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ABSTRACT

The criteria for developing efficient thermoelectric materials have been well-
established: a high electrical conductivity, high Seebeck coefficient, and a low thermal
conductivity are all required. These three material properties are encompassed in a
dimensionless material figure of merit, zZT. Commercial thermoelectrics which use
materials with zTs ~ 1 are usually either expensive or non-sustainable. The formulation of
an oxide thermoelectric would facilitate achieving sustainability and cost-effectiveness.
Currently, there are only a handful of high performance thermoelectric oxides, especially
of the n-type variety. The n-type oxide, strontium barium niobate (SBN), had previously
been reported to have a figure of merit of 0.5 to 1.0 at 550 K. The higher thermopower is
correlated with the precipitation of an NbO2-x secondary phase within the parent material
after reaching a particular degree of oxygen-deficiency. The process was found to be
reversible, leading to the hypothesis that A-site occupancy within the structure is directly
linked to the thermoelectric properties.

In this work, A-site filled strontium barium niobate (SrxBas-xNb10O30-5) ceramics
prepared by conventional solid-state sintering were explored. The barium end member,
BasNb10030-5, Served as a model system of study with respect to synthesis and electrical
properties. Ceramic samples were prepared by solid-state sintering of powders for the filled
SBN compositions. Sr-Ba ratios of 0-100, 10-90, 20-40, 40-60, 60-40, 80-20, and 100-0
were fabricated under 1300-1350°C at ~10716 atm pO.. Densities of ~95% were reached.
Phase purity was assessed by X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and energy dispersive spectroscopy
(EDS). Electrical conductivities, Seebeck coefficients and Hall measurements were also
used to provide insight into potential thermoelectric properties.

XRD phase purity, and hence solid-solution, was achieved up to the 80-20
composition. Backscatter imaging from SEM and TEM micrographs showed no secondary
phases on the microscopic level. Quantitative EDS showed that the 60-40 SBN sample had
an A-site cation content of 6.21 +/- 0.33 and 5.07 +/- 0.25 for the filled and unfilled



v
compositions, respectively. These numbers were within error of the ideal values of 6.00
and 5.00, proving the difference in site occupancy of the filled and unfilld bronze,
respectively.

The electrical conductivities of phase pure, non-oxidized filled SBN reached values
of at least 120 S/cm. Kinetics were demonstrated to affect the final conductivities such that
30 hour anneals at 1300°C were required for 2.75 mm thick samples. For thin samples
(1.38 mm) a 5 hour sinter was enough to achieve high conductivities. The largest
conductivities and room temperature conductivities were demonstrated by the 40-60
samples; the values were 700 S/cm at 600 K and 400 S/cm, respectively. The high
conductivity was consistent with A-site  filling. However, measuring electrical
conductivities on samples annealed at 10-1*atm pO2at 1300°C showed one to two orders
of magnitude decrease in the conductivity, despite being phase pure. The carrier
concentrations in the filled and unfilled 60-40 composition were on the order of 109
carriers/cm® to 102! carriers/cm?, respectively, implying a different defect compensation
between the filled and unfilled bronzes. These two results suggest that the A-site filling
plays a part in the high thermoelectric performance, but may not be solely responsible.

Seebeck coefficients were taken to compare the power factors of the filled SBN to

those of the unfilled SBNs. The largest power factor was demonstrated in the 60-40

uw
K2

composition with a value of 2.7 for samples processed under 2.5% H (10-16 atm

e
pO2). Hall measurements were conducted to assess the carrier concentration of the filled
and unfilled SBNs. It was found that the carrier concentration was on the order of 102
carriers/cm® for these heavily reduced samples, which was consistent with the A-site model
hypothesis. This suggests that for the filled SBNs heat-treated at 1016 atm pO2 are over-
reduced and optimization of the power factor would require a higher partial pressure of

oxygen during processing.
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Chapter 1

Introduction

1.1 Thermoelectricity

Thermoelectricity was discovered in 1821 when Thomas Seebeck demonstrated the
existence of a thermoelectric potential at a junction between dissimilar metals in the
presence of a thermal gradient!: 2. This Seebeck effect has two well-known applications:
temperature sensing and waste-heat power generation. This is found in thermocouples and
thermoelectric generators, respectively. The thermoelectric voltage is dependent on the
magnitude of the temperature gradient as well as the properties of the material. This can be
expressed as a linear field-response expression in the form of a second rank tensor:

E =g ar. (Eq 1.1)
mn mdx,
where E,is the induced electric field from the thermoelectric potential, «,,, is the Seebeck

coefficient (also known as thermopower) which describes the change in potential for a
given temperature difference, and ;TT is the temperature gradient’. The thermopower is

therefore, not a “power”, but rather, the ratio of the potential difference imparted by the
temperature difference  when two dissimilar materials are joined. The thermopower
possesses the units of V/K and can be expressed as*:

av (Eq 1.2)

azﬁ

where Z—; is the differential potential developed in response to the temperature difference.

The Seebeck effect is only one of three effects associated with thermoelectricity.
Two other interrelated effects, the Peltier effect, and the Thomson-Kelvin effect, complete
the description of thermoelectricity. The Peltier effect, discovered in 1834, can be thought

of as the “nverse” of the Seebeck effect, such that the application of an applied field will



transport heat from one junction to the other. Thus, the material acts as a solid-state heat
pump. The effect is attributed to the difference in the Fermi Energies between two materials
in Ohmic contact?. Whether heat is released or absorbed at the junction is dependent on
whether the charge carrier moves into a state of higher energy or lower energy at the
contacts. In the instance where an electron from one material that previously occupied a
higher energy moves into the other material with a lower energy state, heat will be released
at that junction. As a result, this junction will rise in temperature, as shown in Figure 1-1.
An increase (or decrease) of energy of an electron occurs when an electron absorbs (or
releases) heat from the environment*.

Current (from EMF source)

r 3

Energy

¢m < (:bsemiconductm' \

t tat . |
L\ acceptors a? conduction band
i / \ e heat released
) |
{

N

1
| | |
| | |
Metal (Ty) ! ! ! ! Metal (Ty)
1 1 1 .
e heatreleased e heatabsorbed e heat absorbed e heat released

Figure 1-1. The movement of charge carriers at contact points that illustrate the Peltier effect. The
bending of the bands has been simplified. The case shown pertains to one in which the work function of the

metal is less than the work function of the semiconductors. (Diagram adapted from Tamer and Sparks)>: .

Like the Seebeck effect, the Peltier effect can also be expressed as a second rank
tensor:
Am = T[mn]n (Eq 1.3)

where q,,is the heat flow, =, the Peltier coefficient, and J, is the current density®.



Since a temperature gradient can induce a thermoelectric current, and a current that flows
can establish a temperature gradient, it is not illogical to predict a relationship between the
Seebeck and Peltier effects. The Thomson-Kelvin effect, discovered in 1854 by William
Thomson (Lord Kelvin), represents the reversible thermoelectric heat that is either
absorbed or released (depending on the direction of the current) along a conductor in the
presence of a temperature gradient!: 7-8, Under this scenario, the net heat per unit volume

per second that evolves, Q, can be represented as:

in_ ]d_T (Eq 1.4)
o *dX

where the first term is the irreversible Joule heating due to a finite resistance (J, is the
current density in the x-direction and o is the electrical conductivity), and the second term
is the reversible thermoelectric heat, with ¢ being the Thomson heat or coefficient’. More
specifically, it is the rate of heating per unit length under atemperature gradient and current

8 Irreversible thermodynamics can then be used to derive the two Kelvin equations:

da (Eq 1.5)
=T—
= ar

n=Ta (Eq 1.6)

Eq 1.5 gives the definition of the Thomson heat. Its significance comes from the
fact that upon integration with respect to temperature, it is one method to determine the
absolute thermopower of a single material (which would otherwise be challenging since
the Seebeck effect involves two dissimilar materials). Eq 1.6 relates the Peltier coeffic ie nt
to the thermopower, which demonstrates that the figure of merit (discussed in Chapter 2)

is the same for both refrigeration and power generationt.

1.2 Motivation and Objectives of the Thesis

Thermoelectric materials may play a pivotal role in improving energy
sustainability. Thermoelectric devices would not necessarily replace current methods of

energy generation, but instead, harness the waste-heat that evolves from these processes.



Such processes include the burning of any fossil fuel in automobiles or power plants.
Thermoelectric generators are especially attractive in that they are silent and house no
moving components®. Other advantages include reliability (exceeding 100,000 hours of
steady-state operation) and the scalability of size to meet the required application'®.

The factor that prevents thermoelectrics from being widely implemented is the low
efficiency-to-cost ratio®. Many commercial thermoelectrics contain elements that are
costly. For example, tellurium, a component in some of the most widely used
thermoelectrics is rather costly as a result of its rarity, which rivals that of Pt!l. Another
example would be germanium in SiGe alloys, the cost per kg of Ge being two orders of
magnitude larger than Sit2. The SiGe alloy, among the most efficient thermoelectric
materials at high temperatures, has an efficiency that is only around 8%?13. Currently,
thermoelectrics are used in niche cases, especially where cost concerns are outweighed by
other factors, such as in military or space applications?©.

One solution in reducing the cost factor is to develop less expensive alternatives.
Since oxygen is the most abundant anion in the earth’s crust, occupying about 46% by
weight, oxide materials would decrease the cost significantly*. Oxides also offer improved
oxidation resistance at high temperatures and low-cost synthesis processest®. The bulk
processing used in the synthesis of many thermoelectric oxides is low-cost relative to nano-
structuring or thin film processing as shown by LeBlanc et al.°.

