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Abstract

Motivated by the energy applications of thermoelectrics (TE) such as power generation
and refrigeration, my research goal is to develop novel materials with high dimensionless
figure-of-merit ZT. Thermoelectric materials are characterized over a broad temperature
range from 2 K to 800 K. According to the definition of ZT (=S’6T/k where S is the
Seebeck coefficient, ¢ the electrical conductivity, k the thermal conductivity, and T the
absolute temperature), reducing thermal conductivity x increases ZT. However, it is
challenging to tailor material structures to enhance acoustic phonon scattering without
impeding charge transport. We investigated three types of solid-state compounds: lead
chalcogenides, filled skutterudites and ternary germanides, for their structural, electronic,
thermal, and magnetic properties. For lead chalcogenides, nanoparticles embedded in the
lattice enhance the mid- to long-wavelength phonon scattering, significantly reducing
lattice thermal conductivity g, (~ 0.4 Wm'K™" at 300 K for PbTe with 8% PbS). These
nanostructured PbTe-based alloys exhibit the highest ZT of approximately 1.5. For n-type
filled skutterudites, ZT close to 1.4 is achieved by placing Ba and YD into the interstitial
void of CoSb;. Rare-earth ruthenium germanium compounds of the composition
R3RusGes have the cage-like structure similar to filled skutterudites, resulting in
relatively low kr (~ 2 Wm™'K™ at 300 K). They could potentially be developed into a new

class of prospective TE materials.

xi



Chapter I

Introduction to Thermoelectrics

One of the most pressing challenges of our time is to find alternative energy sources
which are environmentally friendly. Thermoelectricity is a phenomenon that describes
conversion of thermal energy into electricity or vice-versa. It is based on three important
transport effects: the Seebeck effect, the Peltier effect and the Thomson effect. These
effects are explained in 1.1. The principle of thermoelectricity provides a “clean” way to
generate electric power as well as perform cooling functions, along with other advantages
such as the quietness (no moving parts) and long-term stability. Thermoelectric materials
have attracted great attention from world-wide research groups because of their unique
applications. For example, they are being considered for use in the tailpipes of carbon-
neutral vehicles, in which engine exhaust heat could be recovered and converted to
electric power. Thermoelectric devices for power generation and refrigeration are
detailed in 1.4. The energy efficiency of thermoelectric devices is determined by the
thermoelectric performance of materials of which they are made. Despite the advantages
of thermoelectric technology, the efficiency of thermoelectric devices is still not high
enough for widespread use. The goal is to search for novel thermoelectric materials with
a high thermoelectric figure-of-merit (ZT).

For a very long time, bismuth telluride-based alloys have had the highest ZT, which is
slightly above unity. During the last decade, the search for promising bulk thermoelectric
materials has intensified. New material systems are being developed to achieve ZT well
above unity. The most striking feature of these materials is that they possess very low
thermal conductivities while maintaining good electrical properties. Section 1.5 gives a

review of the established thermoelectric materials.



1.1 Thermoelectric Phenomena
1.1.1 Seebeck Effect

The Seebeck effect was first discovered by the German physicist Thomas Johann
Seebeck in 1821 [1.1]. Seebeck first detected a voltage between two ends of a metal bar
in the presence of a temperature gradient along the bar. It was later discovered that a
compass needle deflected when placed in the vicinity of a closed loop formed of two
dissimilar metals with a temperature difference between the junctions. This observation
provides direct evidence that a current flows through the closed circuit driven by the
temperature difference. A temperature difference causes charge carriers (electrons or
holes) in the material to diffuse from the hot side to the cold side. Mobile charge carriers
migrate to the cold side and leave behind their oppositely charged and immobile nuclei at
the hot side thus giving rise to a thermoelectric voltage. The buildup of charge carriers on
the cold side eventually ceases when there exists an equal amount of charge carriers
drifting back to the hot side as a result of the electric field created by charge separation.
At this point, the material reaches the steady state. Only an increase in the temperature
difference can resume a buildup of more charge carriers on the cold side and thus lead to
an increase in the thermoelectric voltage. The voltage, called the thermoelectric emf, is
generated by a temperature difference between two different materials such as metals or
semiconductors. This drives a continuous current flowing through the conductors if their

junctions are kept at different temperatures.

T, “ 'l 7, 1(Sas>0;T>T)

Fig. 1.1. Seebeck effect in a closed circuit. A, B are two conductors, and Ty, T, are the
temperatures at the junctions.



If the differential Seebeck coefficient between A and B (Sap) is positive, the current flows
from junction 1 to 2 through conductor A (clockwise direction) when 7 > 7. In the case

of an open circuit as shown in Fig. 1.2, voltage (AV) is developed between a and b.

A

Tl T2

b a

Fig. 1.2. Seebeck effect in an open circuit. a and b are the two open ends of the circuit.

In Eq. (1.1.1), Syand Spare the (absolute) Seebeck coefficients of material A and B, and
T, and T, are the temperatures at the junction 1 and 2. The (absolute) Seebeck coefficient
S, also called thermopower of a material, measures the magnitude of an induced
thermoelectric voltage in response to a temperature difference across that material in
units of pV/K.
T T
AV =V,~V,=[8,dT =[(S,~S,)dT (1.1.1)

T, T,
1.1.2 Peltier Effect

The Peltier effect is the conversion of electricity into heat transfer. This effect was first
observed in 1834 by Jean Peltier [1.2]. The Peltier effect can be regarded as the reverse
of the Seebeck effect. The Peltier effect is the underlying foundation for thermoelectric
refrigeration.

When an electric current passes through two dissimilar materials such as metals or
semiconductors that are connected at two junctions, heat will be absorbed at one junction
and liberated at the other junction. As a result, one junction cools off while the other heats

up, depending on the direction of the current.



T2 T1

Fig. 1.3. An example of Peltier effect.

Peltier effect is illustrated in Fig. 1.3. When a current / flows through the circuit, heat is
absorbed at the junction at T,, and emitted at the junction at T, if the differential Peltier
coefficient Ilap is negative. The Peltier heat (Q) absorbed by the cold junction per unit

time is given by

Cf{—?:HABlz(HA—HB)I (1.1.2)

where [], and [], are the Peltier coefficients of material A and B.

1.1.3 Thomson effect

Thomson effect is named after William Thomson, later known as Lord Kelvin. It is
defined as the rate of heat emitted or absorbed in a current-carrying conductor subjected
to a temperature gradient [1.3]. Metals such as zinc and copper have a hotter end at a
higher potential and a cooler end at a lower potential. When current moves from the
hotter end to the colder end, it is moving from a high to a low potential, so there is
liberation of heat. This is called the positive Thomson effect. Metals such as cobalt,
nickel, and iron have a cooler end at a higher potential and a hotter end at a lower
potential. When current moves from the hotter end to the colder end, it is moving from a
low to a high potential, and there is absorption of heat. This is called the negative
Thomson effect. In lead, there is approximately zero Thomson effect.

If a current density J passes through a homogeneous conductor, heat production per unit
volume ¢ is

q:sz—,uJﬂ (1.1.3)
dx



where p is the resistivity of the material, d7/dx is the temperature gradient along the
conductor, and  is the Thomson coefficient.

The first term in Eq. (1.1.3), pJ*>(= RI*/ V), represents the Joule heat per unit volume,
S ) dT . .
which is not reversible. The second term, x.J d—, is the Thomson heat, which changes
X
the sign when J changes direction. The reversible nature of the Thomson effect manifests
itself in its mathematical form.

1.1.4 Thomson Relationships

The absolute Seebeck coefficent (S), Peltier coefficient (IT) and Thomson coefficient ()
are related to one another by Thomson (or Kelvin) relationships [1.3], listed as Eq. (1.1.4)
and (1.1.5):

II
S=— 1.1.4
7 (1.1.4)
s u
—== 1.1.5
T T (1.1.5)

1.2 Thermoelectric Figure-of-merit

In the early 1900s, E. Altenkirch introduced the concept of figure of merit [1.4-1.5]. It
qualitatively showed that good thermoelectric materials should have high electrical
conductivity to minimize Joule heating, low thermal conductivity to retain heat at the
junctions and maintain a large temperature gradient, and large Seebeck coefficients for
maximum conversion of heat to electrical power or electrical power to cooling
performance. These three properties were later incorporated mathematically into one
formula. The commonly used figure-of-merit (FOM) of a thermoelectric material is

defined as:

(1.2.1)

where S is the Seebeck coefficient, o is the electrical conductivity and « is the thermal

conductivity, as introduced in the section 1.1. Since Z has a unit of K™, one often uses

5



dimensionless figure-of-merit defined as Z7. The figure of merit (Z7) is the standard
measure of a single material's thermoelectric performance. ZT is directly related to energy
conversion efficiency (7). The rule of thumb is that higher ZT leads to more efficient

energy conversion. The mathematical forms are included in 1.4.

1.3 Optimization of Thermoelectric Performance

As follows from Eq. (1.2.1), good thermoelectric materials possess large power factor
(S?0) and low thermal conductivity. Early on, both theoretical studies and experimental
results of solid state materials have indicated that some semiconductors fit the profile
nicely [1.6-1.7]. Recent research in thermoelectrics has been primarily focused on how to
optimize the thermoelectric performance of these materials.

Compared to metals, semiconductors have larger thermopower (S) but lower electrical
conductivity (o). One way to increase electrical conductivity is to dope the materials.
One needs to be aware that heavy doping decreases thermopower because the Fermi level
is moved close to the corresponding band edge or even into the band itself. It is critical to
find a doping level where power factor (S”c) is optimized. Although effective doping can
increase the power factor , it is necessary to preserve the long-range crystalline order so
as to sustain high carrier mobility.

In order to reduce thermal conductivity, the common approach is to introduce additional
short-range disorder into the crystalline structure. On the other hand, the distortion
inevitably impedes charge transport, which may reduce electrical conductivity. To
minimize the carrier scattering, one could form alloys through substitution by
isoelectronic elements. Due to the different sizes and masses, atomic substitution
efficiently scatters relatively short-wavelength phonons, thereby reducing the thermal
conductivity in crystalline solids up to the alloy limit. One of the main challenges of
increasing ZT is to reduce thermal conductivity beyond the alloy limit. Several novel
ideas have been proposed to increase ZT. One is the so-called electron crystal phonon
glass (ECPG) concept [1.8]. It means that ideal thermoelectric materials look like good
crystals for the electronic properties but behaves like glass from the thermal point of view.

One can reduce the lattice thermal conductivity without dramatically reducing the power
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factor. Another approach is to increase the power factor by manipulating electronic
density of states (DOS) using low dimensional quantum confinement effects in materials
such as quantum dot superlattices, nanowires and quantum wells [1.9-1.11].

In the course of this dissertation research, several routes were explored to effectively
reduce the thermal conductivity of conventional and novel thermoelectric materials. By
incorporating nanoparticles into lead chalcogenide-based alloys, the thermal conductivity
can be reduced significantly, which leads to much improved ZT wvalues of these
compounds. In another class of novel thermoelectrics called skutterudites, such as CoSbs,
double-filling with “rattling” atoms achieves the same goal. The cage-like structure in
skutterudites which favors the low thermal conductivity is also found in rare earth-
ruthenium-germanium compounds. These materials can potentially be developed into

another family of good thermoelectrics.

1.4 Thermoelectric Applications

1.4.1 Power generation

Thermoelectric generators convert heat into electrical power based on the Seebeck effect.
A single-couple generator consists of a p-type leg and a n-type leg. The basic operation is
illustrated in Figure 1.4. In practice, a thermoelectric power generation device uses a
number of unicouples. The two legs of a single couple and many thermocouples in a

thermoelectric device are connected thermally in parallel and electrically in series.



heat | Heat Source Ty |

1 Hot

Cold

. <
/ Heat Sink

heat heat
Load R,

1 ’
Electric power

Fig. 1.4. Single-couple power generator using Seebeck effect.

Heat is pumped into one side of the couple and rejected from the opposite side. Heat

flows through the two thermoelements. The thermocouple is connected to an electrical

load of resistance Rp. An electrical current /, produced by the Seebeck voltage, is

proportional to the temperature gradient between the hot and cold junctions AT.
I (S,=S,)-AT

1.4.1
R+R, ( )

where R is the total electrical resistance of the device, S, and S, are the Seebeck
coefficients of p-type and n-type leg, respectively. The useful power is given by
W=IR, (1.4.2)
The heat drawn from the hot junction Qp is partially lost because of the conduction
through the thermoelements. The remainder is used to compensate for the Peltier cooling
of the hot junction when a current is flowing. The efficiency of thermoelectric power
generation 77 i1s defined as the ratio of power generated W to power drawn from a heat
source Qg [1.12].
W 1[(s,-S,)AT - IR |

"0, KAT+(s,-5,)IT, ~I'R/2

(1.4.3)



where K is the total thermal conductance with p, n legs in parallel. 7, S,, S,, AT, R, R; are
the same notations as appeared in Eq. (1.4.1) and (1.4.2).
The figure of merit (£) for a thermocouple is directly related to the maximum efficiency

of thermoelectric power generator 7m.. If the load RL is chosen to maximize the

efficiency7, 7max 18 given by

(}/—l)AT _ —\1/2
N = 0T, AT’ y=(1+2T) (1.4.4)

where Z is the figure of merit and T is the average temperature. For a single couple,

Z=(S,-8,) /(KR); T=(T, +T.)/2 (1.4.5)
where K and R are the total thermal conductance ( p, n legs in parallel) and electrical
resistance ( p, n legs in series). Ty and T¢ are the temperatures of the hot and cold sides of
the generator. As indicated in Eq. (1.4.4) and (1.4.5), the power generation efficiency 7
depends on the materials used in the thermocouple, the temperatures of the hot and cold
sides of the generator, and the load driven by the generator. Eq. (1.4.4) can also be
expressed as a function of Carnot efficiency of a generator ¢ (=AT /T, ):

-1
= (7/+71/)/¢c “1

Figure 1.5 displays power generating efficiency 7ma.x as a function of thermocouple’s

figure-of-merit ZT for different 7y, and 7 = 300 K. A thermocouple with ZT = 2.0 would
have an efficiency of ~ 22% when 7z = 800 K, 7¢ =300 K.

(1.4.6)
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Fig. 1.5. Power generating efficiency 7max as a function of the dimensionless figure-of-
merit of the thermocouple ZT for different 7, and 7 =300 K.

1.4.2 Thermoelectric Refrigeration

If an electric current is applied to the thermocouple as shown in Fig. 1.6, heat is pumped
from the cold junction to the hot junction. The cold junction will rapidly drop below
ambient temperature, provided heat is removed from the hot side. The temperature

gradient will vary according to the magnitude of current applied.
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Fig. 1.6. Single-couple refrigerator using Peltier effect.

The coefficient of performance (COP) for a thermoelectric refrigerator ¢ is defined as the
ratio of the heat flow rate drawn from the source Q. to the total power consumption W
[1.12].

