decrease in nralculated for La- and Tm-doped ¥bInSh;; was consistent with non-
parabolic bands. While Na-doped ¥AISby; showed lower mthan predicted by a non-
parabolic fit, Ca-substituted YiMnSh: did not show a drop in m It is possible that metallic

secondary phases in the Na doped materials ar¢ivelgampacting Seebeck coefficient values

leading to reduced calculated thus inducing such an apparently contradictoryltes
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Table 6.1. Summary of measured and calculatedeptiep at 500K. Errors in Hall carrier concentrat{p” Hall) and mobility (1)
were derived from the standard deviation of meashedl resistance. Reduced Fermi enerpy éffective mass (m*), lattice thermal
conductivity ) was estimated using degenerate statistics maghtitied in the text. Resistivityp) was measured and measured
errors estimated to be less than 3%. MeasureseSeatpefficient ¢) is expected to have errors of 5%. Measured therma
conductivity ) is expected to have errors of around 10%. CatedlPower Factor (P.F.) and ZT values are expécthdve errors

of 13% and 25% respectively.

Compositiol p’ Hall n m* P o K Klat P.F ZT
(cm®) (cmgv-s) (m*my) | (mQ-cm) | (WV/K) | (W-m*K?Y) | (W-m'K? | (mW- m'K?)

Yb1,MnSky, 7.5+0.5x1° | 3.0+0.: 0.112 2.€ 2.€ 96 1.0¢ 0.72 3.E 0.18
Ybi, Ce&MnSk;; 742 x1(* 2.0+0.: 0.10: 2.E 3.1 11C 0.9C 0.6C 3.c 0.21
Yb136 TMo.MnSky; | 6+1x 1¢7 3.940.7 0.1Z 2.C 3.C 97 1.0¢ 0.7 3.1 0.15
(TM2)
Ybis¢ Lag MnSky; 5.0+1 x1(° 3.940.¢ 0.10¢ 1.¢ 3.2 99 0.9¢ 0.71 3.1 0.16
Yb1sMng Al sSk1q 4.8+0.5x1° | 4.0+1 0.10¢ 2.C 3.2 98 1.0C 0.71 3.C 0.15
Yb14Mng Al :Sk1q 2.5+0.3x1("“ | 5.7+0.¢ 0.06¢ 1.8 4.€ 12¢ 0.81 0.62 3.€ 0.22
Yb1sMng Al ¢Sk1q 1.540.1x1(* | 7.2+0. 0.04¢ 1.E 5.€ 14€ 0.6¢ 0.52 3.8 0.28
Yb13¢Nag ;AISbi; 1+0.2 x1° 10.4+2 0.047 1.2 5.2 12¢ 0.64 0.5¢ 3.2 0.25
Yb14Mng 0sAl 0.0:Sky1 | 4.840.5x1(F | 11.1+] -0.00: [ 1.2 11.5 20€ 0.57 0.4F 3.8 0.35




The introduction (Chapter 2) described a formulifm calculating various materials
properties using an energy dependent scatterindnanésm for charge carriers. This takes into
account the ratio of scattering by charged defiectbat of acoustic phonons (b). Three cases are
modeled in this chapter. The first is a singleapatic model with a fixed effective mass of
2.5m, a value for YiyMnSh; estimated in Chapter 5, and only acoustic phon@ttesgng
(b=0). This first case is commonly assumed for heggnperature thermoelectric materials. This
is a reference case as these are common assumpfiems modeling thermoelectric materials
and has been applied to ¥Mn;Al,Shiand other Zintl compound®: ** °The second case
assumes a variable with composition, in addition to assuming only astic scattering (b=0).
The effective mass was calculated using equatio?) @ith a=2.8eV and m= 1.2m. In the
third case, the b value was also calculated. &he between charged impurity scattering and
acoustic phonon scattering using equation (2.1@ ¢@hll) was estimated using materials
parameters gbc =3%, and E.=5eV) derived from the properties of ¥MnShy; around 500K
and the measured Hall coefficient. Table 6.3 shtivesvalues for both measured and derived
properties of the samples under consideration. cChbeulated Seebeck values as a function of
carrier concentration for all three cases are @tbtin Figure 6.7a for all of the doped
compositions considered so far (except fori¥m:Sh1.,Biy) at 500K. The Seebeck coefficient
can be calculated using equation (2.17). The retif@gmi leveln, was related to Hall carrier
concentration using equations (2.9) and (2.21bA temperature of 500K was chosen since
results above 500K have an increasingly largerremocarrier mobility measurements. All
methods reasonably describe the data trends widt daia points falling between the first case
(parabolic bands, acoustic carrier scattering omlydl second case (non-parabolic bands and

acoustic carrier scattering only). The Hall mapilivas calculated using equation (2.21) for the
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three cases for mand b and is plotted versus Hall carrier concéiotnan Figure 6.7b. At lower
concentrations, deviation from the third case modeht be due to some other scattering
mechanism such as neutral impurity scattering aingsoundary scattering.