However, only a handful of useful oxide thermoelectrics have been reported, with
the layered cobaltites still leading by almost a factor of 2 in terms of the thermoelectric
figure of merit®. Oxygen-deficient strontium barium niobate (or SBN, Srs-xBaxNb10Os0), a
complex oxide that crystallizes in the tungsten bronze structure, had been reported by Lee
et al. to possess afigure of merit between 0.5 to 1.12 at 550 K. The upper bound rivals that
of the layered cobaltites!”. The reason for the high figure of merit was attributed to the
anomalous increase in the electrical conductivity when processed under sufficiently-
reducing atmospheres!®. This increase coincided with the precipitation of a NbO2x
secondary phasel®. NbO2.x is not thought to be directly responsible for the increase in
electrical conductivity. It is instead suggested that there is a possibility that the remaining

A-site within the structure is being occupied with the material to produce a “filled-bronze.”



The A-site occupancy model is consistent with the work by Hessen et al.1?. In that
work, a reduced, rhombohedral Ba2NbisOs32 crystal was fabricated from borate fluxes. A
barium niobate compound with tetragonal tungsten bronze structure (BasNb10O3o) was
created as a side product during the process!®. This side-product (BNO) can be regarded as
the barium end member in tetragonal tungsten bronze SBN. In the unfilled case, neither the
barium end member nor the strontium end member are known to crystallize as a tetragonal
tungsten bronze20,

The BNO side-product was isolated and its electrical conductivity was measured.
The results are shown in Figure 1-2. It can be seen that this material possesses a high degree
of anisotropic conductivity (about a factor of 55), while the anisotropy of SBN is only by
a factor of 1018, Furthermore, the magnitudes of the conductivity are larger in the barium
end member single crystal by almost a factor of 64 compared to SBN8, The trend with
temperature also shows that despite very high conductivities, the material still shows a
negative coefficient of resistivity, with the high conductivity persistihng at room

temperature and below.
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Figure 1-2. Single crystal of BNO grown from borate flux showing high, anisotropic conductivity.

Replotted from Sunshine et al.19.



The objectives of this thesis are as follows:

e Determine if A-site filling can be achieved using conventional ceramic,
solid-state processing methods.

e Determine if the A-site filling occurs across the whole solid-solution range
of SBN.

o Determine if the A-site filling is responsible for the anomalous increase in
the electrical conductivity.

e Assess the thermoelectric performance of the filled SBNs compared to that

of the unfilled counterpart.

1.3 Organization of the Thesis

The thesis is organized into 5 chapters, beginning with the introductory chapter.
Chapter 2 provides a literature review that covers multiple aspects of thermoelectricity,
beginning with a discussion on the thermoelectric figure of merit and ways in which to
optimize it. Chapter 2 then reviews some prominent non-oxide and oxide thermoelectrics,
to put SBN into context. Chapter 2 also provides a review on two important material
properties of the figure of merit: the electrical conductivity and the thermopower. Lastly,
Chapter 2 provides a review on the tungsten bronze structure as it pertains to SBN and then
reviews SBN as a thermoelectric.

Chapter 3 covers the experimental procedures and methods utilized in this work,
starting with powder processing and then sintering of the green bodies. Sample preparation
(including density measurements) is then discussed. This chapter also details the methods
used for characterization in this work.

Chapter 4 discusses the results of this work as it relates to the objectives of this

thesis. Chapter 5 summarizes the findings of this work and gives directions for future work.
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Chapter 2

Literature Review

2.1 The Figures of Merit, zZT and ZT

2.1.1 Two Thermoelectric Figures of Merit and Their Relation to Efficiency

A thermoelectric material’s efficiency in converting waste-heat to electricity can
be assessed by the dimensionless material figure of merit, ZT. This figure of merit is given
as.

oa?oT (Eq2.1)
K

zT =

where « is the thermopower, o is the electrical conductivity, Tis the absolute temperature,
and x is the thermal conductivity!. This material figure of merit, which is applicable for a
single material, must be distinguished from the device figure of merit, ZT. The device
figure of merit can be related directly to the calculation of efficiency!-3.

The operation of a thermoelectric power generator is analogous to that of a solid -
state heat engine. Like all heat engines, the efficiency is bound by the ideal Carnot
efficiency® 4. In such an engine, the processes are completely reversible, with no net
increase in the entropy. The efficiency of this ideal engine depends on the amount of heat
input and the useful work output, and thus only on the temperature difference as shown in
Eq 2.2:

P Ty —T¢ (Eq 2.2)
Ncarnot = 7 = T
Q H

where M c.mot FEpresents the Carnot efficiency, Qis the input heat flow rate, P is the output
power, Ty is the temperature of the hot reservoir, and T is the temperature of the cold
reservoir.

Figure 2-1 shows the electrical circuit formed by the thermoelectric generator and

the load or device being powered.
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heat source (Ty)

metal contact

electrons holes

metal contact

load or device
Ry

Figure 2-1. Thermoelectric generator (solid-state heat engine) electric circuit illustrating the

transport processes involved. These processes can be used to derive the efficiency and its relation to ZT?.

Using asimplified model where contact resistances are neglected and heat from the
source is assumed to only flow through the legs (no leakage into the surroundings),
Goldsmid derived a relationship between the efficiency, 1, and ZT. ZT is the same for both
refrigeration and power generation®. A brief overview is described below:

The thermoelectric current due to the Seebeck effect is given by:

_ aAT _ (ap —a,)(Ty—T,) (Eq 2.3)
R R,+ R, +R,

I

where [ is thermoelectric current, R is the resistance of the series circuit shown in Figure
2-1, and the subscripts p and n refer to the p-type and n-type leg of the thermoelectric
generator, and L is the load or device being powered, respectively®. The power provided to
the device can then be expressed as:
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2

P=1I?R, = ((ap —a,)(Ty — Tc)) R, (Eq 2.4)
R, +R, +R,

which can be substituted in Eq 2.2°.

The heat flow rate from the heat source can then be expressed as:

0 = (a, — a )T, + (K, + K,) (T, = Te) — %,z(Rp FR) (Eq 2.5)

where the first term represents the heat being drawn from the source to balance the Peltier
cooling, (using the Thomson relation in Chapter 1) the second term is the thermal
conduction from the legs, where K is the thermal conductance, and the third term is the
Joule heating, split between the two legs®. Substituting the current defined in Eq 2.3 into
Eq 2.4and Eq 2.5, and considering the efficiency defined in Eq 2.2, one eventually arrives
at the conclusion that the ratio between the load resistance, Ry, to the resistance of the legs,
(Rn+Rp), now defined as the variable M, is related to achieving maximum conversion
efficiency:

Ry,

M = (Eq 2.6)
R, +R,

1
=(1+ZT,)2

where Tm is the mean temperature, or half the sum of Tc and Tw® 6. Increasing M will
increase the efliciency, 1. Supposing that Z is taken to be the thermocouple analog of z (i.e.
such that minimizing the thermal conductivity and electrical resistivity is desirable), then
a high efficiency implies that the total thermal conductance and the electrical resistance
should also be minimized. Optimizing Z with consideration to the geometry of each leg, it
can be shown that K and R are minimized if:

<Anlp> _ox, (Ea 2.7)
Ayl o, K,

where A is the area, and | is the length of the legs®,®. Abiding by the conditions set by Eq
2.7, Z is then®:

(ap - an)z _ (ap - O(n)z (Eq 2.8)

Z= =M? -1

1

(st i) (G2

n
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In terms of device functionality, Eq 2.4 shows that the maximum power output is

achieved if the load resistance, R, is equal to the sum of the resistances of the legs, Rn and

Rp. Figure 2-2 shows a plot of Eq 2.4; independent of the Seebeck coefficients and

temperature terms and if R, = R, = 10 £. However, this then means that the maximum

power point is not necessarily the maximum efficiency point, since Eq 2.6 asserts R. should

be large compared to the module’s resistance. Lee has shown that this optimization

discrepancy for high power and high efficiency is less than 3% for ZTs of around 1.0, but
increases to 10% for ZTs larger than 3.08.

Power Proportionality
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Power Output Optimization vs Load Resistance
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Figure 2-2. Proportionality of power output vs load resistance for a circuit where Ry and Rp both

have a resistance of 10 ohms.

Finally, the expression for efficiency dependence on ZT is:

(Eq 2.9)
1+2ZT, —1

T
,/1+ZTm+T§

By taking ZTm to very large values, Eq 2.9 simplifies to the Carnot efficiency.

Figure 2-3 shows the efficiency plotted against ZT for three temperatures of the heat source
if the heat sink is kept at a constant 300 K.



13

Efficiency dependence on ZT vs Temperature Difference
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Figure 2-3. The efficiency of a thermoelectric device as a function of the ZT for a heat source at

600, 500, or 400 K, given that the heat sink is kept at 300 K. The Carnot efficiency is also shown.

It is of course, impractical to always pair a particular thermoelectric material with
another of the opposite carrier type in order to assess the generator’s efficiency. This is the
rationale behind establishing the (single) material figure of merit zT. The relationship
between z and Z is complex2. However, if the properties of the p and n-type materials are
similar, and have similar temperature dependences, then an approximation for the
relationship between Z and z is®:

7 ~ 21 + 2z, (Eq 2.10)
2

If the n and p-type legs were exactly the same in terms of thermoelectric properties and

temperature dependence, then the device Z is equivalent to the material z2.
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2.1.2 The Upper Bound of the Figure of Merit

There is still debate on the bounds of ZT, and consequently, the theoretical

efficiency of a thermoelectric device. For example, Donahoe assumed that in the case

where alow thermal conductivity of 0.01 %could be achieved, a ZT of 5.1 at 300 K was

possible’. On the other hand, Littman and Davidson state that the Seebeck coefficient
increases with increasing band gap, E;,. Based on irreversible thermodynamics and the
lack of a theoretical limit for the bandgap in semiconductors and insulators, they proposed
that ZT had an upper-bound of infinity?.