0 (S,-S,)IT-KAT-I’R/2

T 1[(s,-S,)AT+IR]|

(1.4.7)

where K and R are the total thermal conductance ( p, n legs in parallel) and electrical
resistance ( p, n legs in series) of a thermocouple. The maximum COP (@) is
T.(y—1)-AT

Do = CAT()/+1) (1.4.8)

where v is defined in Eq. (1.4.4). The Carnot limit for a refrigerator is7, / AT . Eq. (1.4.8)

can be rewritten as a function of the Carnot limit.

¢C(7/—1)—1

¢max = ]/+1

(1.4.9)
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1.5 State-of-the-art Thermoelectric Materials

Bismuth Telluride

Bi,Tes has a tetradymite structure with space group R3m . Fig. 1.7 shows, along the ¢ axis,
the lattice is stacked in a repeated sequence of five atom layers: Te'-Bi-Te*-Bi-Te' [1.13].
The superscripts 1 and 2 denote differently bonded tellurium atoms. The Te and Bi layers
are held together by strong ionic-covalent bonds (Te'-Bi and Bi-Te?). The weak van der
Waals force dominates between two adjacent Te' layers on the boundaries of these units,
which accounts for the ease of cleavage in planes perpendicular to the c-axis. Both
conduction and valence bands have six-fold symmetry. Recent reports indicate that
nanostructured thin-film superlattices of BiyTe; and Sb,Te; have ZT ~ 2.4 at room
temperature. Bi,Te; and its alloys such as p-type Bi, Sb,Te; and n-type Bi,Te; ,Se, are
suitable for use below 400K and are thus premier materials for thermoelectric
refrigeration at ordinary temperature [1.7]. The materials become chemically unstable at

temperatures higher than that.

c-axis

Fig. 1.7. Atomic layers in the Bi,Tes crystal structure [1.13]. Dashed lines indicate van
der Waals gaps. The octahedral coordination is highlighted for a Te'® atom.
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Bismuth-Antimony Alloy

Both bismuth and antimony are semimetals due to the energy overlaps between the
conduction and valence bands. The overlap is small enough for the elements to display
nonmetallic features such as a change of carrier concentration on the addition of
impurities. For pure bismuth, the bands overlap by only about 0.02 eV. By alloying with
4-40% antimony, the Fermi level rises until a positive band gap appears so that the alloys
become semiconductors [1.14]. The observed maximum band gap is about 0.014 eV
corresponding to the composition BigsgSby 2. The dimensionless thermoelectric figure of
merit (ZT) of Bi-Sb alloys can be substantially improved by applying magnetic fields in
the bisectrix direction [1.7]. In zero magnetic field, the maximum value of ZT is less than
0.6 [1.15]. In a magnetic field of 0.15 T, ZT approaches 1.2 at temperatures of the order
of 100 K [1.16].

AgSbTe,-GeTe (TAGS)

The acronym TAGS stands for tellurium-antimony-germanium-silver. This material is
formed by alloying silver antimony telluride, AgSbTe,, with germanium telluride, GeTe.
The structural phase transition from the cubic (NaCl) to rhombohedral structure occurs
when GeTe fraction becomes less than 80%. The dimensionless figure-of-merit ZT of 1.2
at 700K is reported for (AgSbTe,)o.15(GeTe)oss [1.17]. The composition with the optimal
performance is close to the phase transition. Lattice strains related to the transition may
play a part in reducing the lattice thermal conductivity, and thus increasing ZT. TAGS 1is
an excellent p-type thermoelectric material in the temperature range of 600-800K. The

drawbacks of TAGS system are the poor mechanical properties and relatively high cost.

Lead Chalcogenides

Chalcogenides are predominantly semiconductors, most of which are stable and have
relatively high melting points. PbTe melts at 923°C compared to 585°C for Bi,Te;. These
semiconductors are suitable for thermoelectric applications over a wide range of
temperature of 100-1400 K, typically. Lead telluride has a maximum Z7 ~ 0.8 at
approximately 800K. This compound is widely used for power generation in the

intermediate temperatures of 600-900 K.
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In the past decade, reformed lead tellurides have led to improvements in performance. Bi-
doped (n—type) PbSeg9sTeo 0o/PbTe quantum dot superlattices grown by MBE have a ZT
of 1.6 at 300K [1.9]. These thin-film PbSe(9sTeo 02/PbTe systems feature PbSe nanodots
embedded in the PbTe matrix. At approximately 550 K, these samples were reported to
exhibit ZT ~ 2.5. The high ZT value is achieved by a noticeable suppression of the
thermal conductivity due to strong phonon scattering induced by the PbSe nanodots.
AgSbTe, and PbTe are both good thermoelectric candidates. Recently, the alloy of both
materials (PbTe),-AgSbTe,, or LAST-m materials (“LAST” stands for “lead-antimony-
silver tellurium”), were reported to exhibit large Z7 values from ~ 1.2 (LAST-10) to ~ 1.7
(LAST-18) at 700 K [1.18]. The atomic structure of (PbTe),-AgSbTe; can be described
by substituting Ag and Sb for Pb sites in the PbTe matrix. High resolution TEM images of
LAST- 18 samples revealed significant compositional modulations on a scale of 10nm,
including endotaxially dispersed quantum dots. The nanoparticles are coherently
embedded in the PbTe matrix, with a lattice mismatch of only about 2-4%. This endotaxy
occurring in these materials could be highly conducive to facilitate excellent carrier
transport throughout the sample and yet heat conduction is strongly suppressed [1.18].
The LAST materials actually show exceptionally low lattice thermal conductivity of ~
0.45 Wm 'K at 700 K (actual value depends on m). Such low lattice thermal
conductivity is due to the scattering of mid-to-long wavelength phonons by the
nanoparticles. Experimental results indicate that the formation of the nanostructures and
the thermoelectric performance of LAST materials are very sensitive to synthesis
conditions and small changes in chemical composition. Chapter IV focuses on the
experimental work on reducing the thermal conductivity of lead chalcogenide-based
materials such as Pb, Sb,Te ( Se (where x =0, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10), PbTe +
x%M (where M = Bi, Sb, InSb and 2<x<16), (Pby¢5Sng ¢5Te)i.«(PbS), (where x = 0.04,
0.08, 0.16) and PbTe + x%Eu (where x = 0.5, 1, 2, 3).

Skutterudites
Skutterudites represent a family of compounds with the structure MX3, where M is Co,
Rh, or Ir, and X is P, As, or Sb. The name of ““skutterudite” originates from the name of a

small Norwegian town called Skutterud where CoAs; was extensively mined.
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Skutterudites can reach ZT beyond 1 in the range of 700-900 K. Take a unit cell of CoSbs
as an example (see Fig. 1.8) [1.19]. Co; and Sbg are octahedrally bonded. The corner-
sharing octahedra (CoSbg) produce a void at the center of the eight CoSbg cluster,
occupying a body-centered position in the cubic unit cell. The void is large enough to
accommodate relatively large metal atoms, forming filled skutterudites. A selection of
filler atoms such as rare earths, alkaline earths, and alkali metals can be introduced into
the voids of the skutterudite structure to provide a broad spectrum of phonon scattering
frequencies [1.20-1.21]. Each filler ion represents a phonon resonance scattering center
with a specific frequency and only those normal phonon modes with frequencies close to
this local resonant frequency can interact strongly with the vibration modes of the fillers.
Therefore, filling the structure with multiple ions can suppress the lattice thermal
conductivity K, The choice and concentration of the filler atoms are critical to reducing
K- Like PbTe alloys, filled skutterudites are also used for power generation applications
in the intermediate temperature range of 600-900K. As part of this thesis work, studies on
n-type double-filled cobalt tri-antimonide Ba,Yb,CosSbi, (where 0.03<x<0.15 and
0<y<0.12) are detailed in Chapter V.

Fig. 1.8. A unit cell and a primitive cell of CoSbs inserted with filler ion /[1.19].
15
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Chapter II
Transport Theory in Solids

It is important for us to understand the behavior of electrical and thermal transport in
thermoelectric materials in order to select appropriate candidates and optimize their
performance. This chapter is a brief review of the theory of transport properties in
semiconductors, the class of materials to which most thermoelectric materials belong.
The transport theory explains how carriers and phonons affect thermoelectric properties.
The aim is to provide some guidance on how we can alter structures to manipulate

transport to enhance the thermoelectric performance.
2.1 Transport Equation

The Liouville theorem states the distribution function of particles in an isolated system f
is constant for motion along a phase trajectory. The general expression of the transport
equation is [2.1]

izij{@} {@} 2.1.1)
a ot o), |ot], o

where the carrier distribution function f{r,K,7) represents the average number of particles
in a state described by the position vector r, the wave vector k, and the time z. The
subscripts “ext” and “int” denote the changes of f under external forces and internal
phenomena, respectively. For the interest of our study, we assume that carriers are in
steady states. Therefore,

@:0:{@} :_[@} 2.1.2)
81 at ext at int

The transport equation for carriers can be written as follows:
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(nk)| - ak T
AT} I f+E'ka_[5Lt (2.1.3)

ext

where V is the velocity of carriers. V,,V, are gradients with respect to position and wave

vector, respectively. When the carrier scattering can be described in terms of a relaxation

time 7 (7{) , the term {%} , known as the collision integral, can be reduced to

I S
L?t lm T(/_é) (2.1.4)

where fo and f are the equilibrium and the slightly perturbed (i.e. | f- f0|<< fo)

distribution function, respectively. The transport equation in the relaxation time

approximation becomes

—f;ﬁzv-vfﬂﬁ-vzf (2.1.5)
r(k) dt

Assuming that the conductor is isotropic and the external forces and flows of electricity

and heat are in the direction of the x axis, this 3D equation can be simplified into a 1D

case. For charge carriers (holes or electrons), we use Fermi distribution function fy(E).

Since|f—f0| < f,, fcan be replaced by f, on the right side of Eq. (2.1.5). Therefore, we

have

fE)-fo(E) _ (%(E)[GE,/- JE-Eor

T Y BE Oox T oOx

fo(E)= {eXp(Ekjf}l_ (2.1.6)

where v, is the velocity of the carriers in x direction. This equation applies to both holes
and electrons. The electric current density j, and the heat flow rate per unit cross-section

area w, (carried by carriers) are given by [2.2]

j.= ﬂ: ev f(E)g(E)dE (2.1.7)

w,=["v.(E-E,)f (E)g(E)dE (2.1.8)

0
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where g(FE) is the density of state function. For parabolic band structures, which

means E oc k°, g(E) is given by

az(2m’) " EVdE

g(E)= E (2.1.9)
where m* is the effective mass of a carrier defined in expression
1 1dE
== 2.1.10
m B dk’ ( )

Since j, = w,= 0 when f= f;, one can replace f'by f- fo in Eq. (2.1.7) and (2.1.8). In cases
of interest to us, v, is approximately equal to the thermal velocity. Hence,

2F

*

E=3Gm"vjj:vj= (2.1.11)

3m

By substituting Eq. (2.1.11) in Eq. (2.1.7) and (2.1.8) and with f replaced by f - f;, we
have [2.2]

. 2e of,(E)(OE, E-E,or
- E)tE L 2L\ dE 2.1.12
Ix +3m* IO g( )T OF Ox " T Ox ( )
E, 2 of,(E)(9E, E-E,or
A EYE?2 ! L= |dE 2.1.13
wo=t bk ] e (R E (6x+ T axj G

2.2 Electrical Conductivity and Seebeck Coefficient

To calculate the electrical conductivity o, we consider there is no temperature gradient,
i.e. 0T /Ox is equal to zero. The electric field & is given by

OF, / ox

e

E ==

X

2.2.1)

Thus, from Eq. (2.1.11) and (2.1.13), the electrical conductivity o can be derived as

' 2¢% = oy (E
a:i—xz—ﬁjo g(E)rE%E)dE (22.2)

To calculate the expression for the Seebeck coefficient § and thermal conductivity K, we

can set the electric current j, equal to zero. From (2.1.12), we have
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o,
Ox

. o, (E 1 0T = o, (E
0 g(E)rE%dE+?§L g(E)rE(E—Ef)a—(E)dEzo (2.2.3)

According to the definition of the Seebeck coefficient

OE, /0
_A 1, (2.2.4)
T 4T el OT/ox
and Eq. (2.2.3), S is given by
1 o 8f0( 8f0 (E)
S=+—|E, - E)r dE | dE 225
eT| "/ Io g(£) OF I OF (225)

The Seebeck coefficient is negative if carriers are electrons, and positive if they are holes.
The Peltier coefficient I can be derived from the Seebeck coefficient using the first
Thomson relationship ( see Eq. (1.1.4)).

For convenience, we define the following expression as the integral K:

K =- 2T
3m

“g(E)E™ af"( )dE (2.2.6)

There may be several scattering processes present with different relaxation times 7. They
should all be taken into account, but we assume that one scattering process usually

predominates so that the relaxation can be expressed in the form
T=1,E (2.2.7)
where 7pis a constant, » is another constant, often called the scattering parameter.

Inserting (2.1.9) and (2.2.7) in (2.2.6), we may rewrite K; as
3/2
. P of, (E
K :_872.( 2 j (m )1/2 TTOJ.O Es+r+3/2 .f;)( )dE

o3 OE
_87(2 3/z(m*)l/zTT s+r+ (k T)HHMF
- 3 hz 0 2 s+r+1/2
where
x"dx E, E
F =|l—— (=—X, x=—+ 2.2.8
(€) '([exp(x—cf)-i-l ST T (2:28)

n can be integers or half-integers. The expression for the electrical conductivity o in

terms of K 1s
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2
o= e? K, (2.2.9)
The expression for the Seebeck coefficient S in terms of K is

(K k| . (r+5/2)F5,(6)
S—ieT(Ef Koj—ie{g (r+32)F M(;)} (2.2.10)

where E; is the Fermi level. For electrons, £, is measured upward from the bottom of the

conduction band. For holes, E;is measured downward from the top of the valence band.

The carrier concentration # is

n=[ 1 (E)g(E)dE = j‘;(z”’:z"BT j FL () 22.11)

(A) Non-degenerate condition

The non-degenerate approximation is applicable wheng = £,/ k,T < 0. This means the
Fermi level lies within the band gap well away from the appropriate band edge, but still
much further from the opposite band edge so that minority carriers can still be neglected.
Experimentally, the Fermi level can be adjusted by changing the carrier concentration in
semiconductors.