The effect of carrier concentration on power fast@as calculated using equation (2.17)
and (2.20), and is shown in Figure 6.8a. In thst fiase of fixed mand b=0, the power factor
increases with hole concentration and then fallsadiruptly. In the other two cases, the
reduction in m leads to an increase in power factor with decrepsarrier concentration. For
Yb14Mn1AlSh; the power factor remains almost unchanged withieraconcentration. This
is due to reduced hole mobility increasing the tele&l resistivity. Yh,CaMnSh; trends
higher because of its higher calculated effectivassn The other samples with Yb-substituted
doping trended lower, since they all exhibited selawvy phases, it is uncertain if these are the
source of lower mobility or Seebeck coefficientifdhere is an effect due to the properties of the
material itself.

For the model ZT curveg,was estimated using the Wiedemann-Franz law am&@0K
calculatedq (0.71 Wm™K™) for ball milled Yh4MnShy; with L calculated from equation (2.24).
This value was then used to calculate ZT as a iwmaif Hall carrier concentration and the
results are plotted on Figure 6.8b. There wasutstantial difference between the second and
third cases, while for the first case there iharg increase in ZT followed by a sharp decline.
In spite of showing the correct trend for ldn;.,AlShi1, this result is largely due to a drop in
k. La- and Na-doped samples as well as the Sndgitown Tm-doped samples, exhibited a
lower ZT. It is uncertain to whether this speaiflg has to do with doping effects on the Yb site,

or if this is rather due to the presence of detdetaecond phases.
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Figure 6.7. a) Calculated Seebeck coefficient apdHall mobility at 500K for ball milled
Yb14MnSh; with various dopants and Sn flux-grown (Bl mg 4sMnSh;; from reference 94.
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Figure 6.8. a) Calculated power factor (P.F) andZ(bat 500K for ball milled YbMnSh; with
various dopants and Sn flux-grown ¥T my sMnShy; from reference 94.
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6.4. Conclusion

Ybise LapMnShy, Ybiz Nag AISbi; and Yh,CaMnSh; were synthesized using a high
energy ball milling technique and their high tengiare thermal and electronic transport
properties were characterized. 1¥pLapMnSh;; and Yhs dNay 2AISb;; were found to have ZT
values similar to that of samples of the XWn;,AlSh; series with similar carrier
concentrations, with no improvement over the pedkaf 1.2 achieved for the baseline ball
milled Yb:sMnSh;. In the Ca-substituted material, contrary to expiens, there was little
calculated effect of point defect scattering in éls¢éimated, and power factor values were found
to be nearly unchanged from ¥MnSh;;. As a result, ball milled YhCaMnSh;; was found to
have ZT values matching closely those of XinShy 1.

Sn flux-grown Yhs el mp4MnShy; was analyzed using degenerate statistics to compare
estimated values of and mto ball milled equivalently doped YiMnSh,:. It was found at the
room temperature lattice thermal conductivity wésse to that of undoped YMMnShy; but
diverged upward at higher temperatures due to tesepce of second phases. There was also no
significant change in effective mass value compé#odtie other doped samples. No matter
which substitutional doping method was employed¥Ybi,MnSh; , it did not greatly affect the
overall performance of the material. Even a sufi&h substitution of Yb with Ca led to

virtually no change in ZT values.
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Chapter 7. Conclusions and Future Work

Previous research on 14-1-11 compounds focusedaphmon flux based synthesis
methods. In this dissertation, we found that wantb that high energy ball milling from
elemental sources was capable of synthesizing & wadge of YiyuMnSh;; derivatives with
substitutions for each element. These materialee vieund suitable for characterization of
thermal and electrical properties.

The Callaway and von Baeyer model predicted subataeductions in lattice thermal
conductivity for the substitutions synthesized. Bbedied substitutions where shown to have a
varying degrees of success in lowering lattice nfedrconductivity as a rout to higher ZT. A
significant decrease in, by as much as 33% of the pure antimonide valaes, @bserved but not
to the extent predicted by the Callaway and vonyBaenodel, when only scattering effects due
to point defect mass fluctuations were considerBdr YhsMnShpAs;, calculatedk reduction
was close to expected values, but within the exukatrror of the thermal conductivity
measurement. In the Ca-substituted material, aonto expectations, there was little calculated
effect of point defect scattering in the estimatgdnd power factor values were found to be
nearly unchanged from YiMnSh;;. Unexpectedly, YbMn;.,Al,Shi; showed a decrease i
with increasing x. YbMni,Alx Biss Sk s show similarly enhanced improvement i with
increasing X.