Goldsmid has agreed that theoretically, by the same bandgap argument, zT has no
upper bound®. However, he states that band theory alone is not enough to justify this. In
principle, one could achieve high zTs by maximizing the Seebeck coefficient if the material
is assumed to obey the Wiedemann-Franz law relating the thermal conductivity to the
electrical conductivity; it implies that a low carrier concentration would also provide low
thermal conductivities. However, this law is only valid for metals. Therefore, enlarging the
band gap alone will not necessarily enable zTs that approach infinity?.

At the same time, materials that possess large Seebeck coefficients due to large
band gaps have low electrical conductivities®. The lattice thermal conductivity would
dominate the overall thermal conductivity in this case, since the electronic contribution to
the thermal conductivity would be low. Goldsmid states that the thermal conductivity is
dependent on a material’s specific heat, the velocity of sound, and the mean free path of
the phonon®. It was argued that the shortest mean free path should be on the order of
interatomic spacing. Given this, Goldsmid predicted a lower-limit of O-ZmWTK for the
thermal conductivity, which is consistent with available data on non-porous bulk
materials®. A ZT of 4.1 was predicted and Goldsmid concludes that “it seems unlkely zT
will exceed two” and “values of ZT greater than four seem out of the question 3.

More recently, Nicolaou argued that if E, approached infinity, the conductivity
approaches zero and zT would be zero, and so from a standpoint of useful thermoelectrics,

a limit to E; should exist’. The figure of merit ZT can be expressed in an alternative
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equation that factors the bandgap directly, plus a constant A°. Nicolaou claims to have
evaluated a more accurate value of A, and concluded that the limit of ZT is 24.5°. A
comprehensive overview of current and past arguments on the bounds of ZT is presented
in this dissertation. Regardless of the upper limit, well-established thermoelectrics

currently have a zT only slightly above unity.

2.1.3 Optimizing the Figure of Merit

The thermopower, electrical conductivity, and thermal conductivity are material
properties that are a function of charge carrier concentration. In general, increasing the
carrier concentration will: increase the electrical conductivity, increase the thermal
conductivity, and decrease the thermopower. If electrons are the dominant carrier type,
then the electrical conductivity can be expressed as:

o =n(T)ep(T) (Eq 2.11)

where n is the carrier concentration, e is the elementary charge of an electron, and p is the
drift mobility of the carriers. Both the carrier concentration and mobility typically depend
on temperature as noted in Eq 2.11. Likewise, the thermopower as well as the thermal
conductivity are also dependent on temperature. These will be discussed in subsequent
sections.

The carrier concentration for optimizing zT is usually in the range of n =
10%° to 102° % with 10*° % being more typical. One exception to this would
be the layered oxide thermoelectric NaCoO:2 which has a carrier concentration onthe order
of 1021 % 10 The general trend of ZT as a function of carrier concentration with the

trends of the electrical conductivity, thermal conductivity, and thermopower superimposed
are shown in Figure 2-4. Heavily doped semiconductors meet this criteria and are

unsurprisingly at the forefront of the thermoelectric field.
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Figure 2-4. The variation of the thermopower, electrical conductivity, thermal conductivity, power

factor and zT as a function of carrier concentration (Source: Snyder and Toberer)?.

In so much that most useful thermoelectric materials all have in common this carrier
concentration range, the zZT will maximize at different temperatures for different materials
as a result of the temperature dependence of the thermopower, electrical conductivity, and
thermal conductivity. The temperature of the maximum ZzT governs the material’s
temperature of operation and its subsequent application. For example, waste heat recovery
from a marine incinerator would require operating temperatures of at least 300°C11,

The search for a good thermoelectric material therefore requires an unusual
combination of properties. The contemporary model for achieving high ZTs is the “phonon-
glass, electronic crystal” first proposed by Slack!: 12, This viewpoint suggests engineering
materials such that the thermal conductivity can be decoupled from the thermopower and
the electrical conductivity. All state-of-the-art thermoelectrics share a commonality in that
they possess low thermal conductivities®. To illustrate the importance of low thermal
conductivity, consider the case of doped SrTiOs. In the La-doped SrTiO3 work by Okuda
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et al., a power factor (the product of electrical conductivity and the square of the

uw
cm—K

thermopower) of 36 was reported; this number is exceptional because this value

rivals that of some of the best tellurides3. However, the thermal conductivity has a rather

large value on the order of 10 % which yields a zT that is only on the order of around

0.1%4.One approach to novel thermoelectrics is to begin with a material system that already
has a low thermal conductivity and then to tailor the electrical conductivity and
thermopower. As a consequence, some of the contemporary research efforts have focused
on optimizing the power factor, provided the material inherently possesses a low thermal

conductivity?.

2.2 Intermetallic Compounds and Non-oxide Thermoelectrics

2.2.1 Tellurides

The diversity of materials sold commercially as thermoelectrics is rather limited?®.
By far the most prominent is Bi-Tes'. As discussed in the introduction chapter, the high
cost and rarity of tellurium provides an incentive to find new materials with high zT. Bi2Tes
is an example of a “phonon-glass electronic crystal,” with a ZT that ranges from 0.8 to 1.1
at temperatures of 273 to 473 K. BixTes is employed for both thermoelectric cooling and
power generation, though more commonly the former due to its low operating
temperature®>. BixTes crystallizes in the rhombohedral system, consisting of two
alternating layers of Te-Bi, and then a double Te layer®. A schematic of this structure is

shown in Figure 2-57.
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Figure 2-5. Schematic of the Bi and Te layers in Bi2Tes. Schematic taken from Teweldebrhan et

al.l7,

The consequence of this complex unit cell is a low lattice k due to phonon

scattering'®. The thermoelectric properties, S and o are largest along the in-plane direction;
o being an order of magnitude greater here than the c-axis, and the thermal conductivity in

this direction is on the order of 1.0 —%— 16 18,

Not all heavy-metal telluride compounds crystallize in the layered BixTes-
structure. One of these is the cubic PbTe. While the ZT is not as high as that of BixTes, it is

useful in power generation in that its operating temperature is greater. Lately, there has
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been extensive research into optimizing telluride chemistries by further reducing lattice

thermal conductivity in the form of nanostructuring and/or alloying of these compounds?®.

2.2.2 Clathrates

Another class of important low-thermal conductivity thermoelectrics is the
clathrates. The defining characteristic of clathrates as useful thermoelectric material is the
large “cages” within the structure!. These large, open, cage-like structures allow atoms to
“rattle,” significantly decreasing the thermal conductivity.

The first type of clathrates, studied in the 19t" century, were organic compounds of
“ice” chlorine hydrates that exhibited several shapes of a large polyhedral cage??. Different
geometries spurred the classification by of these materials by “type”20. It was found that
these clathrates exhibited lower thermal conductivities than ice or water?®. The logic behind
clathrate thermoelectrics is primarily from the glass-like thermal conductivity resulting
from the open-structure of the cage. When large atoms are placed within the cage, they
scatter phonons effectively. The crystalline lattice making up the cage allows good electron
mobility, resulting in high electrical conductivities?®. Thermoelectric clathrates usually
contain many large heavy atoms?l. At least five useful types of clathrates have been
actively researched, with some of the Type-VIIl demonstrating zTs greater than unity with

operating temperatures extending beyond that of BixTes2!.

2.2.3 SiGe Alloys

Yet another important class of non-oxide thermoelectrics is SiGe. Both Si and Ge
are well-known semiconductors that crystallize with the diamond cubic structure. As a
consequence, pure Si and Ge suffer as thermoelectrics due to their high thermal
conductivity. However, if alloyed together as a solid solution, the thermal conductivity can
be decreased, almost by a factor of 5% 22, Microstructural engineering, such as controlling
grain boundaries, can further lower the thermal conductivity?2. Doping SiGe allows tuning
of the carrier concentration and further reductions in the thermal conductivity??. Vining has

shown that n-type SiGe has a zT of around unity, while the p-type variant has a zT only



20

about half of this?2. Despite the low zT on the p-type, SiGe remains relevant to
thermoelectric applications because its operating temperature is among the highest of all
thermoelectric materials. This makes it ideal for radioisotope thermoelectric generators,
which are frequently used in spacecrafts as a long-lasting and reliable power source?3,
Table 2.1 shows, in ascending order of general operating temperature, some of the

highest ZT non-oxide thermoelectrics that have been reported? 19.21.22,24-28



Table 2.1 ZTs of Non-oxide Thermoelectrics

BiSb,Te; 5 300 0.99 24

(p) Bi,Tes 375 1.00 1

(n) Bi,Tes 375 1.00 1

Bi,Te,Se 400 0.90 24

Bi,Te;-74Sb,Te, 423 1.27 25

Bi,Te3-25Bi,Se; 423 1.14 25

(p) ZnSb 448 0.63 24

Type-VIIl BagGa 5Sn3q 480 0.90 71

(clathrate)

AgSbTe, 673 0.87 24

Lag 7Bag.1Gag 1 Tip.1Fe3CoSby, 723 0.75 26
(thin film skutteruddite)

(n) PbTe 723 0.94 19

TAGS (two-phase . T o

AgSbTeGeTe) ’

SnSe 900 2.50 28

InAs 973 0.68 24

(p) SiGe 1123 0.51 22

(n) SiGe 1173 1.04 22

21
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2.3 Thermoelectric Oxides

2.3.1 General Considerations in Oxide Thermoelectrics

The number of high-performing oxide thermoelectrics material types is low relative
to the non-oxides. In general, most oxides possess high lattice thermal conductivities,
owing to their strong, mixed ionic and covalent bonds!®. The electrical conductivity of
many oxides are lower than typical semiconductors as a consequence of lower carrier
mobilities1®. In cases where an oxide does have high mobility, such as In20s3, the effective
mass of the carrier is small and leads to low Seebeck coefficents'?. Despite somewhat lower
ZTs however, a major attraction of oxides is their sustainability and their high operating
temperatures for power generation. It was only after the discovery of NaCo0204 as a high
ZT thermoelectric that oxides could be considered relevant to the field® 2°.