When ¢ =E,/k,T <0,

j;dx exp(¢)T(n+1) (2.2.12)
0 exp

where I'is the gamma function. The Seebeck coefficient of a non-degenerate
semiconductor from Eq. (2.2.10) is

S:ik—’{g—(r+§ﬂ (2.2.13)
e 2

From Eq. (2.2.11) in (2.2.12), { can be written as

2(22m’k, T

2.2.14
Em ( )

¢ =—In

Power factor (S°0) is optimized when 6(S’c)/dn =0, which gives ¢ =r+1/2. Under

this condition, the optimum concentration n is
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2(2am’k,T)
h3

exp(r+1/2) (2.2.15)

I’ZOZ

To maximize S° o, the effective mobility p(m’)*?

should be as high as possible.
(B) Degenerate condition

The degenerate condition is satisfied wheng = £,/ k,T > 0. This means the Fermi level

is well above the conduction band edge for electrons or well below the valence band edge

for holes. F,, ({) can be expressed in the form of a series:

R ond i enn (=208 5

o+l

(2.2.16)

The higher order terms rapidly converge to zero when ¢ > 0. Therefore, one can use as

many terms in the series as needed to yield nonzero values for the transport coefficients.

For the Seebeck coefficient S, the first two terms are typically used.

2 r+—
S:$%(k—3j—2 (2.2.17)

2.3 Thermal Conductivity

Thermal conductivity x indicates the ability of a material to conduct heat, which is
defined as heat Q transmitted in time ¢ through a distance L, in a direction normal to a
surface of area 4, due to a temperature difference A7, under steady state conditions and
when the heat transfer is dependent only on the temperature gradient. This quantity x can

be expressed as:

k=2 L (2.3.1)
t AAT

The transport of heat by any elementary excitations, such as phonons, electrons, photons

and etc., can be described by the following equation [2.3]

K= %vaz (r) (2.3.2)
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where C, is the specific heat; v is the velocity of propagation of an elementary excitation

and <z'> is its average relaxation time, which is the time taken to travel a mean free path

[(=v <T> ).
2.3.1 Electronic Thermal Conductivity

The electronic component of the thermal conductivity is an important part, especially in
the case of heavily doped semiconductors (n ~ 10'°-10*°cm™). Before calculating the
exact expression of electronic thermal conductivity x, and Wiedemann-Franz law, we
take a simplified approach to understand the underlying physics. In the case of non-

degenerate electron gas, C, is described by

C, :%nkB (2.3.3)

where 7 is the carrier concentration and kz is Boltzmann’s constant. According to Eq.

(2.3.2), we obtain the electronic thermal conductivity

1
K, = Envsz (r) (2.3.4)
The electrical conductivity of a semiconductor with a carrier concentration of # is given
by
e(r)
o =nep; p=— (2.3.5)
m

where u is the carrier mobility; m* is the effective mass of a carrier. From (2.3.5), we can

rewrite &, in Eq. (2.3.4) as

x. :Gm*vzj’;—ga (23.6)

The average kinetic energy <%m*v2> of carriers is the thermal energy of 3kzT/2.

Therefore, the electronic thermal conductivity is

K, :-(—j oT (2.3.7)
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This approach gives the order of magnitude for the constant, known as Lorenz number L

2
in Wiedemann-Franz Law «, = LoT . It has the order of %(k—Bj . The exact form of the
e

electronic thermal conductivity x, can be derived from the transport equations in 2.1.

When the electric current density j, is equal to zero, k, = ——— .

From Eq. (2.1.13), &, is
- Lo (E) T
[jo g(E)eE =% = dE

- o, (E
[/ g(E)rEf(ég)dE
:%[Kz _K_lzj

T K,

where K; is defined in Eq. (2.2.6). To describe x, in the form of Wiedemann-Franz Law

2

N oh(E)
° 3m*T

* 3
_J‘O g(E)TE a—EdE

(2.3.8)

(k.= LoT), from Eq. (2.3.8) and (2.2.8), the Lorenz number L takes the form

where Fn(g”):'[o X dx £

(2.3.9)

_xax . S
exp(x—§)+1’§ kBT’x k,T

For non-degenerate samples, the Lorenz number is given by

L:(HEJ["_BJ (2.3.10)
2)\ e

For strongly degenerate samples, the Lorenz number is a universal constant

2
L =”—(k—3j =2.45x10° VIK? (2.3.11)

e
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2.3.2 Lattice Thermal Conductivity

Lattice thermal conductivity x; is dependent on the phonon specific heat C,. First, we
briefly discuss the methods for the determination of the specific heat of a solid. Fig. 2.1
shows the lattice vibration frequency (w) as a function of the wave vector (g).
Specifically, the vibration spectrum of a 3D lattice has three acoustic modes (2 transverse

and 1 longitudinal) and (3#n-3) optical modes (# is the number of atoms per primitive unit).

\ (3n-3) optical modes

, 3 acoustic modes

0 nla 9

Fig. 2.1. The dependence of lattice vibration frequency on the wave vector (a is the
lattice constant).

In the Einstein theory, it is assumed that all the atoms in the lattice vibrate at the same

frequency @, the phonon specific heat C,, can be written as

x’e* fiw

:kB (ex _1)2 , X = kBT

(2.3.12)

ph

where 711s the Planck constant; k,is the Boltzmann constant. To consider all the acoustic

modes in a solid, a frequency distribution p(®) in an isotropic elastic continuum was

introduced by Debye to replace the single frequency.

Dmax

1 (1 2

®)do=3N; p(o)=—| =+—= |0 2.3.13
| ple) p(@) 27[2[V; v3j (2:3.13)
where @nax 1s the maximum vibration frequency; v; and v, are the speeds of longitudinal
and transverse acoustic modes; N is the number of atoms per unit volume. To simplify the

mathematical form, the average speed of sound v, is defined by
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%%—3 (2.3.14)

2
Vi v

»,,<w| w

Substituting Eq. (2.3.14) into (2.3.13), we solve for max

1/3
@, =271V, (i—NJ (2.3.15)
T

The specific heat per unit volume can be written as [2.4]
C, = .[0 " Cup(w)do

5 . (2.3.16)
:9Nk3(l] [ a ha
O

max

h :
where 6, = , known as the Debye temperature for the acoustic modes. The Debye

B

temperature for the optical modes is defined similarly. At very low temperature (7 < 6,)),
C, oc T*; at high temperatures (T > 6,), C, —> 3Nk, known as the Dulong-Petit limit.

By applying Eq. (2.3.2), the lattice thermal conductivity k. is

1 2 Omax
= EV“ .[o TPthhp(a))da)
kg (kBTj3 0,7 T,x"€" heo (2.3.17)
o 2| T J. ———dx; x=—7
2rv, \ h 0 (ex _1) k,T
where 7, is the relaxation time. The relaxation time 7,;, can be combined as:
T =27 (23.18)

where i denotes different phonon scattering processes which contribute to thermal
resistivity. Phonons may be scattered by grain boundaries, point defects or impurities, and
other phonons.
In general, phonon-phonon scattering processes fall into two categories: N process and U
process. N process (normal process) is a type of scattering which conserves total lattice
momentum:

4 +49,=q; or ¢ =q,+4q; (2.3.19)
where g denotes the momentum vector. The normal process is shown schematically in

Fig. 2.2 (a). In the N processes, the direction of the energy flux remains constant. Thus,
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this type of phonon-phonon interaction does not contribute to thermal resistivity. N
processes may affect the lattice thermal conductivity indirectly by redistributing phonon
modes. These phonons are then scattered by other processes. The scattering processes
which do not conserve total lattice momentum are called U processes, often called
Umklapp processes:

G, +G,=q,+27G (2.3.20)

where G is the reciprocal lattice vector. The vector G “flips” the phonons over to a lower
frequency and wave vector g, , and reverses the direction of the phonons, therefore

producing a resistance to heat flow. This type of scattering gives rise to a finite thermal

resistivity.

(a) (b)

a:

N U

Fig. 2.2. Schematic of (a) N process and (b) U process scattering

The relaxation rate for U-process scattering 7,,'is [2.5]
2

;! :Z_waz %exp(—g—;j (2.3.21)
where M is the average mass per atom, and vy is the Griineisen parameter. At sufficiently
high temperatures (when 7> @), if U-process dominates, Ky varies as 7"
In addition to phonon-phonon interactions, phonons may be scattered by imperfections in
the crystal lattice. The boundary scattering ratez,' is [2.6]

t, =v, /L (2.3.22)

where L is the grain size of polycrystalline samples or the dimensions of single crystal

samples.

The point defect or impurity scattering rate z,, is [2.7]
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2
14 M -M
b= o) x| ——— 2.3.23
v 25| =7 (2.3.23)

where V is the volume per atom, x; is the concentration of atoms of mass M;, M is the
average mass per atom. Impurity atoms have different masses (density) and spring
constants (elasticity) from the host atoms. Phonons scatter when they encounter a change

in acoustic impedance Z,coustic, defined as
Z qeousic =\ PC (2.3.24)

where p is the mass density and C is the elastic stiffness of the chemical bonds. Defects
and dislocations disrupt phonon transport in a similar fashion.

Different phonon scattering mechanism may dominate depending on the temperature. The
wavelength of dominant phonons is determined by Wien’s displacement law [2.8],

v
dom 3 kB T

(2.3.25)

where kp is Boltzmann’s constant, and % is Planck’s constant. As the temperature
increases, the phonon wavelength decreases. When the phonon wavelength becomes
comparable to the size of the defects, defect scattering becomes the dominant scattering
mechanism. Alloys have considerable amount of defects and therefore defect scattering
may dominate over much of the temperature range. For a further increase in temperature,
the phonon wavelength continues to decrease and eventually the wave vectors become

large enough for Umklapp processes to dominate.
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Chapter 111

Experimental Techniques

3.1 Material Synthesis

Bulk thermoelectric specimens are mostly prepared through solid state reactions at high
temperatures. Pure chemical elements (typically of 99.99% or 99.999% purity) are mixed
based on their stoichiometric compositions. Active reactants need to be weighed inside a
glove box filled with inert gases. The mixture of materials is placed in a quartz ampoule
and sealed under vacuum which eliminates oxygen. This prevents possible oxidation
during chemical reaction at high temperatures.

For reactions involving elements of very high melting point (above 1200°C), arc melting
is more appropriate than solid state reaction. The mixed materials are placed in the cup of
a copper hearth. The hearth is inserted into the tapered hole at the bottom of a furnace and
clamped into position. The furnace cavity is purged by a mechanical pump, followed by
backfilling with inert gases such as argon or helium. Once the system is purged and the
desired power setting on the power supply is set, the electrodes are brought to a position
near the edge of materials to be melted and an arc is struck. For our experiments, it is
preferable to melt a small piece of titanium prior to melting the specimen, as the gettering
action of titanium removes possible impurity from the furnace cavity. The specimen is
often turned over and remelted for a few times in order to achieve homogeneity.

Chemical reaction is followed by annealing in order to form stable single phase solid
solutions. After annealing, specimens are cut into pieces of different size for
measurement purposes. For specific compounds like skutterudites, additional material
processing is performed after annealing. For example, spark plasma sintering (SPS) can
be used to condense the powders and further remove impurity phases to enhance the

mechanical and thermoelectric properties.
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3.2 Chemical and Structural Analysis
3.2.1 X-ray Powder Diffraction (XRD)

For X-ray measurements, pieces cut from specimens are first crushed into small chunks
and then ground into fine powder using an agate mortar and pestle. The powder is pressed
between two glass slides to form a uniform thin layer. The glass slide with the powder
layer on top is loaded into Scintag diffractometer for 20 scan. The X-ray tube utilizes Cu
Ka radiation (wavelength: 1.5405621&). The continuous scan mode was selected with the
scan rate of 2 deg/min. The measured XRD pattern is compared to the available

diffraction patterns of the same crystal structure to check if the specimen is single phase.
3.2.2 Electron Microprobe Analysis

X-ray powder diffraction is effective in terms of identifying the single phase on a
macroscopic scale. To confirm the single phase locally and determine the actual chemical
composition on a microscopic scale, we need electron microprobe analysis (EPMA). For
our polycrystalline samples, the average grain size is approximately 50 um, which is
large enough to resolve with EPMA. A thin slice of sample is cut and polished for such an
analysis. A number of positions are selected on the EPMA images to analyze the chemical

composition.

3.3 Low Temperature Property Measurements: longitudinal stead-state method

Electrical conductivity o, thermopower S and thermal conductivity x are measured
simultaneously by the four-probe longitudinal steady-state technique using a liquid He*
cryostat. Samples are cut with a low speed diamond wheel saw in a parallelepiped shape
with heat flow along the longitudinal axis. Samples are mounted on the cryostat and
protected from excessive radiation loss by two radiation shields. Fig. 3.1 is a schematic

diagram of the typical sample mounting.
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Strain Gauge
08 I," Cu leads

In (350Q)
Vi ﬂ, V.." Constantan leads
T N,

Sample
AV, Vg AuFe-Chromel /

Thermocouples | 1

I
N T

T.

Copper Heat Sink

Fig. 3.1. Sample mounting for low temperature measurements

One end of the sample is attached to a heat sink by indium solder, silver paste/epoxy, or
clamping, depending on whether indium wets the material and the thickness of the
sample. The heat sink is the cold tip of the liquid helium cryostat, the temperature of
which is adjusted using a Lakeshore 340 temperature controller. Heat input to the sample
is made via a small strain gauge heater with 350 Q resistance attached to the free end of
the sample using varnish. For a given current I and voltage V across the heater, the power
P, (=1V) is generated by the heater. The temperatures of two contact points, separated
by a distance L along the sample, are measured by AuFe-Chromel thermocouples. The
heat flow injected by the heater develops a temperature difference AT between the two
points along its length. Fine copper (Cu) wires are selected as Seebeck / resistive probes
because of the low resistivity and small thermopower of copper. The contribution of

copper’s thermopower is subtracted out from a combined measurement of both sample

and Cu leads. For small temperature differences ( AT <0.05 (7,+7.)/2 in our

experiments), the total thermal conductivity at the average temperature 7, (= (Th +T, ) /2)

can be written as

32



P L

_h =

N (3.3.1)
where A is the cross section area of the sample. Heat may be lost by radiation to the
surroundings; conduction and convection between the surroundings and the sample; and
conduction through wires attached to the sample. To prevent conduction and convection
via surroundings, the sample is enclosed in a can which can be evacuated by a diffusion
pump to a pressure of less than 107 Torr. Conduction via leads can be greatly reduced by
using long and very fine wires of low thermal conductivity. To minimize the thermal
resistance between the sample and the heat sink, the sample is usually attached to the heat
sink using low-melting point solder. Radiation loss can be minimized by surrounding the
sample with a copper shield thermally grounded to the heat sink, although it cannot be
totally eliminated. Radiation loss (Prq) is experimentally determined near room
temperature in a subsequent measurement where the sample is detached from the heat

sink and suspended by its connecting leads under vacuum. According to the Stefan’s law,

the radiation loss between the surrounding and the sample is [3.1]

P

0 < T =T (33.2)
where T,, is the average temperature of the sample and 7 is the temperature of the
surrounding. Given the fact that the difference between 7, and T is very small compared
to Ts, Eq. (3.3.2) is approximated to be

P, ocT’-AT (3.3.3)
From the above relation, the portion of radiation (P,.s/P) can be calculated at each
temperature of interest. Thermal conductivity is computed by subtracting the portion of

radiation from the measurement in the entire temperature range. Radiation loss is

insignificant below about 100 K for most thermoelectric samples.