The Yh4Mn:Sh1.,Biy system, YbsMn;ShieAs: and YhCaMnSh were expected to be
isoelectrical with YlyMnShy; and later could be doped to yield materials wibsgibly superior
ZT. The YhsMniSh1Biy system was found to have increasing metallic cuntgth increasing

Bi content. Up to y=5 for YaaMn:Shi1.Biy, the calculated values for carrier mobility) @nd
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effective mass (m*) were remained similar. In paléure from what the Zintl-Klemm rules,
carrier concentrations were observed to increask increasing Bi content. Reduced power
factor and increased electronic contribution tottrexrmal conductivity lead to a reduction in ZT
in spite of lower ks for the Bi containing alloys. Similarly to its thmeal properties,
Yb14Mn1ShioAs; showed electrical properties which were in the eexpd error of the
measurement and ZT was not significantly changelo,G&MnSh; was found to have a
calculated increase in m* and decrease carrier exgr@tion versus YibMnSb. However,
overall power factor and ZT remained unchanged.

In parallel with isoelectric substitutions, seveatdferent methods of doping to improve
ZT were attempted. Samples in the Xbn;.,AlShi; system were found with decreased charier
concentration and increase semiconducting progewtith increasing Al content which was
consistent with previous work. However, calculatéd curves showed different behavior
between ball milled material presented here andriahmaterials synthesized through a Sn-flux
method. Unlike the previously published Sn-fluxteral, peak ZT decreased with the addition
Al.  For the best published composition, )¥noAlosShii, peak ZT was lower in the ball
milled sample at similar composition, but below tfeak ZT of ball milled YbMnSh;. Since
calculated ZT for YiyMnShy; is given as significantly higher (1.4 versus O@gterial quality
differences should be explore as discrepancies. Zheurves of both methods of synthesis
Yb14Mng2Alp sShi; do yield some improvement over ball milled yMnSh;; below 1000K. In
Yb1sMn1,Alx Biss Shy s, the addition of Al lead to reduced carrier corication, but ZT never
exceeded that of ¥MnSh;. Ybiss LagsMnShii and Yhs dNay 2AISbi: showed similar values
of ZT when compared with samples in the; X¥n;.,AlSh; at approximately equivalent carrier

concentrations.
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Transport property modeling at 500K using a degaeestatistical approach was found
to give a good description of the thermoelectriogarties of doped YitMnSh;; when the
effective mass was dependent on the Fermi pote(tiah-parabolic behavior). Trends in
calculated effective mass on doped;Sb;; and YhsMnSh; were inconclusive in helping to
determine if the decrease in mith carrier concentration or reduced Fermi pdégntas due to
band bending or changes in the band structureasithposition.

Though none of the compositions studied here lead tlear increase in average ZT,
there are some indicators of where future workaedemight be directed. The possibility of the
reduction of lattice thermal conductivity by pouhiefect scattering or some other mechanism to
increase ZT at low temperatures might still be misthle. Samples in the YbMn,.,Al,Sb1Biy
system were calculated to have a significant redaoadn lattice thermal conductivity though
changes in electrical properties caused ZT to dsereYhsMn;ShipAs; and Yh,CaMnSh;
were shown to have minimal effect on electricalgemies though there was little calculated
reduction in lattice thermal conductivity. Therell anight be some substitution which might
cause an increase scattering of phonons with ldhlange to the electrical properties. This
should lead to moderate increase in ZT at loweptratures. Further improvements in material
guality might allow for higher mobility materialshich might minimize electron scattering due
to boundaries and other defects not considered here

For high temperature performance, a drastic chamgdemistry coupled with a better
understanding of how to tune the band structuré el needed to better exploit the 14-1-11
structure as a thermoelectric material. Matewndth a band gap wider than that of ¥BINSh;
remain an attractive target of search as the éffoess of conventional doping is held back at

high temperatures by intrinsic carrier formationMaterials which have novel band structures
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suggested by first principles calculations dueht preferential filling of sites pnicogen in the
tetrahedra of the structure might still exf&The space covered in the thesis is just a smadl are
of the potential compounds which might have thespegrties.

As a last potential area of potential future wartimposites might be explored as a way
to improve high temperature performance. As disedsn Chapter 5, Sn-flux grown sampiés
appeared to suffer less degradation in power fadt@r to thermally created carriers than the
more phase pure ball milled samples. Further wamkierstanding the mechanism of this
enhanced performance might lead to controlled caitg® which might lead to increased high

temperature perfo rmance.
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