The majority of thermoelectric oxides are transition metal oxides. This is not too
surprising, since multiple valence states allow for low-energy electronically compensating
dopants. For instance, consider the example of Ca-doped NaCl provided by Smyth3°. In
NaCl, in which the conduction band can be thought of as arising from the Na* ions. It is
energetically unfavorable to excite electrons into the Na*conduction band of NaCl because
such a situation calls for Na* become a neutral Naatom. In such a highly ionic compound,
Na prefers to stay as Na*. Therefore, the compensation is almost always ionic in this case®C.
In cases of non-binary transition metal oxides, there is considerable flexibility in ways to
introduce non-stoichiometry in order to either tune the carrier concentration or incorporate
defects that lower the thermal conductivity. A brief overview of some of the most studied
oxides is given here. Because of the importance of NaCo0204 in pioneering the way for

thermoelectric oxides, more emphasis will be devoted to this material.

2.4.2 The Layered Cobaltites

NaCo0204 (sometimes written as NaxCoOz2) currently is the champion p-type oxide
after the discovery ofits high thermoelectric performance by Terasaki et al. in 199731, This

layered cobaltite crystallizes in a trigonal space group, and shares some resemblance to
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some of the copper oxide high-temperature superconductors 29 32 . The motif of the
structure is an alternating stack of Na (with 50% occupancy), and blocks of CoO2 that
resemble the hexagonal close-packed structure of Cdlz, with the Co octahedrally-
coordinated to the oxygen 2°. The layers stack in the direction of the c-axis. As with BixTes,
the anisotropic structure reflects the anisotropy in the material, with superior thermoelectric
properties along the plane of the layers33. The structure of this cobalt oxide was refined by
single crystal diffraction by Takahashi et al., and a more complete treatment of its crystal
structure can be found in his work 32,

With a zT of around unity at 800 K in the single crystal, this material features a
high power factor and a low thermal conductivity3*. However, there are some distinct
features of this material unlike those of other thermoelectrics. First is its unusually high zT
of 0.8 as a polycrystalline ceramic as reported by Ito et al.3°. Second, is the exceptionally

high carrier concentration in this material. From Figure 2-3, it was shown that for many

thermoelectrics, (including PbTe) 19 1.0 x 1019% is the optimum. As reported by

Terasaki, the carrier concentration for NaC0204 is on the order of 102! — 1022 277 10

cm3
According to the Mott Criterion an metal-insulator transition can be characterized by the
Bohr radius (thought of as a sphere of interaction between charge carriers) and the carrier
concentration3®, It is expressed as:

1
n3a, = 0.25 (Eq 2.12)

where n is the carrier concentration and an is the Bohr radius of a material. If this product
exceeds 0.25, then the material is expected to be either metallic or a degenerate
semiconductor36. Many papers discuss optimization of zT by engineering the carrier
concentration just on the semiconducting side of the metal-insulator transition. With a
carrier concentration two orders of magnitude larger than what is expected for the zT
optimization, NaCo0204 is a metal and would therefore be expected to have low
thermopowers. While NaCo0204 possesses metallic conductivity, its thermopower has been

decoupled from the electrical conductivity and remains at a relatively high value of 100 —

1504% 31,
K
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Two different models have been proposed to describe the unique behavior of
NaCo204. The first was established by Singh et al, which entails a band structure
calculation exploring a delocalized band structure with “pockets” in the valence band to
rationalize the large Seebeck coefficient3”. The second model was proposed by Koshibae
et al.; this model gives a localized picture that explores the degeneracy of the spin state of
the Co ions as a result of the mixed oxidation states (Co3* and Co**) as well as the crystal
field splitting into the eq and tog states 8. For the Co** ions in the structure, the tog States are
completely filled, resulting is no other degenerate state. For the Co3*, 5 electrons fill the
three tog orbitals, leaving one empty state. The vacancy can occupy any of the 6 states and
still give the same energy; these 6 arrangements yields 6 degenerate states, which can be

thought of as an entropy contribution. By calculation with a modified Heike equation, the
thermopower was calculated to be 150’;—‘/, which is true experimentally at 1000 K10, A

more detailed description of these models is given in references 16, 40, and 41. The
thermopower and its entropy relation and the Heike equation will be discussed further in
section 2.6.

The success of NaCo204, has led to the exploration of other layered cobaltite
systems with the same principle in mind. One of these is CaszCo040Og. The structure is very
similar to that of the Na compound, but its unit cell consists of alternating CoO2 and three
layers of a distorted rock-salt structure, as opposed to just the single layer of Na as found
in NaC0204 33, Other layered cobaltites, including abismuth variant, have been synthesized

that yield similar zTs near unity or higher3®,

2.4.3 Other Oxides

ZnO is among one of the most studied oxide thermoelectrics, unique in the fact that

uw
cm—K?

temperature to ~1000 K), which is lower than that of Bi>Tes by a factor of about 2.540, The

it is a binary compound. Power factors for this material range from 8 — 15 (room

performance of ZnO suffers due to its high thermal conductivity. However, the thermal

conductivity has been shown to decrease with increasing temperature, from about ~40 s



25

at ambient to ~5% at 1000 K*9. ZnO as a thermoelectric has been extensively studied

by Ohtaki et al.*!. As an nonvolatile oxide, its high operating temperature makes ZnO a
promising candidate for power generation applications, where a zT of 0.65 has been
reported*?. Further increases in the power factor by magnetically texturing have been
extensively studied by Kaga et al.#2. and a comprehensive review of nanostructuring and
other efforts to lower the thermal conductivity is covered by Wang?*3-4,

Oxides that crystallize in the perovskite structure have also been investigated as
potential thermoelectrics. Carrier concentrations can be tuned by doping due to the high
tolerance of the perovskite structure. Several groups have investigated SrTiO3 as a high

temperature thermoelectric 12.46.47, Okudaet al. and Ohta et al. have shown that La-doped

uw
cm—K

SrTiO3 boasts an impressive power factor of 23 — 36 near room temperaturel3: 47,

2

Despite high power factors, the thermal conductivities of heavily La or Nb-doped SrTiO3
are high, about 9.1 — 12.0 mVVTK resulting in ZTs below 0.1 in this temperature range*’. Ohta
has shown that the thermal conductivity decreases with temperature, such that at 1100 K,

the thermal conductivity decreases to about 2.51;'/7 for both La and Nb-doped SrTiO3*’.

uw
cm—K?

However, at this high temperature, the power factor suffers and decreases to ~9

resulting in a ZT of about 0.2047. Efforts to reduce the thermal conductivity while
preserving the power factor in SrTiO3 thin films resulted in a zT of 0.27 at 875 K“8. Using
a novel monolithic module based on a multilayer ceramic capacitor design, Funahashi et
al. had reported a zT of ~ 0.37 at 750 K in La-doped SrTiO3 thermoelectric modules
manufactured by Murata Manufacturing Ltd.*°.

Additionally, the perovskite BaTiOs has been studied by Lee et al. Oxygen-
deficient-BaTiO3 was investigated alongside SrTiOs to study the effects of ferroelectricity
on thermoelectricity*6. In this work, annealing at different oxygen partial pressures was
used to control the concentration of negative charge carriers from compensation of oxygen
vacancies. Using the enthalpy of formation for oxygen vacancies for this system, the carrier
concentration was calculated to be on the order of 10° to 102° per cm?, which is the same
as that reported in the La and Nb-doped SrTiOs by Ohta et al*’. BaTiOz has large
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thermopowers, on the order of 400‘;{—‘/ at 550 K, but the electrical conductivity is only on

the order of 10 % resulting in lower power factors?.

Due to the sheer number of transition metal oxides, many of the other oxide
thermoelectrics are not discussed here. However, the cobaltites, ZnO, and SrTiO3 have so
far yielded the highest reported zTs. A comprehensive review of other thermoelectric
oxides has been given by Walia et al. in reference 40 4°. Table 2.2 shows some of the high
ZT oxides that have been reported in descending order of zT. Comparing Tables | and Il

reveal that there is currently a dearth in competitive oxides.

Table 2.2 ZTs of Some Oxide Thermoelectrics

2.5 Electrical Conductivity

2.5.1 Introduction

The electrical conductivity is the material property that represents the ease with

which a current of charge carriers can flow under an applied potential. With the exception



27

of superconductors, (which do not exhibit the Seebeck Effect) all materials will oppose this
flow in some way. This results in Joule heating. One reason that the electrical conductivity
appears in the figure of merit is because Joule heating needs to be minimized such that a
temperature gradient is maintained during operation 4.

The electrical conductivity was given in Eq 2.11. Though Eq 2.11 defines the
conductivity. The temperature dependence of the conductivity is a function of the band
structure of the material. Even a qualitative picture of the band structure is useful for
predicting and modeling the electrical conductivity and thermopower trends of a material.
Roughly, the conduction mechanisms can be divided into two classes. Wood has
designated these two classes as “wide-band” or itinerant conduction and “narrow-band” or
hopping conduction®>. Here, the two classes will be referred to as “high-mobility
conductors” (band conduction) and “low mobility conductors” (hopping conduction),

respectively.