3.4 High Temperature (above 300K) Property Measurements

3.4.1 Seebeck Coefficient

The Seebeck coefficient S, also called thermopower, is related to the electronic structure.

The sign of the Seebeck coefficient indicates the dominant charge carrier type in general.
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p-type materials have positive S whereas n-type materials have negative S. In our
laboratory, the Seebeck coefficient S is measured by a home-built apparatus along with
electrical conductivity o at high temperatures [3.2-3.4]. Fig. 3.2 is a diagram of the
experimental setup for Seebeck coefficient measurement. S is given by
Ve
sample AT lead

(3.4.1)

where Sjqq and Sgampie are the Seebeck coefficient of lead wires and that of the sample,

respectively. AT is the imposed temperature gradient along the sample.

e Heater
Cu 2:5% i
Cu 5 . Pt !

: i %

a e £
C : » Pt/Rh o

u 1 ]
: . T,
Ref
© ere.nce Heat Sink
Junction

Fig. 3.2. Experimental setup for the Seebeck coefficient measurement at high
temperatures

The technique used for measuring the Seebeck coefficient over a wide range of
temperatures is to apply an appropriate temperature gradient AT across the sample and
slowly vary the sample temperature 7. The Seebeck coefficient, at each temperature of
interest, is determined by sweeping a temperature gradient, A7, and measuring the
corresponding Seebeck voltage, AV(=V.-Vy). The slope of the line, AV/AT, extracted
based on the best linear fit, yields Ssumpie-Siaa. For metals widely used for high
temperature applications such as Cu, Ag, Au, Pt etc, the Seebeck coefficient data can be

found in the literature [3.5].
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R-type Pt vs Pt-Rh thermocouple is best known for its exceptional stability at high
temperatures. Thus, it is a natural choice for measurements at high temperatures. Similar
to the low temperature setup, Pt leg of the Pt vs Pt-Rh thermocouple is also used as the
lead wire to pick up the resistive voltage of the sample. In this case, one needs a
conducting adhesive which not only provides good thermal contact but also has low
contact resistance. Through numerous trials, silver paste made by Ted-Pella Inc. is proven
to be a good candidate. In regard to the reference junction, an Omega ice point chamber
is capable of maintaining the temperature precisely at 0°C to within +0.1°C. In theory,
there should be little difference between measurements taken under vacuum and in an
inert gas atmosphere. In practice, the percentage of Pt content in Pt-Rh thermocouple will
change when the thermocouple is exposed to high temperature under vacuum condition.
To prevent such a deteriorating effect and the formation of oxide layers on sample
surfaces, the Seebeck measurement is taken under argon flow in our laboratory. Voltage
signals (usually in the puV range) are measured by Keithley nano-voltmeters. Data
collection and analysis process is automated by LabVIEW. The algorithm is discussed in

3.6 of this chapter.

3.4.2 Electrical Conductivity

The four-probe method is used to measure the electrical conductivity at high temperatures.
Two copper leads inject the current through large-area ohmic contacts at the ends of a
bar-shaped sample. As mentioned in 3.4.1, the resistive voltage along the longitudinal
direction of the sample is measured using the Pt leg of the Pt vs Pt-Rh thermocouple. The
voltage probes are held in place by small area contact using silver paint. The four probe
configuration eliminates the contribution of lead wires and effects associated with contact
resistance. To reduce error related to sample geometry, the typical size of a bar sample is
2-3mm for the width and thickness, and 10-12mm for the total length. To ensure uniform
current flow through voltage probes, voltage leads should be positioned away from
current leads. It is suggested to use sufficiently long samples.

There are some additional concerns that are related to the thermoelectric nature of the

materials. Excessive Joule heating can impose unwanted thermal gradients AT across the
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sample. Because of the large Seebeck coefficient S of thermoelectric materials, the

induced Seebeck voltageV,,,, ., 1s superposed on the resistive voltage V,. In order to
subtract and minimizeV,,,,, , the current flow should be reversed fast and data taken as

the average of the two readings ( see Eq. (3.4.2) ).

1
VR = EI:(I/(IH + VSeebeck) - (I/(I—) + VSeebeck)};

VS ebeck = SAT

(3.4.2)
Moreover, AT is also generated by the Peltier effect at the current contacts. The Peltier
effect (i.e. liberation or absorption of heat) occurs at the junction between two dissimilar
materials, which in our case are the sample and the current leads in the setup, when
applying current. Because the Peltier effect is linear in current, current reversal changes
the sign of both the resistive voltage and the Peltier effect, which results in an increase in
the actual resistive voltage. Since it takes a finite time to establish the thermal gradient
due to the Peltier heat, one can deal with this Peltier contribution by switching the current
polarity before the thermal gradient has time to build up. Fast pace data collection is
among the many advantages automatic measurements offer. To eliminate error as much as
possible, electrical conductivity is calculated from multiple measurements at different

currents in both directions.
3.4.3 Thermal Conductivity

Radiation heat losses at and above the room temperature (300 K) are too large to make
use of the steady-state longitudinal technique. Consequently, alternative methods of
measurement must be used. The technique most favored to determine the thermal
conductivity of bulk samples above room temperature is the laser flash thermal
diffusivity — specific heat capacity method [3.6]. For this measurement, thin discs are cut
from bulk samples. The typical thickness ranges from 1mm to 2mm. In this technique,
one surface of a disc-shaped sample is irradiated by a short neodymium-glass laser pulse
with an average duration of 300 ps. The temperature rise of the opposite side of the

sample is recorded by an infrared InSb detector. The transient time of the heat through the
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sample is much larger compared to the duration of the laser pulse. Both sample surfaces
are coated with graphite to make them highly absorptive and emissive. This thin layer of
graphite coating maximizes the thermal energy absorbed by the front surface and
transmitted from the front surface to the rear surface, therefore the signal collected by the
infrared detector. The thermal diffusivity « is calculated from the thermogram, which is
the profile of the temperature rise versus time. Using the relation

k= pC a (3.4.3)

where pis sample density and C, is specific heat capacity. For solids, C, = C,. This
technique can be used to determine thermal conductivity (x) above room temperature. In
our laboratory, thermal diffusivity « is measured using laser-flash system (Anter
Flashline5000).

C, 1s independently measured by a differential scanning calorimeter (Netzsch DSC 404C)
using the ratio method. The sample holder for C, measurement is made of platinum-
rhodium with alumina lining, which prevents platinum alloying with metallic elements in
the sample at high temperatures. The background signal of sample holder is subtracted
from the combined signal when the sample is measured. C, of a sample is computed from
the ratio of the corrected signal of the sample to that of a standard with known C,. For
our measurements, the most frequently used standard is sapphire. Density p is defined as
the ratio of m/V where m is the mass and V' is the volume. m can be weighed directly by a
scale. V' can be calculated from the geometric dimensions or measured by applying

Archimedes’ principle.

3.5 Magnetic Property Measurements

The power factor $°c of a thermoelectric material is typically optimized around carrier
concentration in the range of 10'"-10*%cm™. For a given carrier concentration, carrier
mobility should be large for good thermoelectric materials. Therefore, it is important to
determine the carrier concentration and mobility in order to fully characterize a
thermoelectric material. For semiconductors of single carrier type, both properties can be

determined experimentally by Hall effect measurements.
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The electrical resistivity and Hall effect were measured by a Linear Research AC bridge
with 16 Hz (low frequency) excitation in a cryostat equipped with a superconducting
magnet capable of fields up to 5 Tesla. Compared to a DC measurement, the AC method
is more applicable because it has fewer corrections due to magneto-thermoelectric effect.
A rectangular thin slab with an average size of 2mm x Imm x 5mm is cut from the ingots

for the Hall measurements. Fig. 3.3 shows the experimental setup.

z y
Y vme ViO) ;

Fig. 3.3. Schematic of the Hall effect measurement

Charge carriers in a magnetic field B, are subject to the Lorentz force Fyensz, glven by

voren: = 4(V, X B.) (3.5.1)
where ¢ is the charge of a carrier, and v, is the velocity of carriers. Due to the Lorentz
force, charge carriers deflect to one side of the slab (x-z plane), forming a transverse
electric field £, which opposes further deflection and accumulation. At the steady state,

the electric force Feecric (= qu) counterbalances the Lorentz force Fiyenz, SO enabling

the continuous current flow as before. The required electric field £, is
E =vB. (3.5.2)
For p-type carriers, the relationship between current density j, and velocity v, is
Jj.=nqv, (3.5.3)

where n. is the carrier concentration. Hence, we obtain

E =l-p (3.5.4)
n4q

The Hall coefficient Ry is defined by the equation
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E, =R, B

z

(3.5.5)

Comparing (3.5.4) with (3.5.5), the Hall coefficient for p-type conduction is given by

R, =— (3.5.6)

Eq. (3.5.6) is valid for metals and strongly degenerate semiconductors because the
carriers occupy a narrow energy range in the order of kzT around the Fermi level.
Therefore, all carriers have nearly the same velocity and they will be deflected in a given
magnetic field by approximately the same amount. For non-degenerate semiconductors,
the carriers do not have the same velocities and they will be deflected in a magnetic field
by different amounts. The correction can be accounted for by multiplying a constant A on
the right hand side of Eq. (3.5.6). However, A is usually close to unity.
From (3.5.5), the transverse Hall voltage V' is

Vy=wE, =w(R,j.B.)=R,I B/t (3.5.7)
where w and ¢ are the width and thickness of the sample (Fig. 3.3). In Eq. (3.5.7), the
ratio of Vy/ I, has the unit of resistance, measured by an AC bridge. From the relation
(3.5.6), the carrier density n, can be derived given Ry. Inserting (3.5.4) into Ohm’s
lawj =o-E_,

G=ncql‘;—":ncqy (3.5.8)

i is carrier drift velocity per unit electric field, also called carrier mobility. x is
independent of £ within the validity of Ohm’s law. Combined measurements of electrical

conductivity o and Hall coefficient Ry yields the mobility s«
,u=|RH|0' (3.5.9)

M 1s positive regardless of the sign of Ry. Large values of mobility () are desired for
good thermoelectric materials.

If more than one type of carrier contributes to conduction, we need to treat the steady
state as arising from the equality of currents instead of forces. The deflected current
generated by magnetic field is balanced by the current due to the transverse electric field.
For mixed conduction of holes (p) and electrons (), a general expression of Ry valid for

arbitrary magnetic fields B is [3.7]
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2 2 2,2 (n=n) B
R, =—L. (nst; — Py )+ 244, (n— p) (3.5.10)

q (np,+pu,) + 124 (n—p) B

More information is needed in order to solve for the unknown quantities n, p, i, i,

individually.

3.6 Automation of High Temperature Apparatus

The high temperature measurement system is interfaced to a computer and the automatic
data collection is enabled by a program coded in LabVIEW. This program communicates
with the measurement instruments including three Keithley nanovolt meters and one DC
power supply via GPIB interface. To verify the stability of the sample at high
temperatures, a complete heating and cooling cycle should be selected for measurements.
In addition to collecting numerical raw data, the program analyzes these data using
resourceful mathematical packages in LabVIEW. The program stores analyzed electrical
conductivity, Seebeck coefficient, and temperature of samples in data files. Other
experimental parameters such as temperature gradient, current, and voltage are also

recorded for reference.

3.6.1 Electrical Conductivity

The sample temperature 7' is considered to be the average of the two temperature readings
measured by thermocouples. At each temperature of interest, multiple voltages Vy are
taken by applying currents /; that are increased by predetermined amounts set by users.
The current is reversed before being increased at the next higher value. Users can also
choose how short an interval they desire between the changes in the current. Two arrays
of current I and voltage V are generated. Electrical resistance R is calculated from the
linear fit function of FVg/lz. R is converted to electrical conductivity o from the

relationo =//(RA), where [ is the distance between two resistive voltage probes and 4 is

the cross-sectional area of sample. These geometric parameters are entered by users for

analysis purposes, prior to the measurements.
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3.6.2 Seebeck Coefficient

By pulsing the sample heater for an arbitrarily set time (~ a few minutes), the temperature
gradient AT along the longitudinal direction of the sample continues to rise before it
reaches a stable value which is recorded in the data file. Multiple values of Seebeck
voltage AV and temperature gradient AT are stored in separate 1D arrays following the
same order. According to the definition of Seebeck coefficient S=AV /AT , S is
calculated by the linear fit function in LabVIEW. During the pulse period, the
temperature of the sample increases by a small amount. To take this increase into
consideration, the temperature of sample 7 is computed as the mean of the initial
temperature and final temperature during the heating. To maintain a reasonable
temperature gradient (~5%-10% of temperature of sample), the heater power is adjusted
accordingly after one complete sequence of measurements. The measured Seebeck
coefficient Syeqsurea 15 @ superposition of the sample Sy and the Pt Seebeck probe Sp,.
The Seebeck data for Pt were obtained from the literature for calibration over the

temperature range [3.5].
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Chapter IV
Lead Chalcogenides

Lead chalcogenides are a group of semiconductors consisting of lead and elements of
group VI (sulfur, selenium and tellurium in particular). Lead chalcogenides share many
physical and chemical properties in common. They are isostructural, i.e. have the same
crystal structure. They can be prepared and doped by similar methods. Some lead
chalcogenide alloys, such as lead telluride and lead selenide, are established as good
thermoelectrics. Atomic substitution in alloys can effectively scatter the short wavelength
phonons, thereby significantly reducing the thermal conductivity up to the "alloy limit". It
has been difficult to beat the alloy limit without creating excessive defects, dislocations,
and voids, which decrease electrical conductivity, making it ineffective for increasing the
material’s thermoelectric figure-of-merit (ZT). Larger size impurities like nanoparticles
can effectively scatter mid- and long wavelength phonons, resulting in a broader
scattering spectrum and consequently, further reduction in the lattice thermal conductivity.
In this chapter we demonstrate that nanoparticles embedded in lead chalcogenide-based
alloys indeed reduce thermal conductivity significantly while maintaining good electrical
transport. Much higher thermoelectric figure-of-merit is achieved in these nano-
structured materials. The lead chalcogenide-based systems discussed in this chapter
include Pb, Sb, ,Te,; Se (where x =0, 1, 2, 3,4, 5, 6, 7, 8, 9, 10) with highest ZT of 1.2
at 650 K for x = 7, PbTe-x%M (where M = Bi, Sb, InSb and 2 < x < 16) with lowest k1 of
0.8 Wm 'K for M = Sb and x = 2 at 300 K, (Pb.osSnoosTe)x(PbS)x (where x = 0.04,
0.08, 0.16) with highest ZT of 1.50 at 642 K for x = 0.08, and PbTe-x%Eu (where x = 0.5,
1, 2, 3) with moderate ZT of ~0.6.
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4.1 Crystalline Structure

Lead chalcogenides form cubic sodium chloride (NaCl) lattice structure which belongs to
Fm3m space group. As shown in Fig. 4.1, each Pb (Te) atom is surrounded by six Te (Pb)
atoms. The Pb (Te) sublattice is of the face-centered cubic type. The structure is isotropic.

Therefore, thermoelectric properties are the same in all directions.

Fig. 4.1. Crystalline structure of PbTe.

Lead chalcogenides appear opaque and have a metallic luster. They are brittle and easily
cleave along (100) plane. Wire saw is preferred for cutting PbTe-like ingots. The

chemical binding in lead chalcogenides has both ionic and covalent components [4.1].

4.2 Carrier Scattering Mechanisms

Carriers in lead chalcogenides are in principle scattered by acoustic and optical phonons,
by other carriers, and by impurities. The dominant scattering centers for carriers are point
defects and thermal phonons. At very low temperatures, of the order of the liquid-helium
temperatures, charge carriers are scattered predominantly by ionized impurities and
charged vacancies. In the lightly-doped samples (i.e. carrier concentration n is on the

order of 10'® cm™ and lower), carriers are scattered by the Coulomb potential of charged
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vacancies. In the heavily-doped samples (i.e. carrier concentration # is on the order of
10" ¢m™ and higher), the Coulomb potential is screened out and the short range potential
of vacancies dominates. As the temperature increases, the influence of the charged
vacancies weakens, and scattering by thermal phonons becomes dominant. Above Debye
temperatures 6p (6p > 300 K for PbTe and PbSe, and 65> 600 K for PbS), scattering by
the deformation potential of acoustic phonons and polarization scattering by optical
phonons are the most important contributions. The influence of acoustic phonon
scattering gradually increases with the temperature. The scattering of acoustic phonons
becomes dominant at higher temperatures where lead chalcogenides have their optimal

thermoelectric performance.
4.3 Phonon Scattering Mechanisms

Recent experimental results have shown that nanostructuring thermoelectric materials can
significantly reduce the thermal conductivity, while its effect on the electrical
conductivity is minimal. As a result, Z7 increases. In theory, embedded nanoparticles not
only enhance boundary and interface scattering, but also provide additional scattering
mechanism for the mid to long wavelength phonons. A simple expression for scattering
cross section o was proposed in Ref. [4.2]:

4
a=nR2(f{ j 4.3.1)
7 +1

where R is the radius of a spherical scattering particle, and  is the size parameter,
defined as y = 2nR/A, where A is the phonon wavelength. When the size parameter
approaches zero, the scattering cross section obeys the Rayleigh law. Therefore, in the
Rayleigh scattering regime, the scattering cross section o varies as:

o~ R (4.3.2)
For atomic substitutions in alloys, R is on the scale of atomic size (A). The above relation
suggests that short-wavelength phonons are scattered much more effectively than the
mid- and long-wavelength phonons for atomic-scale defects. By introducing nanometer-
sized particles in the lattice medium, the mid- and long-wavelength phonons are also

scattered; thus, the phonon scattering spectrum is extended. Consequently, the thermal
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conductivity can be reduced below the alloy limit. Significant advances have been made
to reduce the lattice thermal conductivity of PbTe-based alloys. Results of our studies on

these materials have been published in several journal papers.

4.4 Transport Theory in PbTe

For the conduction and valence bands in PbTe, the Fermi surfaces are ellipsoids. The

non-parabolic Kane’s band model is introduced to describe the energy dispersion relation

Evs k[4.3]

E(1+E£J=7(E):h—z[2k; +"—] (4.4.1)

. 2\ m,  m,
where E, is the direct energy gap of PbTe, and k and m* are the wavevector and effective
mass (at k£ = 0) along the longitudinal (/) and transverse (¢) direction of the ellipsoids. In
the modified Kane model, the effective masses and the mass anisotropy coefficient of
electrons and holes are equal. The constant energy surfaces are ellipsoids, and m;” and m,"
have the same energy dependence. The density of states g (F) is
J2(m)"

g 7'\ (E) (4.4.2)

g(E)=

; the density of states effective mass my is defined by the following

where ¥’ =

dy(E)
dE
expression in the multi-valley (many-ellipsoid) model (N >1):

m, = N> (m*m;) " (4.4.3)

t

where N is the degree of degeneracy. For parabolic bands, the expression for the carrier

scattering relaxation time 7 is
T=1,E" (4.4.4)
where 7 is the scattering parameter. » =-1/2 for carrier scattering by acoustic phonons; r

=3/2 for scattering by ionized impurities. The density of state g(E)oc E'"?.

For non-parabolic bands in PbTe, the energy dependence of zis given by [4.4]
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y(E)

=7, (4.4.5)
" 7'(E)
From the transport theory in Chapter II, the carrier concentration # is
. 3/2
(2m’,T) " o a2 o,
n=-——-—7 ——|d 4.4.6
) 7€) |2 s J4s (4.4.6)

where ¢= E/kgT, and fy 1s the Fermi-Dirac distribution function, i.e. fo=1/[1+exp(E-

E)/kgT). The electrical conductivity o is

(2w kT ey () o,
v [, (0 r(é)(—gjdg (4.4.7)

where m,* is the effective mass along the crystallographic direction of the sample studied,

or the appropriate average mass for polycrystals, and 7/'(4’ ) = d];l(;) .
The Seebeck coefficient S is
B . }/(4,)3/2 8f N
[ = éf(?)(-“jdé“
s=ks| ™ 7 (Ef) ) o)~ _ ]ffT (4.4.8)
e © ¥ _aﬁ)jd B
el

In the low field limit (xB«1), the Hall coefficient Ry is:

A_K[Lw(jg;Tz(:)(—gf;aygﬂj:y@f“[_g@dd

R, = . (4.4.9)
ne ; 7(()3/2 _%
HL 7(0) -2 jd?ﬂ

3K (K+2)
(2K +1)°

where the anisotropy factor A4, = and the effective mass anisotropy

coefficient K = ml*/mt*.

4.5 Established Nano-structured Bulk Lead Chalcogenides

In recent years, both n-type and p-type lead chalcogenides have been developed for

thermoelectric applications in the intermediate temperature range of 600 K to 900 K. A
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leading candidate among n-type chalcogenides is (PbTe),~AgSbTe,, often abbreviated as
LAST ((lead, antimony, silver, tellurium)-m system. On average, these quaternary
compounds adopt the same structure as bulk PbTe. These compounds are not solid
solutions but unique heterogeneously nano-structured systems. High resolution TEM
images exhibit Ag-Sb rich nanostructures embedded in the PbTe lattice [4.5].These
nanostructures in the PbTe lattice are considered to be responsible for reducing the
thermal conductivity remarkably, through interface and mid-to-long wavelength phonon
scattering.

The existence of Ag-Sb clusters could be justified by the coulomb interaction. In a simple
ionic model, we can assume the Pb ion to have the valence 2+, Te ion 2—, Ag ion 1+, and
Sb ion 3+. In the Pb sublattice, two Pb ions can be replaced by one Ag ion and one Sb ion.
Therefore, we can assign effective valence states of —1, +1 and 0 to Ag, Sb, and Pb ions,
respectively. The Coulomb attraction between +1 and —1 charges drives the Ag and Sb
ions to come together and form clusters. In agreement with the microscopic images,
theoretical calculations show that a typical low temperature structure of (PbTe),-AgSbTe,
is a self-assembled nanostructure with layers of AgSbTe, arranged in a particular fashion
in the PbTe lattice [4.6]. Specifically, these micro-structural arrangements of Ag-Sb in
PbTe show a common feature: when Sb replaces Pb, Sb p states hybridize with Te p states,
forming strong covalent bonding. These states are resonant with the PbTe conduction
band (CB) and extend into the PbTe band gap. When Ag replaces Pb, the p states of Te
atoms which are the nearest neighbors of Ag are strongly perturbed. These states are
resonant with the PbTe valence band (VB) and extend into the PbTe band gap. Due to
these distinct resonant states, Ag-Sb arrangements have a more rapidly increasing density
of states near the band gap as opposed to PbTe. Therefore, the electronic structure of
(PbTe),~AgSbTe, systems have a high sensitivity to micro-structural arrangements of Ag
and Sb atoms. Transport calculations show that the enhanced density of states effective
mass (m, ) near the band gap of LAST-m systems relative to that of PbTe gives rise to a
slight enhancement in the power factor S% [4.3].

Due to a combination of a small enhancement of the power factor and a strong reduction
in the thermal conductivity, large Z7T values of the LAST-12 (~1.2) and LAST-18 (~1.8)
systems are observed. The LAST-18 sample reportedly has a power factor of 33.7 uW/
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cm'K? and a thermal conductivity of 2.3 W/m'K at room temperature [4.5]. These n-type
bulk nano-composite LAST-m samples show an innovative way how to improve the
thermoelectric performance of PbTe-based alloys. Nanostructures are introduced into a
series of PbTe-based systems using different methods. Properties of some of these
materials are discussed in section 4.6.

An efficient thermoelectric module requires both n-type and p-type materials of high ZT
(see 1.4). One of the p-type counterparts to LAST-m is (Pb;.,Sn,Te),,~-AgSbTe,, the so-
called LASTT (lead, antimony, silver, tin, tellurium)-m system [4.7]. Although the solid
solution of PbTe/SnTe is an n-type material, (Pb;,Sn,Te),-AgSbTe, system exhibits
consistent p-type behavior for the regime 8 <m <36 and 0.1 <y < 0.6 studied. Transport
studies show that the thermoelectric properties of this system can be fine-tuned by two
compositional parameters, which are Pb/Sn ratio and AgSbTe, content. Substituting Sn
for Pb appears to enhance electrical conductivity. For a selection of y and m, the electrical
conductivity is a power function of the temperature 77" (1.8 < n < 2.25) from room
temperature to 640 K. The thermopower varies approximately as a linear function of y.
The LASTT system has very low thermal conductivity. For AgysPbsSnySby,Te;o, the
thermal conductivity « is 1.4 Wm™'K™ at 300 K as opposed to 2.3 Wm™'K™' reported for
p-type PbTe [4.8]. It decreases rapidly to 0.8 Wm™'K™' at 650 K. The highest ZT of this
composition is close to 1.45 at 627 K.

An example of excellent p-type PbTe-based material is (PbTe),,-Na;..SbyTe, [4.9]. In this
system, Na ion shares the same valence state as Ag ion in (PbTe),-AgSbTe,. The
Coulomb interaction between Na and Sb ions drives the system to form sodium and
antimony-rich clusters in the Pb sublattice. TEM images clearly demonstrate dispersed
nanoscale features in (PbTe),-Na;SbyTe,. Similar to (PbTe),-AgSbTe,, these
nanostructures are favorable to phonon scattering, thus lowering the thermal conductivity.
The thermal conductivity drops from 1.8 Wm™ K™ at 300 K to a minimum of 0.85 Wm"
'K at 675 K, the lattice contribution of which is 0.55 Wm 'K, comparable to the record
low value (0.33 Wm™'K™) of the superlattice thin films of PbSe o5Teo.02/PbTe [4.10]. Due
to the low thermal conductivity and high power factor, ZT of (PbTe),0-NagosSbTe,
exceeds unity at 475 K, and reaches its maximum value of 1.7 at 650 K, higher than ZT
= 1.2 at 700 K reported for TAGS system (AgSbTe,-GeTe) [4.11].
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4.6 Results and Discussions

Typically, the thermal conductivity of a material can be reduced by large mass mismatch
at one atomic position of its lattice such as random-alloy disorder, point defects, and
grain boundaries. Incorporating nanometer scale inclusions into bulk semiconductor
materials appears to induce stronger phonon scattering than conventional mechanisms
[4.5, 4.7, 4.9, 4.12, 4.13]. The lattice thermal conductivity as well as the total thermal
conductivity can be significantly reduced. Using this technique, the thermoelectric
performance of PbTe-based materials has been greatly improved. Several materials in the
lead chalcogenides family have been developed into prospective thermoelectrics recently

(in 4.4). Intense efforts have been made to explore prospective candidates in this category.

4.6.1 Sb-doped Lead Telluride/Lead Selenide

Theoretical studies suggest that the inclusions of Sb impurities may enhance the
thermopower of lead telluride [4.14]. Since Sb has low solubility in the solid phase of
PbTe, part of Sb content is expected to precipitate when the phase segregation between
PbTe and Sb occurs upon cooling. In the solid solution of PbTe;_,Se,, Se atom substitutes
at the Te sites. Due to the large mass difference between Te and Se, PbTe;.,Se, exhibits
much lower lattice thermal conductivity than PbTe. Embedding Sb precipitates in PbTe;.
e, should further reduce its lattice thermal conductivity. The enhanced thermopower
and reduced thermal conductivity lead to higher figure of merit ZT (= S°oT/x).

Polycrystalline ingots of composition Pby Sb, ,Te,, Se (x = 0 to 10) were prepared by
Dr. Pierre F. P. Poudeu using high temperature solid-state reaction. Thermoelectric
properties were measured from 300 K to 700 K. Fig. 4.2 shows that the lattice thermal
conductivity &z of Pb9.68b0.2Tem_xSex 1s lower than those of PbTe;.Se, solid solutions
with the same Se concentration x at 300 K [4.15-4.16]. The lattice thermal
conductivity of PbgsSby,Teo..Se, decreases with x to a minimum value at x = 7 and then
starts increasing with x. Clearly, in addition to the mass difference between Se and Te, Sb

doping has induced stronger phonon scattering in the PbTe;_,Se, alloy.
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Fig. 4.2. Comparison of the lattice thermal conductivity of Pbg ¢Sbg,Te..Se, with those
of the PbTe;_Se, solid solutions at 300 K.
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The lattice thermal conductivity is plotted over a temperature range of 300 K to 800 K in
Fig. 4.3. Among various compositions of Pbg ¢Sby,Tejo..Sey, x = 4, 6, 7 show the lowest
lattice thermal conductivity over the entire range. For Pbg ¢Sby,Teo..Se, (x =4 and 6), x;.
is approximately 0.6 W/m-'K at 300 K and remains flat with increasing temperature. This
value is ~ 33% lower than that of PbTe; ,Se, with the same x [4.16]. The composition
with x = 7 shows the lowest k7 ~ 0.5 W/m-K at 300 K and reduces to 0.4 W/m-K at 750 K.
The strong reduction of the lattice thermal conductivity is attributed to the widely
distributed Sb-rich nanoparticles in the lattice, which were observed by the high
resolution TEM images of these samples [4.15]. Short wavelength phonons are scattered
by atomic disorder, while the long wavelength phonons are effectively scattered at the
grain boundaries. These Sb-rich nanocrystals scatter mid-to-long wavelength phonons.