2.5.2 Metals (High Mobility)

The simplest model of the electrical conductivity pertains to the conduction found
in metals. It is best described by the Drude model, which depicts a sea of delocalized
electrons that are free to move under an applied field; the vibrating positive ion cores which
act as scattering centers®®. The mobility in Eq 2.11 can be related to a mean free time

between scattering events, 7:50

w(T) =1 (Eq2.13)
m

e
where e is the elementary charge and me is the effective mass of an electron. The effective
mass accounts for the inertial resistance to electron acceleration due to the periodicity of
the crystal and varies for different materials®®. The amplitude of the atomic vibrations are
proportional to the average kinetic energy (and thus approximately to temperature). Thus,
it can be shown that t is inversely proportional to temperature. Substituting such an

expression back into Eq 2.11, yields:

_4 (Eq 2.14)
77T

where A is a collection of constants that include n, e, and me®°.
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In metallic lattices, the outer atomic orbitals, both full and empty, have significant
overlap at the atoms’ equilibrium separation distance, 7,°1. As a consequence, metals are
characterized by their lack of forbidden energy states and so states exist immediately above
the Fermi energy that electrons can occupy. As a result, metallic conductors have a large
number of carriers with rather high mobility, resulting in high electrical conductivity even
at room temperature and below. The mobility decreases with increasing temperature due
to increased vibrations of the atoms as depicted in Eq 2.13, and so metals usually possess

a negative temperature coefficient of resistivity.

2.5.3 Semiconductors (High Mobility)

Band-type semiconductors are also high mobility conductors. Unlike metals, aplot
of the outer atomic orbital energies vs. the atom spacing shows that the bands do not
overlap at the equilibrium separation distance. The result is a forbidden energy band gap,
E,, where no states are available for electrons to occupy®?. For intrinsic semiconductors,
conduction electrons must come from the filled valence band and be excited by an energy
greater than E, into the conduction band, where the electron is delocalized. For every
electron promoted to the conduction band, an empty state is left behind in the valence band,
called a hole. The hole acts as a positive charge carrier and is delocalized in the valence
band. This results in the creation of two carriers that are created by a thermal activation
process, withn; = p;, where n and p are the concentration of mobile electrons and holes,
respectively, and the subscript i denotes intrinsic.

It can be shown that this activation process obeys an Arrhenius relationship with
respect to temperature. To derive this, one must consider the density of states, g(E), and
the Fermi-Dirac distribution, f(E). A non-rigorous treatment is given here. The density of
states represents the number of states per unit energy per unit volume. The distribution of
energy states within a band comes from a linear combination of x different electron wave
functions if there are x atoms in the crystal’’. Kasap gives a “coin-flip” analogy to
demonstrate the distribution of energy states within a band. If there are 10 coins (atoms),

then one will find that only one combination will give 10 tails or 10 heads, while several
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combinations will yield 5 heads and 5 tails; the number of combinations being the analog
of the number of states®®. Thus, when considering the energy boundaries of a band (bottom

of the band to top of the band), one would expect a distribution that shows a greater number

3 n

of states of energies that are in the central region of the band. g(E) is ~ « mgeE(E), but
with the caveat that as E = E,y, of pana 9(E) = zero™.

The Fermi-Dirac distribution, f(E), is also a function of energy, E, and describes
the probability that an electron occupies a state with energy, E. Unlike the Bolizmann
distribution, f(E) accounts for the Pauli Exclusion Principle. Intuitively, one would expect
that increasing the temperature would increase the probability of finding an electron at a
higher energy state. f(E) then has the form:

(Eq 2.15a)

1
JE= 1+exp (%E)
where k,, is the Bolzmann constant, E is the energy, and E, is the Fermi Energy®2. It is
noted from Eq 2.14a, that the probability of an electron to occupy a state with the Fermi
Energy is Y.
Integrating the product of g(E) and f(E) will give the density of the carriers. For
electrons in the conduction band:

Eop 0f band (Eq 2.16)
n; = 9(E)f(E)dE

Epottom of band

A schematic for deriving the electron concentration for a semiconductor is shown
in Figure 2-6. Evaluating Eq 2.16 gives the carrier concentration that can be applied to Eq

2.11 for the electrical conductivity.
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Figure 2-6. Band structure for intrinsic semiconductor, showing the relationship between the
density of states g(E), the Fermi-Dirac function f(E), the electron (green) and hole (orange) concentration

for a particular energy per unit volume n; (E), and carrier concentration, n; (Adapted from Kasap®°.)

Eqg. 21 can be more readily evaluated with a few simplifications and assumptions.
At low temperatures (room temperature, for example) such that k, T < E — E;, the “1”
term becomes negligible in Eq 2.14a and so this probability factor simplifies to the

Boltzmann expression®s:
E—Eg,
k,T

(Eq 2.15b)

f(E) = exp(-——5)

This approximation is valid if the number of carriers is much less than the number
of states in the band, where accounting for the Pauli Exclusion Principle will not

appreciably affect the results®2. Two more simplifications can be applied to simplify Eq
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2.16. In regards to the energy, it is assumed that excited electrons and holes take on energy
values corresponding to the edges of the conduction band and valence band, E, and E,
respectively. This is justified from Figure 2-6 showing that for a small number of carriers
compared to the number of states, carriers will fill the many states near the edges of the
band first. The band gap E,, is simply E. — E,,. The activation energy for electrons and
holes would be E, — E and E. — E,,, respectively. It is also noted that the upper bound of
the integral in Eq 2.15 can be substituted with infinity so that the integration takes on a
simplified form with little effect on the result, since the probability drops rapidly for
energies beyond the Fermi energy®s.

Evaluating Eq 2.15 for electrons with the three above simplifications vyields an
Arrhenius form for the electron concentration:

E; — EF) (Eq 2.17)

where N. ~ 1.0 x 107*¢m?® is a collection of terms from g(E), and represents an

n; = N.exp(—

effective density of states at the conduction band edge>° 52. Asimilar argument is given for
the concentration of holes, where N, ~ 1.0 x 10~*cm?® would be the effective density of
states for the valence band edge. It is noted that N, = N, = N.Since n; = p, then:

Ec —Ep + Ep — EV) (Eq 2.18)
k,T

Since E; = E; — Ey, simplifying Eq 2.17 shows that the activation energy for carriers is

nlz = piz =n;p; = NcNyexp (_

half the bandgap:

E (Eq 2.19)
— — __9
n;(T) = p;(T) Nexp< 2ka>
The electrical conductivity in Eq 2.11 then takes on the form:
o; = n;(Mep (T) + p;(T) hu, (T). (Eq 2.20)

The mobility dependence should be similar to that of Eq 2.13. With this, the Arrhenius
relation for conductivity with respect to temperature is justified.

The extrinsic semiconductor case follows the same logic, where the only difference
is that an impurity level is introduced. The energies of the dopant states lie within the band

gap of the intrinsic material and close to the conduction band edge or to the valence band
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edge for n-type and p-type, respectively. The presence of states within the band gap
drastically lowers the activation energy of carriers relative to intrinsic conduction. This is

shown in Figure 2-7, which is a simplified band structure of an extrinsic semiconductor.

E

EC bottom

Ey Top —

Figure 2-7. Simplified band diagram for an extrinsic semiconductor showing several isolated
dopant states. Note that the location of the Fermi level, Er is dependent on the carrier type as well as

temperature.

The activation energy for intrinsic semiconductors was half the bandgap, as shown
previously. Typical semiconductors have a bandgap of about 1.0 — 3.5 eV52. For extrinsic
conduction, the activation energy from donors (n-type) or acceptors (p-type), E, and Ej,
respectively, usually falls between 0.02 to 0.1 eV°2. This means that even at ambient
temperatures, there is enough thermal energy to excite these carriers into a conduction
band. For an n-type semiconductor, the mobile electron concentration is much greater than

the mobile hole concentration, and so
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o, = n(TDep,(T) (Eq 2.20)

where the subscript n denotes n-type. The converse is true for p-type semiconductors.
Extrinsic  conduction obeys the same Fermi-Dirac statistics, with only minor
modifications®®. In essence, the conduction will still obey an Arrhenius relationship. Once
carriers reach the conduction or valence band, they are essentially delocalized, and free to

conduct throughout the crystal.

2.5.4 Hopping Conductors (Low Mobility)

In many transition metals compounds, particularly their doped oxides, the d-orbitals
can change the conducting behavior. In these low-mobility materials, a hopping mechanism
dominates the conduction. The simplest model of a hopping conductor is described by the
presence of multiple oxidation states for the transition metal ions, where (for example) an
electron can sit on ion A (e.g. Nb**)) and “hop” to an adjacent ion B (e.g. Nb>*). The

conduction is not delocalized as in the case of the high-mobility semiconductors. As a

2
consequence, these materials possess low mobilities (= 0.1 ;mTS ) compared to that of

2
metals or traditional semiconductors (= 1.0 x 103 ‘C/mTS). 15,52

One important distinction is that for hopping conductors, the carrier concentration
may be fixed by the dopant concentration, provided the temperature is not sufficient for
intrinsic conduction. That is, each dopant typically provides one localized carrier which is
trapped and not in aband. The trapping is a result of the polarization of the transition-metal
oxide lattice caused by the local charge carrier>®. Because of this, hopping carriers are also
known as polarons®4.