The strong reduction of lattice thermal conductivity x; leads to a significant enhancement
of the dimensionless figure of merit Z7. Fig. 4.4 plots ZT of Pbg¢Sbg,Teo.Se, against
PbTe from 300 K to 700 K. Among all the compositions, Pb, Sb, ,Te,Se., (x = 7) has the

highest ZT ~ 1.2 at 650 K. This value is 50% higher than the figure of merit of PbTe at
650 K. For samples withx =0, 2, 4, 5, 6, 8, the maximum Z7is 1.1, 0.82, 0.93, 1.17, 0.96,
and 1.18 at 700 K, respectively. Most compositions in the Pby ¢Sbg,Teo..Se, system have

good thermoelectric performance as expected.
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Fig. 4.4. Temperature dependence of the dimensionless figure-of-merit ZT of
Pb, Sb, ,Te,, Se for (a)x=0to 5; (b) x =6 to 10, compared to PbTe.
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4.6.2 Bi/Sb/InSb-doped Lead Telluride

Several PbTe samples embedded with nanoparticles of Sb, Bi and InSb were prepared by
Joseph R. Sootsman, using a liquid matrix encapsulation technique [4.17-4.18]. Just like
Sb, Bi and InSb have low solubility in PbTe [4.19]. Samples with fairly low
concentration of dopants are more likely to form smaller sized precipitates, which
promote phonon scattering. Sb nanoparticles were revealed in TEM images of Sb-doped
PbTe (see Fig. 4.5). The quantity and size of the nanoparticles increased with
concentration of Sb. Fig. 4.5 (C) and (D) are from the PbTe-rich region. Microscale
studies showed that um-sized Sb regions appear in the PbTe matrix at Sb fractions higher
than 4% [4.18].

The thermal conductivity was determined by measuring thermal diffusivity and specific
heat capacity seperately. The lattice thermal conductivity was obtained by subtracting the
electronic component from the total thermal conductivity using the Wiedemann-Franz
law. Nanoparticles (e.g. Sb, InSb) which have larger mass contrast with PbTe achieve
stronger scattering of acoustic phonons. The inset of Fig. 4.6 shows the lattice thermal
conductvity xj, of PbTe with 4% Bi, Sb, and InSb from 300 K to 700 K. InSb has the
largest mass contrast with Pb and exhibits the lowest lattice thermal conductivity (~ 45%
lower than PbTe at 300 K [4.20]). Similarly, Sb nanoparticles also cause considerable
reduction (~27%) of xi relative to PbTe. Since Bi has nearly the same atomic mass as
Pb, the sample with 4% Bi showed no reduction compared to PbTe.

The concentration of dopants influences the size and quantity of nanoparticles formed
from precipitation on cooling, thereby affecting the lattice thermal conductivity. The
relation between the two was studied for the PbTe-Sb system. Fig. 4.6 shows that, among
three samples with 2%, 4% and 16% Sb concentration respectively, the 2% sample
exhibits the lowest thermal conductivity of 0.8 Wm™ 'K and the 16% sample exhibits the
highest lattice thermal conductivity closer to that of pure PbTe. These results indicate that
a significant reduction of the thermal conductivity can be achieved provided the
nanosized phase (e.g. Sb, InSb) is properly chosen to enhance phonon scattering in PbTe

lattice. There exists an optimum concentration beyond which the lattice thermal
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conductivity starts to increase with concentration of nanoparticles. Experimental results
suggest that the optimum concentration of Sb in PbTe is below 2%.

Theoretical studies suggest that nanoparticles effectively scatter mid- and long-
wavelength phonons, while atomic scale defects effectively scatter short-wavelength
phonons. Sb and InSb nanoparticles act as effective scattering centers for mid-to-long
wavelength phonons in the PbTe lattice.

As a followup to this study, nanostructured composite PbTe with excess of both Pb and

Sb metal inclusions has been studied. The original paper is listed in Appendix.

Fig. 4.5. TEM images of (A) PbTe-Sb(2%) (B) PbTe-Sb(4%) (C) PbTe-Sb(8%) (D)
PbTe-Sb(16%) showing nanocrystals of Sb.
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4.6.3 Nanostructured Lead Tin Telluride — Lead Sulfide

(Pbg.9sSng gsTe);(PbS), were prepared by Dr. John Androulakis and Dr. Chia-Her Lin

using the technique of spinodal decomposition and nucleation-growth [4.21-4.22].

Adding small amount of Sn removes gas pockets without changing transport properties.

The system is not a normal solid solution and has two phases segregated partially by

spinodal decomposition: PbTe-rich and PbS-rich region, creating periodical

compositional fluctuation on a global scale [4.23]. Phase segregation by nucleation-

growth leads to local compositional fluctuation [4.24]. Both mechanisms produce

coherent nanoscale heterogeneities. The lattice thermal conductivity is reduced

significantly due to the acoustic impedance (mass) mismatch between the PbTe-rich and

PbS-rich regions. The degree of spinodal decomposition increases with the fraction of
PbS in PbTe (x).

(Pbg.osSng g5 Te);(PbS), system exhibits very low lattice thermal conductivity. Fig. 4.6
displays the total, electronic and lattice thermal conductivity of (Pbg.osSngosTe);.«(PbS),
for x = 0.04, 0.08, 0.16. The total thermal conductivity k. is measured by the laser flash
diffusivity — heat capacity method. The electronic component k. is calculated using the
Wiedemann-Franz law with the Lorenz number equal to 2.44 x10® V*/K? for degenerate
semiconductors. The lattice thermal conductivity Ki, 1S determined by subtracting ke from
Ktot-

As shown in Fig. 4.7, the lattice thermal conductivities kj,; at room temperature are 0.84,

0.38, 0.40 Wm'K! for PbTe with 4%, 8%, 16% PDbS, respectively. All three values are

much lower than k¢ of bulk PbTe (2.10 Wm’lK'l). The lattice thermal conductivity ki, of

the 8% and 16% samples are remarkably low, comparable to that of PbTe/PbSe thin-film

superlattice (0.33 Wm™'K"'). TEM images indicate that nanostructures formed by

nucleation/growth are more prominent in the 8% and 16% sample than the 4% sample

[4.22]. Compared to spinodal decomposition, nucleation/growth mechanism creates

larger compositional fluctuation of smaller size, giving rise to larger mass mismatch

between the PbTe-rich and PbS-rich regions. This may explain more significant reduction

of Kja¢ in the 8% and 16% sample than in the 4% sample.
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Fig. 4.8 and 4.9 show electrical conductivity and Seebeck coefficient of PbTe with 4%,
8%, and 16% PbS. All three samples are doped with 0.055mol% Pbl, to make them n-
type. They show very high electrical conductivity at room temperature and retain decent
values close to 700 K. In Fig. 4.9, the negative sign of Seebeck coefficient indicates n-
type semiconductor conduction. Fig. 4.8 also shows the onset of intrinsic conduction
occurs beyond 700 K, where Seebeck coefficient reaches a maximum and then decreases.
As a result, this system provides a broad operational range. The highest power factor (S°c)
achieved is 22 pWem 'K at 642 K for the 8% sample.

The dimensionless figure of merit ZT is calculated from 300 K to 800 K for x = 4%, 8%,
and 16%, Fig. 4.10. The highest ZT are approximately 1.10 at 642 K for 4%, 1.50 at 642
K for x =0.08, and 1.28 at 660 K for x =0.16.
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4.6.4 Europium-doped Lead Telluride

Eu-doped PbTe system is another attempt to chemically insert nanoparticles into bulk
PbTe. Ingots with nominal composition PbTe + x% Eu (x = 0.5, 1, 2 and 3) were
synthesized by Dr. Pierre F. P. Poudeu. The intention of adding Eu is to form
nanoparticles to reduce lattice thermal conductivity. However, instead of Eu
nanoparticles, traces of Pb particles are observed in the Pb;_Eu,Te alloys using several
different experimental methods such as X-ray powder diffraction, differential thermal
analysis and SEM images (Fig. 4.13). Results also indicate that the density of Pb particles
increases with Eu concentration. One explanation is that Eu*" replaces Pb>" upon cooling.
This notion is supported by the facts that Eu can easily form solid solution with PbTe and
EuTe has much higher melting point (1526°C) than that of PbTe (924°C). The effect of
Eu concentration and segregated Pb particles on thermoelectric properties is discussed.

The melting behavior of Pb secondary phase in the PbTe-rich alloy was studied using
differential scanning calorimetry (DSC). Specific heat capacity is plotted as a fuction of
temperatuare for PbTe with 0.5, 1, 2, 3% Eu in Fig. 4.11. A peak around 600 K is
observed for all four samples. This temperature coincides with the melting point of Pb
metal. This observation is a direct evidence of the presence of metallic Pb particles. The
intensity of the peak is an indication of the concentration of Pb particles. Presumably,
higher concentration of Eu results in more Pb precipitates. But the relationship is not
exactly linear. Since Pb particles precipitate upon cooling, it is quite possible that the
formation of Pb particles depends on the cooling rate. For slowly cooled samples, the
intensity of the C, peak follows the same order as the concentration of Eu except for x =
0.5%. No significant shift of the melting temperature of the Pb secondary phase is
observed for different concentration of Eu, suggesting uniform size of Pb particles in all

samples.
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Fig. 4.11. Specific heat capacity of PbTe + x% Eu (x = 0.5, 1, 2, 3) prepared by slow
cooling as a function of temperature.

Because Eu”™ (4f") has half filled fshell electrons, the PbTe + x% Eu alloy is expected to
be magnetic. Fig. 4.12 plots the temperature dependence of magnetic susceptibility and
its inverse for PbTe + x% Eu per mole of composition PbTeEug . The magnetic
susceptibility increases with concentration of Eu. The Curie-Weiss law yields moments of
7.94 and 7.91 Bohr magnetons for the 1% and 3% samples, respectively, close to the
spin-only effective magnetic moment for Eu*" of 7.94 Bohr magnetons. These results

evidence that Eu?" substitutes for Pb>".
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Fig. 4.14 plots the thermoelectric properties for slowly-cooled PbTe with 0.5, 1, 2, 3% Eu
as a function of temperature. In Fig. 4.14 (b), thermopower decreases with concentration
of Eu. Like specific heat capacity, thermopower is also sensitive to the phase transition
such as the melting of Pb particles. The plot (b) shows a noticeable discontinuity around
600K for all four samples, which corresponds to the melting temperature of Pb. This
observation is consistent with DSC results, providing further evidence of the melting of
metallic Pb particles. In Fig. 4.14 (c), at 300 K, the lattice thermal conductivity Kj
ranges from 1.4 W/m-K to 2.4 W/m-K. «j,« drops rapidly with increasing temperature and
reaches a minimum value of 0.8 W/mK around 650 K. This is a significant reduction as
compared to the value of 2.1 W/mK observed for pure PbTe [4.23]. Since the alloy is
PbTe rich, the precipitated Pb particles have almost no mass contrast with the medium. In
other words, Pb particles have very little contribution to the scattering of short-
wavelength phonons due to the atomic disorder. SEM images reveal rod—shaped Pb
particles in all samples, which are 1 — 3 um thick and up to 50um in length (Fig. 4.13).
They are randomly oriented in the crystalline Pb,.Eu,Te lattice. The larger size of Pb
particles inhibits them from scattering mid-to-long wavelength phonons effectively.
Therefore, the atomic mass difference between Pb>" and Eu®" in the Pb 1«Eu,Te alloy may
account mostly for the reduction in the lattice thermal conductivity. The electrical
conductivity is moderate. Overall, ZT is not as good as we might have hoped it would be

(Fig. 4.14).
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Fig. 4.13. Back scattering SEM images of PbTe + x%Eu samples. (a) x = 0.5; (b) x = 1; (¢)
x=2;(d)x=3.
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4.7 Conclusions

By incorporating a small percentage of impurities into the matrix in the form of
nanostructures, dimensionless figure-of-merit (ZT) of lead chalcogenide-based
compounds is greatly enhanced compared to PbTe. The compounds are macroscopically
homogeneous but phases segregate on a nanometer scale. The electronic properties are
nearly intact. Nanoparticles scatter phonons of wavelength comparable to nanosize,
which is longer than atomic size. Due to the extended phonon scattering spectrum, the
compounds have very low lattice thermal conductivity, which is the main reason for the
improved ZT. For example, ZT values of 1.50 and 1.2 are achieved for
(Pbo.9sSng 95 Te)o.92(PbS)o.0s and Pbg ¢Sbg 2 Te;Ses, respectively. As a follow up to this study,
analogs to the lead telluride-based compounds such as tin telluride and cadmium telluride

have also been explored.
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Chapter V
Double-filled Cobalt Tri-Antimonide

Skutterudites have been widely studied for their potential applications in thermoelectric
power generation at intermediate temperatures from 600 K to 900 K. Since 1977, filling
of skutterudites has been proposed as an effective method of reducing the lattice thermal
conductivity k., of binary skutterudites [5.1-5.2]. Various metal atoms such as rare earths,
alkaline earths, and alkalis are introduced into the large interstitial voids of the
skuterudite structure [5.3-5.15]. These weakly bound filler ions behave as independent
oscillators, often referred as “rattlers”. The phonon modes of the “rattlers” interfere with
normal phonon modes of the lattice. As a result, the “rattlers” strongly scatter the low
frequency (acoustic) phonons that are responsible for most of the heat conduction in
solids, thus reducing « [5.1].

We selected filled cobalt triantimonide (CoSb;) as the candidate for skutterudite host
because it has the lowest thermal conductivity of binary skutterudites and because it is
relatively inexpensive [5.16]. Much study has been done on the filling fraction limit and
resonant frequency of different fillers for CoSbs [5.17-5.18]. Double-filled skutterudites
scatter broader spectra of acoustic phonons than single-filled ones do, and therefore have
lower lattice thermal conductivity. Based on theoretical studies of the potential fillers for
CoSb;, Ba and Yb differ most in the resonant frequency among them [5.17]. Filling the
large interstitial voids of CoSbs structure with both Ba and Yb could enhance phonon
scattering more than the other combinations of two fillers. As demonstrated in this
chapter, excellent thermoelectric performance is achieved in a series of n-type
Ba,Yb,Co4Sbi, compounds (where 0.03<x<0.15 and 0<y<0.12). Highest ZT obtained in
this system is 1.36 at around 800 K for x = 0.08 and y = 0.09.
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5.1 Skutterudite Structure

In addition to lead telluride-based alloys, another class of efficient thermoelectric
materials called skutterudites is studied as part of the thesis work. Skutterudites are
binary compounds with a general composition of MX3, where M is one of the group 9
transition metals Co, Rh, or Ir, and X is one of the pnicogens P, As, or Sb. This series of
compounds has the same body-centered-cubic crystal structure in the space group /m3.
Fig. 5.1 displays a crystallographic unit cell of binary skutterudite M X3, which consists of
eight units of MX3. Eight metal atoms (M) occupy the c-sites, forming a simple cubic
sublattice. 24 pnicogen atoms (X) are situated at the g-sites of the structure. Four X atoms
are located at the corners of a square ring (X4). Six planar X4 rings are arranged with two
each oriented in the xy-plane, the yz-plane, and the zx-plane, where x, y, and z are the
cubic crystallographic axes. The structure can be uniquely specified by the lattice
constant and two positional parameters y and z that denote the g sites.

Both M-X and X-X distances are close to the sum of the covalent radii, indicating strong
covalent bonding among them. M-M distance is much larger, and M has no nearest
neighbor metal atoms, implying weak bonding between M atoms [5.1]. The interstitial
voids are located at the 2a positions (12-coordinated) in the crystal lattice. The
crystallographic unit cell can be represented by [1,MgXs,4, where [ stands for a void in
the structure. Filled skutterudites are formed by inserting guest atoms such as rare-earth,
alkali or alkaline-earth into these voids. As shown in Fig. 5.2, corner-sharing MXg
octahedrals form an irregular dodecahedral (12-fold) cage. The filler atom is enclosed in
this cage. Slack predicted that these guest atoms rattle inside the lattice, scatter low
frequency acoustic phonons, and therefore can effectively reduce the lattice thermal
conductivity [5.2]. The concept was subsequently demonstrated experimentally [5.3-5.4].

This mechanism is explained in section 5.2.
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Fig. 5.2. A unit cell of CoSbs highlighting the corner-sharing CoSbs octahedrons that
form a cage to accommodate a filler ion at the center.

72



5.2 Resonant Phonon Scattering

The loosely bound filler ions rattle inside the large interstitial voids, verified by their
large atomic displacement parameter [5.4]. These rattlers induce local vibrational modes,
which are mostly harmonic (Einstein oscillators). The localized phonon modes interact
with normal phonon modes of the lattice, and thus lower the lattice thermal conductivity.
The relationship between the filled skutterudite structure and the reduction of the lattice
thermal conductivity has been successfully explained by the resonant phonon scattering
mechanism [5.16]. Each filler ion acts as a resonant phonon scattering center with a
particular frequency. Only those normal phonon modes with frequencies close to local
resonant frequencies can interact strongly with the vibration modes of the fillers. Filling
the skutterudite structure with multiple ions of different localized frequencies can scatter
a broad wavelength spectrum of phonons, and thus significantly reduce lattice thermal
conductivity. The difference in phonon resonant frequencies among fillers seems to be
related to their chemical nature. Ba and Yb have larger difference in both spring constants
and resonant frequencies than most of the other double-filler pairs for CoSbs [5.17].
Therefore, filling Ba and Yb into the voids of CoSbs; should be most effective in
scattering lattice phonons. Moreover, the filling fraction limits for Ba and Yb in CoSb;
are well studied experimentally and theoretically, and both elements yield high ZTs as
single-fillers [5.12][5.13][5.18].

5.3 Results and Discussions

In collaboration with Dr. Xun Shi, I studied thermoelectric properties of polycrystalline
Ba,Yb,Co4Sb;, compounds from 300 to 800 K. We found that double filling with Ba and
Yb is more efficient in scattering lattice phonons than single-filled and other double-filled
skutterudites, and hence leading to an enhanced ZT.

The pure constituent elements of Ba,Yb,CosSbi, were weighed based on their
stoichiometric compositions and melted in quartz tubes under vacuum. The skutterudite
structure was formed using solid state reaction followed by a long annealing. The

materials were condensed by spark plasma sintering after that. X-ray powder diffraction
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spectra and EPMA analyses show nearly single phase except traces of a few percent of
ytterbium oxide. Electrical conductivity, thermopower, and thermal conductivity
measurements were carried out over the temperature range from 300K to 800K. High
temperature electrical conductivity and Seebeck coefficient were measured in a home-
built apparatus under protective argon atmosphere using R-type Pt-Pt/Rh thermocouples
with the Pt legs serving also as resistive voltage probes. In the temperature range covered,
fine thermocouple wires can be conveniently attached to the sample with silver paste.
Thermal conductivity was determined from measurements of the thermal diffusivity in
conjunction with the measurements of the specific heat and the sample density. The disks
for the thermal diffusivity measurements were cut at places adjacent to the rectangular
samples used for the resistivity and Seebeck coefficient. The Hall effect was measured
from 5 to 300 K in a cryostat equipped with a 5.5 T superconducting magnet in order to
determine the carrier concentration of the samples. More details regarding experimental
setup of the measurements can be found in Chapter II1.

The room temperature values of electronic and thermal transport properties of
Ba,Yb,Cos4Sb;, samples are listed in Table 5.1. Fig. 5.3-5.5 display electrical conductivity,
thermopower, and power factor of Ba,Yb,Co4Sbi> from 300 to 800K. Fig. 5.6 and Fig.
5.7 show the temperature dependence of the Hall coefficient Ry and the carrier
concentration n obtained from the relation Ry=1/(ne). All the samples show heavily
doped semiconductor behavior except Bagp3CosSbiy. In Fig. 5.3, concentration of Ba
seems to have more influence on electrical conductivity than that of Yb. The highest
electrical conductivity values are obtained at the highest filling fractions of Ba with x
close to 0.1. Increasing concentration of Ba has a small detrimental effect on the
thermopower, as shown in Fig. 5.4. Due to the very low filling fraction of Ba, the
compound of Bag ¢3Co04Sb;; has low carrier concentration of 0.50x10%cm™ (see Fig. 5.7).
It exhibits an early onset of the intrinsic regime of conduction at only 450 K (see Fig. 5.4).
Double-filled samples have higher carrier concentration, causing a shift in the onset of
intrinsic conduction to beyond 750 K. Overall, the power factor is greatly enhanced due
to the double-filling, as shown in Fig. 5.5. The power factors of BagosYbo.00C04Sbi2.13
and Bag 0sYbo 09Co04Sby, 12 reach close to 45 uW/cm-K2 at about 750 K. Therefore, filling

Ba in CoSbs is favorable to the electrical transport.
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Table 5.1. Actual composition (measured by EPMA), thermal conductivity, lattice
thermal conductivity, electrical conductivity, thermopower and electron density of
BabeyC04Sb12 at 300K.

Actual c S S%s K KL n [uoe
composition S/em  puV/K  uW/em-K* W/m-K W/m-K  10%m> cm*/V-s

Bay 03C04Sby2.05 399 -219.6 19.2 5.41 5.11 0.50 58.5
Bag 15Ybg.01C04Sby2 05 1798 -125.2 28.2 4.34 3.02 2.79 38.4
Bag 11 Yb03C04Sby2.07 1787 -114.9 23.6 3.21 1.89 3.65 31.6
Ybg 12C04Sby5 1 765.1 -145.8 16.3 2.72 2.16 2.34 20.1
Bayg 05 Ybo,00C04Sby213 1126 -157.6 28.0 2.82 1.99 291 24.2
Bag 05 Ybo.00C04Sby2 12 2068 -125.9 32.8 2.52 1.00 3.18 35.6
Bag 11 Yb00sC04Sbi2.08 2114 -107.3 243 2.40 0.86 436 31.1
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Fig. 5.8 shows the total thermal conductivity as a function of temperature. The thermal
conductivity is dominated by concentration of Yb. Samples with highest filling fraction
of Yb (y ~ 0.1) possess the lowest thermal conductivity. The lattice thermal conductivity
(kp) is computed by subtracting the electronic term from the total thermal conductivity
(), in Table 5.1. The electronic term is calculated using the Wiedemann-Franz law with
the Lorenz number equal to 2.45x10™® V?/K? for degenerate semiconductors. The lattice
thermal conductivity of the Ba single-filled skutterudite is much higher, above 5 W/m-K
for Bag ¢3C04Sbi205, than that of the Yb single-filled skutterudite, about 2.2 W/m-K for
Ybo.12C04Sby,1;. In single-filled skutterudites, Yb is expected to be more effective than
Ba in scattering low frequency (acoustic) phonons that dominate the heat conduction in
solids due to the smaller ionic size of Yb [5.10, 5.12, 5.19]. The data also suggests that
the combination of the two fillers, Ba and Yb, reduces the lattice thermal conductivity
much more than single-filled ones. In double-filled skutterudites, Ba is observed to be
quite effective in scattering phonons. For the last 3 double-filled samples (see Table 5.1)
with similar Yb concentration (y ~ 0.09), the lattice thermal conductivity decreases
significantly as the Ba concentration increases. For low Yb content samples such as
Bay.15Ybo01C04Sby, s, its lattice thermal conductivity is quite high, above 3 W/m-K at
room temperature (Table 5.1). Low Yb concentration in double-filled skutterudites
appears to result in high lattice thermal conductivity.

Figure 5.9 plots the lattice thermal conductivity ki as a function of the total filling
fraction x+y in Ba,Yb,Co4Sbi, double-filled skutterudites. Although we subtract the
highest possible value of the electronic thermal conductivity as implied by the fully
degenerate value of the Lorenz number, the resulting lattice thermal conductivity is useful
for cross comparison purposes. We observe a monotonic decrease in k; with an
increasing filling fraction (x+y) for all double-filled skutterudite samples except
Bag.15Ybg01Co4Sbi20s. The thermal conductivities of other double-filled skutterudites
reported in Ref. 5.17 are also included in the plot for comparison. Ba,Yb,Co4Sbi,
samples have smaller lattice thermal conductivity than other double-filled skutterudites.
The calculated resonance frequencies for Ba and Yb in CoSbs are 42 cm™ and 93 cm™ in
the [1 1 1] direction, and 43 cm™ and 94 cm™ in the [1 0 0] direction, respectively [5.17].

The resonant frequencies of the two species differ in both directions by more than a factor
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of two. This large difference in resonance frequencies broadens the spectrum of phonons
that undergo scattering, hence reducing lattice thermal conductivity. Our data also
suggest that there is interplay in phonon scattering by Ba and Yb fillers in CoSbs. This is
originated from the coulombic nature of the primary interaction between the fillers in the
skutterudite structure [5.18]. An additional reduction in k. could presumably be achieved
by multiple filling using ions covering a wide range of resonant frequencies and strong

correlations among various filler ions.
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Fig. 5.8. Total thermal conductivity of Ba,Yb,Co4Sbi, skutterudites as a function of
temperature from 300K to 800K.

82



5 L ]
Q 4+ X §
g 3 | O -
E ® x=0.03y=0
O x=0.15,5=0.01
G 2ty x=0.11,§j=0.03 e ¢ -
A x=0.00,y=0.12
1k B x=0.05y=0.09 1
O x=0.08,y=0.09
& x=0.11,5=0.08
0 | | | | |
0.00 005 0.10 0.15 020 025 0.30

x+ty

Fig. 5.9. Lattice thermal conductivity as a function of total filling fraction (x+y) for
Ba,Yb,CosSby, skutterudites. The solid line is a guide for eyes. The thermal

conductivities of Bag23C04Sbi2.10 (%), Bag.o7Lao.04Co4Sbizog (3¢), Bag.12Cen.06C04Sb12.08

(), and Bay,17S1¢.0C04Sb12.07 (¢) from Ref. 5.17 are also shown in the above figure.
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Compared to filling the voids of CoSbs with Ba or Yb only, filling with both Ba and Yb
leads to higher power factors (S’c)and much lower thermal conductivity (k). The
dimensionless thermoelectric figure of merit (ZT) of Ba,Yb,Co4Sb, is calculated from
the relation ZT = S*6T/k from 300 K to 800 K, as shown in Fig. 5.10. In particular,
Bag 0sYbg 09C04Sbis 12 exhibits a ZT of 1.0 at 600 K, and 1.36 at 800 K. The ZT of
Bay 05sYbo.09Co4Sbys 13 reaches the maximum of 1.35 at 800 K. Both compounds have
higher ZT than Ba single-filled and Yb single-filled skutterudites [5.12-5.13]. Filling
multiple ions with different resonant frequency in cage-like structures such as
skutterudites, is demonstrated to be effective in reducing the lattice thermal conductivity

n BabeyC04Sb12.
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Fig. 5.10. The dimensionless figure-of-merit ZT of Ba,Yb,Co4Sb;, skutterudites as a
function of temperature from 300K to 800K.

84



5.4 Conclusions and Future Work

The high temperature thermoelectric properties are studied for a series of Ba,Yb,Co4Sbi
double filled skutterudites. These materials exhibit very good electronic transport
properties and very low lattice thermal conductivity. The dimensionless figure of merit
ZT increases to 1.36 by double-filling the voids of the CoSb; lattice with Ba and Yb.
Lattice thermal conductivity appears to decrease with the total filling fraction x+y for
Ba,Yb,Cos4Sb,. To further reduce lattice thermal conductivity, higher filling fractions for
both Ba and Yb are desired. There is still space for improvements within the filling
fraction limit.

Besides Yb, other rare earth atoms also have large difference in phonon resonant

frequency with respect to Ba. The calculated resonance frequencies for Ce and Eu in

CoSbs are 54 cm™ and 58 cm™ in the [1 1 1] direction, and 55 cm™ and 59 cm™ in the [1

0 0] direction, respectively [5.17]. As noted previously, the calculated resonance

frequencies for Ba are 93 cm™ in the [1 1 1] direction and 94 cm™ in the [1 0 0] direction.
Both Ce and Eu differ in two directions by a factor of 1.7 with Ba. They can be tried as

alternatives to Yb in double-filled CoSbs. Based on the same principle as double-filling,

a third filler atom could be introduced into the voids of CoSbs lattice in order to expand

the resonant phonon scattering spectrum further. Therefore, tri-filled skutterudites may

achieve lower lattice thermal conductivity than their double-filled counterparts. The third

filler also contributes extra valence electrons, which may improve power factor.

Complications such as filling fraction limits and secondary phases are, however, likely to

arise from adding multiple fillers in CoSbs.
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Chapter VI

Rare Earth-Ruthenium-Germanium Compounds

In chapter V, I discussed that skutterudites are excellent thermoelectric materials which
have optimized performance at intermediate temperatures from 600 K to 900 K. By
filling their cage-like structure with different foreign atoms, we have demonstrated that
ZT can be increased up to about 1.4. Other bulk materials such as clathrate compounds
have been shown to possess similar structures [6.1-6.7]. A family of ternary germanides,
R3T4Ge3 (R = Rare Earth, 7= Transition Metal) were first studied for its superconducting
properties [6.8]. Since R374Ge 3 adopts structures similar to filled skutterudites, we were
interested in exploring the potential of these compounds as prospective thermoelectrics.
Some of the compounds in the R-Ru-Ge system exhibit magnetism attributed to the
unpaired f-shell electrons of rare earth atoms. Thus, I also studied the magnetic properties
of these compounds. In this chapter, the systems of R;RusGe;s; (where R =Y, Ho, Dy, Lu)
and Y3(Ru;—,Co,)sGejz (where x =0, 0.1, and 0.2) are discussed.