The hopping occurs if the carrier can overcome the barrier of the trap!®. The
probability of hopping is correlated with the mobility. The electron may not move far, and
it may be trapped again after asingle hop. The result is a material with ahigh concentration
of carriers that is temperature-independent, with low mobilities that are thermally

activated®2 54, There are several flavors of hopping; two of which will be reviewed briefly:
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the case of nearest neighbor hopping where the electron does not hop back into its original
trap, and that of variable-range hopping.
Wood provides a model for the electrical conductivity given by the hopping

mechanism for nearest neighbors!® 25, The final equation is:

S c(1-ce* | (—Eﬂ)] (Eq 2.21)
nnh — aka

where the subscript nnh refers to “nearest-neighbor hopping”. The terms, ¢ and (1 —¢)
represent the concentrations of the lower valence and higher valence states of the transition
metal ion, respectively. These two terms thus represent the charge carrier concentration,
usually in parts per hundred or thousand. The term a is the hopping distance, usually on
the order of a lattice constant; ' is a pre-exponential term describing the probability for

hopping; and E,, is the activation energy for hopping®® 4. Eq 2.21 is commonly shown in
simplified form®®:

a, —E (Eq 2.22)
o = o0 (1 4)
b

As shown in Eq 2.22, plotting In(a,,,,T) (rather than simply In(o) for the band
conductors) Vs % will give the activation energy. Increasing the dopant concentration

generally decreases the activation energy and at sufficiently high dopant levels, the material
may become metallic, which is consistent with the Mott criterion®*. An example is found
in La,_, S, VO, in which the activation energy steadily decreases with increasing x and
falls to 0at x ~ 0.2%,

Variable-range hopping is similar to the hopping process outlined above except that
the hopping distance may extend beyond the nearest neighbor. This is generally valid for
materials with significant disorder, where nearest neighbors are not necessarily the lowest
energy barriers for charges to move onto. Variable range hopping is often observed in
amorphous materials®®. Lewis gives the expression for the variable-range hopping model

as

_1, (Eq 2.23)
Oyrh = A exXp\| —
T4
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where the subscript “vrh” stands for variable-range hopping, and both A and T, are
constants®®.
It is noted by Cox and Wood that variable-range hopping generally occurs at low

temperatures (typically <77 K)° 54, Fitting a system to the variable range-hopping

1
mechanism is difficult. Some materials have an electrical conductivity that may fit a T _(Z)
dependence, but also have a temperature-independent thermopower, in contradiction with
the model of a variable-range hopping conductor®®.

Gorham-Bergeron and Emin note that at temperatures below half the Debye

1

temperature, a T _(4) dependence of the electrical conductivity may also exist in certain
materials as a result of “non-activated” hopping. Below half the Debye temperature, there

are few high energy phonons that assist in the hopping process®” 8. A more detailed

analysis can be found in both Emin and Mott’s work (references 57, 58, and 61.) A T_(%)
dependence may also fit a hopping conduction as detailed by Emin®’.

Disorder is another factor that should be considered in the localization of charge
carriers. As will be discussed in the section regarding strontium barium niobate (SBN), the
band structure may be modified via mobility edges as a consequence of Anderson
localization in high-disorder systems®*. This was explored in the work of Bock et al..>®
Materials may not strictly follow any one model described above, and there are often

transitions between regimes as a function of temperature.

2.6 Thermopower (Seebeck Coefficient)

2.6.1 Introduction

The thermopower is usually expressed as the potential that arises from a
temperature gradient. However, the thermopower is more fundamentally an expression of
the entropy per charge carrier, as described by Terasakil®. The current density, j, and

thermal current density, q, are given by0:
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j = 0(=VV) + oa(=VT) = oE + ca(—=VT) (Eq 2.24)

q = 0aT(=VV) + x, (=VT) = 0aTE + x,(—VT) (Eq 2.25)

In the above equations, —VV =E is the applied electric field and x, is the thermal
conductivity at no electric field. The first term in equations 29 and 30 are the charge carrier
contributions to the current density (Ohm’s law), and thermal current density, respectively.
The secondary terms in Eq 2.24 and Eq 2.25 represent the net movement of carriers under
a temperature gradient (similar to Seebeck effect) and thermal conductance by phonons,
respectively. If the temperature gradient, —VT, is set to 0, then the only contributions to Eq
2.24 and Eq 2.25 come from the charge carriers. Solving for the electric field in Eq 2.24
after setting —VT = 0 and substituting into Eq 2.25, and rearranging gives:

%(}) - (Eq 2.26)

where the quantity, %, can be thought ofas an “entropy current density”. Dividing this by
the current density would make the Seebeck coefficient a measure of the entropy per charge
within a material, provided the scattering times in j and g are assumed to be equalt©.

It is important to note that unlike the electrical conductivity, the thermopower can
be negative or positive, and it is the absolute value that affects the power factor. The sign
of the Seebeck coefficient will generally indicate the dominant carrier type. Hall
measurements can also be used to determine the major charge carrier®®. The Seebeck effect,
like the electrical conductivity, entails a transport of carriers. In these two processes, the
carriers near the Fermi energy are the relevant species. A formal derivation for the
thermopower is given by Mott and Davis and Goldsmid®> 61, Three cases for the
thermopower will be discussed here, one pertaining to metals and degenerate
semiconductors (Mott equation), non-degenerate semiconductors, and the other pertaining

to hopping conductors (Heike equation.)
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2.6.2 High Mobility Conductors and General Remarks

Large effective masses of the charge carriers and large bandgaps generally produce

large Seebeck coefficients. As shown in Eq 2.15a and Eq 2.16, the Fermi energy, Er
appears in the calculation of the carrier concentration. Rearrangement shows that that the

Fermi energy can be expressed as®3:

- h? <3n>
B 2m, \8m

Eq 2.27 shows that the Fermi energy decreases with increasing effective mass and

2 (Eq 2.27)

increases with increasing carrier concentration, n. The derivation given by Goldsmid for
the Seebeck coefficient is:
3 Eq 2.2
a=—=|| k,T—=
e \ 3 Eg
where r is a scattering parameter®>. From Eq 2.27 and 2.28, it can be seen that as m,
increases, a is expected to increase; with increasing n, a is expected to decrease. A more
intuitive form is given by Snyder and Toberer?:
8m2k? T % (Eq 2.29)
m —
3eh? ¢ (3n)
Eq 2.13 shows that as the effective mass increases, the mobility decreases, which

may result in a decrease in the electrical conductivity. This is another example of the trade-
off of electrical conductivity and the Seebeck coefficient. Eq 2.29 shows that the absolute
value of the thermopower increases with increasing temperature, which is consistent with
experimental evidence in most metals®2,

For non-degenerate semiconductors in which bandgaps must be considered, Cox

provides an expression that bears some similarity to Eq 2.2854.

_ ky, (Ec—Ep ) (Eq 2.30)
%n = e [< k,T +4]
_ky (Er —E, ) (Eq 2.31)
T [( k,T 4]
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where the subscripts n and p refer to n or p-type, respectively, A is a parameter that
describes any changes in mobility with energy changes in a band, but is usually small
enough (near unity) to be neglected>* 3. However, the term should not always be ignored
if the semiconductor possesses large amounts of disorder. In the chalcogenide thin films
studied by Rockstad et al., it was found that values of A could be as high as 7 for non-

annealed Ge-Te-Si-Se alloys®3. They showed that the Seebeck coefficient could decrease

by up to 250% after annealing / crystallization, showing that the thermopower is larger for

more disordered materials®3. The degree of disorder was tracked to changes of A. That is,
A can also be interpreted as a reflection of disorder, with larger values correlated to more
disorder®?,

Returning to the other terms in Eq 2.30 and 2.31, E, and E, are the energies at the
conduction and valence band edges, respectively. Plotting a vs E while E, and T are held
constant will show that as E, increases, a decreases, as in the case of metals. E, moves
closer to the valence band (gets smaller) as p increases. This has the same effect of making
a, smaller, which is consistent with the notion that increasing the carrier concentration
will decrease the Seebeck coefficient.

One can also show the thermopower dependence on the band gap from Eq 2.30 and
36. As E. and E,, are increased or decreased, respectively, the bandgap increases, and from
Eq 2.30 and 36, this would also increase the Seebeck coefficient. A larger band gap
minimizes intrinsic conduction. The excitation of oppositely charged carriers decreases the

absolute value of the Seebeck coefficient.

2.6.3 Hopping Conduction and the Heike Formula

For materials that have hopping conduction, the temperature dependence of the
Seebeck coefficient is not very strong'®. For these materials the thermopower is commonly
modeled with the temperature independent Heike equation. A derivation is given by

Chaikin and Beni®4. The most general form, however, is given by Cox:

a="2[in(--) + 4] (Fa2.32)
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where ¢ and (1 — ¢) are the fractional concentrations of the transition metal ions [M™*]
and [M(+D]%4 The A term, is both material dependent and difficult to evaluate, but is
commonly neglected for most hopping conductors as reported in the literature®4. Rockstad
et al., say that in special circumstances, the value of A may become negative; hopping
conduction being one of these cases. This may balance out larger positive values of A due
to highly disordered systems, however, the concept has not been well-investigated or
provenSs,

The numerator and denominator in Eq 2.32 are specified in such away so as to give
the proper sign for the thermopower corresponding to n or p-type, since an n-type is
expected to have a greater number of the lower valence cations. These “c” terms are the
analogue of the carrier concentration. Chaikin and Beni remark that the original Heike
equation is strictly for systems under high magnetic fields or for when spin is neglected®4.
Over the years, other groups have modified the Heike equation to better suit particular
models. Two of these will be briefly reviewed here.

The first modified-Heike model that will be discussed takes into account spin. This
serves the purpose of being able to apply the model to more realistic materials as well as
liting the limitation of the high magnetic field. In most transition metal oxides, this Eq
2.32 is not ideal since the configuration and distribution of spin up or down is not accurate;
for d° ions, the placement of an electron as spin up or down adds degeneracy and hence
entropy which should be factored into the thermopower. In order to account for this

limitation, Chaikin and Beni modified the Heike equation 4:

oy ke—b[ln (2 i C)] (Eq 2.33)

For transition metals that are not d° ions, in which degeneracy is relatively large,

Koshibae proposed a general modification for degeneracy of the multivalent ion38:

a= ke—b [log (2—2) (1 ix)] (Eq 2.34)

where g, and g, are the degeneracies of the Aand B ions, respectively. x is the relative

concentration of A, and (1 — x), the B ions. This equation is useful for materials such as
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the layered-cobaltites as discussed earlier. In the case of NaxCoO2, A and B would
correspond to [Co**] and [Co3*] and g, and gzwould be 6 and 1, respectively?.

High Seebeck coefficients are crucial to achieving high figures of merit and power
factors. However, the contribution of the electrical conductivity should not be
underestimated. For hopping conductors, there is a log dependence on the carrier
concentration, whereas the electrical conductivity scales directly with carrier
concentration. Therefore, there can be significant variation in the magnitudes of electrical
conductivity for different materials. As shown in this section, one way to achieve high
Seebeck coefficients and preserve electrical conductivity is to introduce disorder to the
system. The complications in heavily disordered systems, in which mobility edges become
relevant, may alter the band structure relative to what would be expected of a typical-doped
semiconductor. As in the case of the electrical conductivity, such a result would also affect

the thermopower. This is briefly discussed below for SBN.

2.7 Strontium Barium Niobate (SBN) and the Tungsten Bronze Structure

2.7.1 The Tungsten Bronze Structure

The tungsten bronze structure was first reported by Wahler in 1824, for NaxWOs®.
This material had a metallic luster and could be made metallic or semiconducting
depending on the amount of Na in the chemistry®®>. Magneli was the first to resolve the
structure of this bronze through X-ray diffraction®®. Since then, many compounds have
been found to crystallize in the tungsten bronze structure with most of the chemistries being
alkali, alkali-earth, rare-earth, or lead tungstates, titanates, niobates, and tantalates®® 67-70,
In general, tungsten bronzes encapsulate a group of ternary oxide compounds that
crystallize in large, complex unit cells with the key motif of distorted, corner-sharing
oxygen-octahedra®®. The structure shares some similarity with the perovskites in that the
periodicity of the structure can be traced by the translational symmetry of the corner-
sharing octahedra with other atoms filling in the channels between them. The tungsten

bronzes exhibit a wide range of properties that allow for diverse applications. For example,
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tungsten  bronze systems have shown semiconductivity, metallic conductivity,
superconductivity, high permittivity, high piezoelectric or pyroelectric coefficients, and/or
ferroelectricity®: 68.71-73,

Tungsten-bronze structures exist in several crystal systems, namely cubic,
tetragonal (type | and type I1), hexagonal, and orthorhombic’2. The difference between the
tetragonal-1 and tetragonal-11 types is in the rotation of the corner-sharing octahedra within
the unit cell. NaxWO3z will go from type | to type Il with decreasing Na content’2. Figure
2-8 depicts the difference between type | and type II. For the NaxWOs3s tungsten-bronze,
type | is metallic and type Il is semiconducting at ambient temperatures’2. Moreover, the
type | also exhibits superconductivity at around 0.57 K. As the Na content is increased, the
transition temperature, T, increases exponentially up until the type Il transition’2.

In this work, only the type I tetragonal tungsten bronze will be reviewed because it
is the pertinent crystal structure of SBN. As a ferroelectric, the point group is 4mm; the

prototype centrosymmetric point group is 4/mmm’4,

Type | Type Il

Figure 2-8. Planar projection (a-b plane) view of the difference between type | and type Il
tetragonal tungsten bronzes. The blue octahedraare the portions which can be rotated to go from type | to
typell. The distortion of the octahedra of the type Il projection have been eliminated to emphasize the

order relative to typel. Redrawn from Ngai et al’2.
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The unit cell of the tetragonal tungsten bronze is large compared to the perovskites,
with a = b ~ 12.5 A and c~3.4 A. To represent the unit cell size and the occupancy of
each atom, the general chemical formula is usually written as:

[A1,A42,C,][B1,B25]04,
where Al, A2, C,B1, B2, and O refer to the unique positions in which the types of cations
can occupy within the unit cell®® 75, Figure 2-9 shows the crystal structure of the SBN
tungsten bronze with these positions labeled. From Figure 2-9, some features of the
structure can be used to explain the general properties that may be encountered in the

tetragonal tungsten bronzes.

2.7.2 The A-sites in the Tetragonal Tungsten Bronze Structure

The numerous positions in the tungsten bronze structure offers exceptional
flexibility in tailoring properties. While any of the atomic positions in the tungsten bronze
structure can be manipulated (e.g. vacancies or composition), the A-site is arguably the
most versatile. Jamieson has attributed the diversity in characteristics of these compounds
primarily by the size and charge of the cations and the occupancy of the A-site®®. Two ways
in which the A-site occupancy affects the properties of SBN will be discussed. The first is
the preferential site occupancy of Srand Ba atoms as the composition changes. The second
is how many of the A-sites are occupied. The latter is a central focus of this work and it
will be discussed in detail in the results chapter. The general chemical formula for the
tungsten bronze as shown above refers to a “stuffed-bronze” in which all sites are occupied.
Only small cations such as Li* can occupy the C sites (e.g. KeLisNb10O30)7%75. The other
special designations are the “filled” and “unfilled” bronzes, which have all 6 A-sites
occupied and 5 out of 6 A-sites occupied, respectively. SBN is typically studied in the
unfilled composition; good piezoelectric and pyroelectric coefficients, permittivities, and
electro-optic properties have been reported’®. In the unfilled case, the chemical formula

may be simplified to Sri-xBaxNb2Os.
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In the tungsten bronzes, most non-transition metal cations, including Sr and Ba,
occupy the A-sites. Figure 2-9billustrates the difference between the Al and the A2 sites.

The Al site is a square channel while the A2 site is a larger, distorted pentagonal channel.

Figure 2-9. (a) Tilted view showing multiple unit cells of the SBN tungsten bronze. Octahedra are
shown. (b) a-b plane planar projection (// c-axis). Octahedra are translucentto showhow the Nb-O-Nb
bond angles differentiate two types of Nb atoms: B1 and B2. (c) b-c planar projection (//a-axis) showing
the unique c-axis (the length of the unit cell in the a-b plane is not shown). Figures are drawn from Crystal

Maker® using X-ray data reported by Sunshine et al.””.

Originally, Jamieson reported the A2 site to be the smaller of the two, depicted as
a tri-capped prism with a coordination of 9, and the Al to be a larger rectangular prism
with a coordination of 1268, However, Leffler found that this was inconsistent with the
observed preferential A2 occupancy for the larger Ba atom; this was demonstrated by the
fact that less than 5% of the Al sites are occupied by Ba.”®. The results in the Rietveld
refinement showed that the average bond lengths of Sr-O and Ba-O at the A2 site was
indeed longer than the Al site (2.84 and 2.76 A, respectively)’8. The longer average bond
lengths on the A2 site implied a larger tunnel. More recent works have accepted that A2 is
the larger site, with Al and A2 sites to be 12 and 15 coordinated, respectively’s: 79,

The size differences in the Al and A2 site impose preferential site occupancies for
atoms of different sizes. It was stated earlier that Ba, being the larger atom was seldom

found at the smaller Al site. The preferential site occupancy for Sr, however, was shown
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to depend on the composition; as the Sr content is decreased, there is a preference for
occupying the A2 site, leaving the Al sites vacant’® 80, SBN transitions from a relaxor
ferroelectric to a normal ferroelectric with decreasing Sr content’®: 89, For high Sr contents
in SBN ,a strong frequency dispersion of the dielectric constant is shown near the
temperature of maximum relative permittivity, T,,,,’4 This is shown in Figure 2-10. An
introduction to relaxor ferroelectrics is provided by Cross (reference 74.) For the relaxor
composition of Sro.75Bao.2sNb20s, Ballman et al. had shown that the Curie temperature,
which in this context refers to the onset of bulk spontaneous polarization, is approximate ly
340 K81, The Burns temperature (which only applies to relaxors), in contrast to the Curie
temperature, is an indication of the onset of nucleation of nano-polar regions on much
smaller length scales. For the unreduced Sro.60Bo.40Nb20s composition, this was reported
by Bhalla et a. to be about 625 K82,
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Figure 2-10. Onset of relaxor characteristics with increasing Sr content for the unfilled SBN.
Relaxor ferroelectrics show a strong frequency dispersion and a broadening of the dielectric peak that is a

reflection of compositional disorder or chemical inhomogeneity. Replotted from Huang et al.”*.

The way in which the A-site is occupied may also have steric consequences. For
example, the unfilled SBN tetragonal tungsten bronze does not form a complete solid
solution across the entire composition. The pseudo-binary phase diagram developed by
Carruthers and Grasso shows that for Sri-xBaxNb20Oe (the unfilled SBN), the approximate
solubility for x is 0.20 < x < 0.808%. Extending beyond these limits shows that the
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strontium and barium end members are orthorhombic, as shown in Figure 2-11. Trubelja
et al. attributes the orthorhombic phase to a consequence of the A-site cations’ steric effects
on the NbOs octahedra®®.

1500 -
Liquid
BN
1480 ps SN
4 Y
/’, \\ \

— \
& 1460 \
o N 7
2 AV
Q1440 \
% SBN (tetragonal tungsten bronze)
|_

1420

1400 — .