6.1 Crystal Structure

The rare earth-ruthenium-germanium (R3;RusGe;s3) compounds crystallize in the space
group Pm3n with the R374Sn;3 (R = rare earth, 7 = transition metal) structure-type [6.9].
The Gel, R, Ru, and Ge2 atoms occupy the 2a, 6d, 8e, and 24k sites, respectively [6.10-
6.11]. The R3RusGe;; structure consists of three substructures: edge-sharing Gel(Ge2);,
icosahedra, R-centered cuboctahedra R(Ge2);», and corner-sharing Ru(Ge2)¢ trigonal
prisms. The corner-sharing Ru(Ge2)¢ trigonal prisms create “cages” containing a Gel
atom. A structure like this is analogous to the TPng (T = transition metal; Pn = pnicogen
atom) octahedral arrangement found in filled skutterudite compounds such as LaFe4P;,

[6.9]. This interesting feature is favorable to low thermal conductivity as demonstrated in
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filled skutterudites [6.12]. Therefore, it was of interest to find out whether the rare earth-
ruthenium-germanium compounds might possess good thermoelectric properties as well.

As discussed in Ref. 6.13, a substitution of a germanium atom for one of the rare earth
atoms in R3;RuyGe;; is possible and, in fact, this compound represents the end
composition of the continuous solid solution between R3;RusGe;; and RRuGe;, i.e.,
R4 RusGeny (0 < x < 1). Furthermore, these compounds seem to display some kind of
internal disorder. Large values of anisotropic x-ray displacement (thermal) parameters
were observed for both Gel (2a) and Ge2 (24k) sites, indicating a partial disordering of
the Gel(Ge2);, icosahedra holes [6.8]. Both the internal “disorder” and cage-like

structure are favorable to low lattice thermal conductivity in these compounds.

6.2 Experimental Methods

Two sets of samples were synthesized by arc melting. The first set consisted of samples
of composition R3RusGe;; with R =Y, Dy, Ho, and Lu; the second set of samples were of
composition Y3(Ru;-Co,)sGej3 with x = 0, 0.1, and 0.2. For each of these samples,
stoichiometric quantities of the elements were placed on a water cooled hearth and
remelted at least six times under flowing argon to ensure the sample’s homogeneity.
Following the procedures reported in Ref. 6.11, the resulting buttons were sealed in
quartz tubes under vacuum and annealed for a period of two weeks at 900 °C before
quenching in cold water. The heat treatment effectively removes the impurity phases.

For susceptibility measurements, a small piece of each sample (~50 mg) was placed in
polyethylene capsule inside a straw and positioned inside a Quantum Design
magnetometer. Susceptibility was measured as a function of temperature using an applied
field of 0.1 Tesla except for the Dy and Ho-based samples for which the applied field was
0.01 Tesla; the straw and empty capsule were measured separately in order to apply a
background correction to the data. Smaller magnetic fields were selected for Dy and Ho-
based samples because the signals for these two were much stronger than other samples.
Thermal and electrical transport properties were measured over the temperature range of
2 K — 800 K using two separate systems. Below room temperature we used a steady state

method to measure thermal conductivity and thermopower; electrical resistivity and Hall
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coefficient were measured using a low frequency AC bridge on samples placed in a liquid
helium cryostat equipped with a superconducting magnet. High temperature values of
electrical resistivity and Seebeck coefficient were obtained using an in-house apparatus.
The sample is located in the center of a cylindrical oven that is enclosed under a glass
bell jar evacuated and backfilled with argon gas. The bar-shaped sample is sandwiched
between tungsten pillars with the aid of silver paint that serve as current contacts. The top
tungsten pillar holds a small wire-wound heater with which one can establish a
temperature gradient along the sample length. The temperatuare gradient is measured
with fine R-type (Pt—Pt/Rh) thermocouples (Omega) and the Pt legs are used to pick up
the longitudinal voltages (Seebeck voltage and resistive voltage, respectively). The
measured temperatures are referenced to an Omega Ice Point Calibration Cell. The data
collection process is automated by a LabVIEW program. To check the consistency,
samples are measured for both heating and cooling cycles.

Since the samples prepared by arc melting were made with rather small quantities of the
material, the button-shaped samples were too small to cut out disks of suitable size to
measure thermal diffusivity which, in conjunction with the sample density and specific
heat, would allow us to determine high temperature thermal conductivity. These
properties were later studied for other batches in this series which were fabricated in the
same fashion. More details regarding the experimental methods can be found in Chapter

II.

6.3 Results and Discussions of R;RusGe s (R =Y, Dy, Ho, and Lu) Samples

6.3.1 Structural Characterization

Powder X-ray diffraction data is collected using a SCINTAG X-ray diffractometer with
Cu K, radiation, wavelength A = 1.540562 A. The spectrum of R;RusGe;s samples
revealed that all specimens after annealing were nearly single phase. The measured lattice
constants are in good agreement with previously published values [6.8, 6.13]. For

Y;RusGe,s, the measured lattice constant ¢ = 8.967 + 0.001 A, very close to the
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published value 8.962 A. EPMA analyses on the samples identified the secondary phases

as Ru,Ges and pure Ge.

Table 6.1. The nominal composition and the measured lattice constants for R3RusGe;3 (R
=Y, Ho, Dy, and Lu) compounds.

Nominal Composition Lattice constant a (A)
Y;RusGess 8.967
HosRusGe3 8.941
DysRusGey; 8.939
LusRusGers 8.914
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Fig. 6.1. The X-ray powder diffraction pattern of different samples R;RusGe;3 (R =Y, Ho,
Dy, and Lu). For comparison, the calculated pattern (blue) based on the crystal structure
is plotted at the bottom. The results show that the sample is nearly single phase.
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Fig. 6.2. The electron microprobe image of the sample Y;RusGej;. The grey areas
(mapped by point 1, 2, 3) represent the primary phase of Y3RusGe;s; the milky white
areas (mapped by point 4, 5, 6) represent Ru,Ges; the dark areas (mapped by point 7, 8, 9)

represent pure Ge.
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6.3.2 Magnetic Susceptibility

Figures 6.3, 6.4 and 6.5 show the magnetic susceptibility per gram of sample and its

inverse per mole of R ion as a function of temperature for our samples. The Dy- and Ho-

based compounds are paramagnetic obeying the Curie-Weiss law

o 3k
N Hy

X (T-0.,) (6.3.1)

where y is the magnetic susceptibility; NV is the number of magnetic ions (N =
Avogadro’s constant per mole of R ion); u is the effective magnetic moment per
magnetic ion; and &, is the Curie-Weiss temperature. From the linear fits of the inverse
of the magnetic susceptibility using Currie-Weiss law, the calculated .y for the Dy- and
Ho-based samples are 10.5 and 11.6 Bohr magnetons (up) per R ion, respectively, which
are close to the theoretical value of 10.6 up for the free trivalent ion R**. These observed
values, in good agreement with Ref. 6.8, suggest that Dy and Ho ions are most likely in a
trivalent state. As shown in Fig. 6.5, the Y-based sample is diamagnetic throughout the
temperature range, and the Lu-based sample is diamagnetic through most of the
temperature range, with a weak Curie “tail” which is almost 3 orders of magnitude lower
than Dy- and Ho-based samples. We think it is due to the presence of another rare earth at
an impurity level. We conclude that for the Dy- and Ho-based samples, the R ion is in the

trivalent state.
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Fig. 6.3. Magnetic susceptibility at 0.01 T applied field of HosRusGe3 and Dy;RusGe;s
as a function of temperature from 2 K to 300 K.
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Dy3RusGe;; as a function of temperature from 2 K to 300 K.

95



1 O I I I I |

Y,Ru,Ge; §
Lu}Ru4Ge1 3

O

Y (10'6emu/g)
e @)}
O @ISO O o0

[\

(\5"".

/7=
0

—oAQ000Q0) 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8 8

_2 ] ] ]
0 50 100 150 200 250 300

Temperature (K)

Fig. 6.5. Magnetic susceptibility at 0.1 T applied field of Y3;RusGe;3 and LusRusGe; as a
function of temperature from 2 K to 300 K.
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6.3.3 Thermoelectric Properties

Figure 6.6 displays the electrical resistivity of our samples from 2 to 300 K. In agreement
with Ref. 6.11, we observe a rise in resistivity with decreasing temperature on all samples,
which indicates a semiconducting behavior. The magnitude of the resistivity is much
larger than a typical metal and is similar to that of a heavily doped semiconductor or
semimetal. The Hall coefficient measured at 1 T for these samples is on the order of
+0.005 cm’ C' except Lu sample has much higher value (in Fig. 6.10). This is
reasonable because the extra valence electrons Lu donates offset the hole concentration.

For a single carrier system, carrier concentration n can be obtained from the
. 1 S . : -
relation R,, =—, which gives a hole concentration of approximately 10*' cm™. However,
ne

these materials are possibly semimetals and the small Hall coefficient may arise from a
partial cancellation of electron and hole contributions. Further work in this area is
required. In Fig. 6.7, we also observe a positive and modestly large Seebeck coefficient

for all compounds that tends to saturate near 300 K at values between +35 and +40 pV/K.
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Fig. 6.6. Electrical resistivity of four different R3RusGe;; compounds as a function of
temperature from 2 K to 300 K.
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Fig. 6.7. Seebeck coefficient of four different R3RusGe;; compounds as a function of
temperature from 2 K to 300 K.
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Fig. 6.8. Total thermal conductivity of four different R3RusGe 3 compounds as a function
of temperature from 2 K to 300 K.
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Fig. 6.9. Lattice thermal conductivity of four different R3;RusGe;; compounds as a
function of temperature from 2 K to 300 K.
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Fig. 6.10. Hall coefficient of different samples R;RusGe;; (R =Y, Ho, Dy, and Lu) as a
function of temperature from 2 K to 300 K.
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The thermal conductivity of our samples is displayed in Fig. 6.8 as a function of
temperature from 2 K to 300 K. The upward rise at high temperatures is due to an
electronic component. We have estimated the electronic component from the electrical
conductivity using the Wiedemann-Franz law with Lorenz number equal to 2.45x10™®
V?/K? and subtracted it from the total to determine the lattice thermal conductivity (kp) of
our samples (Fig. 6.9). ki is in the range of 2.11-2.94 W/m-K at room temperature. We
see that k is remarkably similar to that of many filled skutterudite compounds.
Compared to the quintessential thermoelectric materials, the magnitude at room
temperature is on the order of that of PbTe (2.1 W/m-K) and about twice that of Bi,Tes
(1.5 W/m-K) [6.14-6.15]. Additionally, there is no evidence of a dielectric peak in the
lattice thermal conductivity; instead, it displays very flat temperature dependence above
100 K. This very low, nearly temperature independent thermal conductivity may arise
from the built-in internal disorder of the R;RusGe;s structure and is a very desirable
feature for thermoelectric applications.

Figures 6.11 and 6.12 display the electrical resistivity and Seebeck coefficient,
respectively, as a function of temperature between 300 and 800 K. The offset between the
low and high temperature data sets at the overlap temperature (300 K) is about 10% and
is within the combined experimental error of the two measurement techniques. The
Seebeck coefficient of all samples appears to pass through a maximum near room
temperature, suggesting that the minority carrier (electron) transport begins to become
important at higher temperatures. This falloff in Seebeck coefficient, however, is not
strong and all samples retain p-type character to the highest temperatures measured (~800
K). By comparing the samples having f-shell valence electrons (Dy, Ho, and Lu) with the
one where the f-shell is absent (Y), the trends of temperature dependence are similar. It
appears that the transport in these compounds is relatively independent of the presence or

absence of levels or bands originating from the f-shell containing ions.
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Fig. 6.11. Electrical resistivity of four R;RusGe;s (R =Y, Ho, Dy, and Lu) compounds as
a function of temperature from 300 K to 800 K.
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Fig. 6.12. Seebeck coefficient of four R;RusGe3 (R =Y, Ho, Dy, and Lu) compounds as a
function of temperature from 300 K to 800 K.
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6.4 Results and Discussions of Y3(Ru;-Coy)sGes (x =0, 0.1, and 0.2) Samples

In an attempt to influence the electronic and thermal properties of these compounds, we
have partially substituted Co for Ru in Y;3;RusGe;s. The compound Y;CosGejs is
isostructural with R3RusGe;; [6.16]. Our resistivity results for Y3(Ru;-,Co,)sGe;; with x =
0, 0.1, and 0.2 are shown in Fig. 6.13. The electrical resistivity values increase with
increasing Co fraction x and the low temperature rise becomes steeper. Hall coefficient
measurements suggest a decrease in the hole concentration of Co-containing samples as
compared to Y3;RusGes, as shown in Fig. 6.15 and Fig. 6.16. This could be caused by the
additional valence electrons Co brings into the system. As shown in Fig. 6.14, the
Seebeck coefficient also increases quite sharply at low temperature. The slope at low
temperatures increases by a factor of 3.4 in going from x = 0 to x = 0.2. However, all
samples show a maximum in Seebeck coefficient followed by a decrease at higher
temperatures.

If rattling or internal structural disorder is affecting the lattice thermal conductivity, such
a process would dominate over any additional scattering due to the mass mismatch
between Co and Ru. This is probably the reason why the lattice thermal conductivities
(Fig. 6.18) do not differ greatly from the values found in R;RusGe;s (R =Y, Dy, Ho, and

Lu) samples.
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Fig. 6.13. Electrical resistivity of Y3(Ru;—Co,)4Ge;3 for x =0, 0.1, 0.2 as a function of
temperature from 2 K to 300 K.
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Fig. 6.14. Seebeck coefficient of Y3(Ru;-,Co,)sGe; for x = 0, 0.1, 0.2 as a function of
temperature from 2 K to 300 K.
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Fig. 6.15. Hall coefficient of Y3(Ru;-,Co,)sGe;3 for x =0, 0.1, 0.2 as a function of
temperature from 2 K to 300 K.
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Fig. 6.17. Total thermal conductivity of Y3;(Ru;—Co,)sGejs for x = 0, 0.1, 0.2 as a
function of temperature from 2 K to 300 K.

111



0 50 100 150 200 250 300
Temperature (K)

Fig. 6.18. Lattice thermal conductivity of Y;(Ru;-,Coy)4Ge;s for x = 0, 0.1, 0.2 as a
function of temperature from 2 K to 300 K.
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6.5 Conclusions

Similar to filled skutterudites, the compounds of R3;RusGe;; have favorable structure for
low thermal conductivity. Lattice thermal conductivity ki is in the range of 2.11-2.94
W/m-K at room temperature, comparable to quintessential thermoelectric materials such
as PbTe and Bi,Te;. Filled skutterudites have optimized ZT at temperatures from 600 K
to 900 K. The next step is to determine ZT of R3RusGe;3 up to this temperature range. Co
substitution for Ru produces more pronounced semiconducting behavior at low
temperatures but does not improve the thermoelectric properties near room temperature.
The reduction in lattice thermal conductivity due to rattling and internal structural
disorder dominates over the mass mismatch between Co and Ru. Other transition metals

can be considered as substitutes for Ru in order to improve ZT.
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