00 02 04 06 08 10
Mole Fraction BaNb20E

Figure 2-11. The unfilled SBN pseudo-hinary phase diagram. Solid solution extends to
about 0.20 < x < 0.80.The end members are orthorhombic phases. The blue lines with circular end-caps

represent error bars. Replotted from Carruthers and Grasso®3.

A-site occupancy is also expected to affect the c-axis of the structure. Figure 2-8c
shows that another structural feature of the tetragonal tungsten bronzes is the unique c-axis.
In ferroelectric tetragonal SBN, this is the only polar direction>2: 74.80 This c-axis view also
shows that the Nb-O-Nb bond angle in this direction is nearly 180°. Following the band
model proposed by Goodenough for the sodium tungsten bronzes, the near-180° bond
angle should provide the most overlap between the d and p orbitals of the transition metal
and oxygen, respectively, making this axis the high electrical conductivity direction84.
However, steric effects associated with the A-site occupancy is thought to result in
octahedral tilts; increasing the Ba content would result in more “upright” octahedra®.

Jamieson has stated that these tilts can vary the near-180° bond angle +8° 68,
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It is possible the deviation from the ideal bond angle due to titing may affect
electrical conductivity. In addition, tilting affects other properties. Relaxor ferroelectrics
tend to possess a high degree of disorder, and the relaxor behavior in SBN is attributed to
the fluctuating distribution of Ba and Sr atoms in both A-sites’4. This is consistent with the
site occupancy of Sr changing with increasing Sr content as discussed above, where less
Sr leads to higher Al vacancy. In SBN, Trubelja et al. has suggested that the minimization
of tilting with increasing Ba content results in a more-ordered polarization vector that
collectively points closer to [001], which may also explain the normal ferroelectric
behavior at higher Ba contents.

In contrast, the Nb-O-Nb bond angles along the a-b plane do not show the
consistent ~180° bond angle. Stephenson has calculated the angles associated with the
pentagonal channel and the triangular channel of tetragonal BasTizNbgO30 along the a-b
plane to be 87°, 87°, 118°, 119°, and 129° +4° for the pentagonal A2 site and 58°, 61°,
and 61°+4° for the triangular C site, respectively®>. The comparison of the c-axis and the

a-axis has shown that useful properties can be found in the c-axis direction.

2.7.3 Strontium Barium Niobate as a Thermoelectric

SBN has only recently been studied as a thermoelectric, when Lee etal. investigated
the relationship between ferroelectricity and thermoelectricity®. SBN single crystals
showed promise of high zTs due the glass-like thermal conductivity reported in other
relaxor ferroelectrics (e.g. PMN)4 87 It is believed that the high concentration of nano-
polar regions in such a material would effectively scatter phonons'4 87, Single crystal

relaxor (Sro.e5Bao.3sNb20s) SBN was shown by Fischer et al. to possess low thermal
conductivities of ~1.0 %T at 100 K 88, Choy et al. reported single crystal thermal

conductivities at higher temperatures in a more Ba-rich composition, which extrapolated

well to Fischer’s values. This is shown in Figure 2-12. At 500K, a thermal conductivity of

~2.0 % was reported, showing that there was no significant increase at higher

temperatures®.
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Figure 2-12. Thermal conductivity of Sro.45Baos5Nb20s single crystals up to 500 K. Both the c-axis
and a-axis exhibit low thermal conductivities thatare in the same magnitude as the bismuth tellurides.

Replotted from Choy et al.89.

Lee et al. showed that SBN also possessed an anisotropic thermopower that was
greater along the c-axis®. In conjunction with the anisotropy in the electrical conductivity
and thermal conductivity, this means that the c-axis is also the high zT axis. SBN was
made electrically conductive under reducing atmospheres under the following defect
reaction:

null & Vy + %02 + 2e” (Eq2.35)

The anisotropy of the thermopower and power factor of oxygen-deficient SBN is
shown in Figure 2-13. A higher thermopower parallel to the c-axis relative to the a-axis is
observed regardless of the reduction condition. For lower partial pressures of oxygen,
there is a decrease in the magnitude of the Seebeck coefficient due to an increased carrier
concentration. Figure 2-13billustrates the high power factor in SBN is the c-axis.

Because the thermopowers shown in Figure 2-13aat 10-14 atm pO2 for both the a and c-
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axis are of a similar magnitude, it can be inferred from Figure 2-13b that the ratio of
electrical conductivity between the a and c-axis is around an order of magnitude. Figure

2-13c shows the power factors of SBN along the c-axis in a variety of different reducing

atmospheres. This figure reveals a dramatic increase in the power factor to ~40.8

cm—K?
from 10-12to0 1014 atm pO2. The increase is due to an increase in the electrical
conductivity. This can be inferred from Figure 2-13a, which shows a large decrease in
magnitude of the Seebeck coefficient from 10-12to 10-14 atm pO>. The anomalous
increase in electrical conductivity is accompanied by the precipitation of an NbO2-x
secondary phase.
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Figure 2-13. (a.) Seebeck coefficients of SBN along the a and c-axis under two reducing
conditions. (b.) Power factor of SBN reduced under 1014 atm pO2. (c.) Power factors of SBN along the c-

axis showing anomalous power factor increase from 1012 to 1024 atm pO2. Replotted from Lee et al.8é.
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The figure of merit for SBN has been reported to be ~0.5 — 1.12 at 550 K for single
crystals, owing to the high power factors and low thermal conductivities that were reported
by Lee et al. and Choy et al, respectively*. The upper bound of ZT rivals that of NaCoO:..
For this reason, SBN showed promise as a thermoelectric oxide. As an n-type oxide, SBN
would also complement the p-type NaCoO: in devices.

Lee et al also investigated the conduction mechanisms by modeling the
temperature dependence of the thermopower. It was reported originally that for the samples
reduced using 1016 atm pO2, there was little change in the thermopower with temperature,
suggesting a hopping mechanism even up to 550 K. For samples reduced at 1014 atm pO2
(Figure 2-13a), the thermopower had a weak dependence on temperature at below 325 K.
The thermopower becomes invariant, similar to the case reported in the sample reduced at
1016 atm. This suggested that there was a change in the conduction mechanism to
hopping®®. Electron energy loss spectroscopy has shown that both the Nb#* and Nb°* states
exist in these heavily reduced samples®®. This is consistent with the conditions required for
hopping conduction.

For the samples reduced at 10-12atm, in which the anomalous conductivity increase
does not occur, Figure 2-13a shows that the absolute value of the Seebeck coefficient
decreases with increasing temperature below about 325 K. This is the expected relationship
for the non-hopping semiconductor. Above this temperature, the thermopower was stated
to be approximately invariant. The temperature at which these transitions occur coincides
with the ferroelectric transition temperature of 340 K reported by Ballman®l. The work
suggests that polarization effects on the thermopower may be occluded by higher carrier
concentrations. This thought is consistent with the idea that high carrier concentrations can
suppress ferroelectricity4.

Reduced SBN ceramics with varying compositions were investigated by Bock et
al. In that work, the electrical conductivity was shown to exhibit the anomalous increase as
the reducing atmosphere was changed from 10-12to 10-14 atm pO2 9. It was shown that the
Seebeck coefficient had a measurable dependence on temperature, and should not be

considered invariant as reported by Lee et al.. The thermopower is shown in Figure 2-14
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for several compositions of SBN. The temperature dependence is made more obvious in

Figure 2-14 due to the scaling of the plot.
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Figure 2-14. Thermopower dependence of unfilled atm SrBa1-xNb2Oe for various values of x
annealed at 10-14 atm. The green data points that extend to higher temperatures were taken at NASA Glenn

Research Center. Source: Bock et al.>9.

Figure 2-14 provides two important insights: the first being that SBN may not be a
hopping conductor above room temperature. Secondly, there is a difference in how relaxor
polarization affects thermoelectricity relative to normal ferroelectrics®®. The fact that there
is an obvious temperature dependence to the thermopower is not consistent with the Heike
model for hopping conductors. The compositions where x = 0.4and x = 0.5 can be
regarded as normal ferroelectric compositions in SBN. A linear (or possibly In) dependence
in the Seebeck coefficient with temperature was found in these compositions. For higher
Sr compositions, a somewhat-parabolic trend was observed, with low temperatures
showing a decrease in the absolute value of the thermopower with temperature. In the 60-
40 composition (x = 0.6), the extended temperature data shows that the thermopower
becomes more linear. The trends in Figure 2-14 show the compostions of SBN start to
converge on approaching the Burns Temperature, suggesting that once there is no

polarization, the materials will behave similarly.
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An explanation for the trends observed in Figure 2-14 requires the use of a modified
band structure of SBN. The assumption was that SBN was either a band-conducting
semicondcutor or a hopping conductor. The thermopower trends are not entirely consistent
with either of these models, but in fact is metal-like in that the magnitude depends linearly
with temperature (Eq 2.29)%°. Of course, the Seebeck coefficient would have to extrapolate
to 0 at O K if this was true, and that is not the case with SBN.

Bock et al. mapped the conduction mechanisms at different temperature ranges.

The nearest neighbor hopping mechansim was checked by plotting In(aT) vs. kZ—T (Eq

2.22). It was found that for the relaxor compositions, x = 0.6 and x = 0.7, the electrical
conductivity data were consistent with hopping conduction from 300 to 400 K. Outside of
this temperature range and composition, this hopping model was not satisfactory due to the
deviation in linearity®®. For temperatures below 300 K, all compositions annealed at 1014
atm pO2 were found to fit the “non-activated” hopping proposed by Emin. Thus at low
temperatures, there is strong evidence that the reduced unfilled SBNs annealed at 10-14 atm
pOzare hopping conductors only at low temperatures. A different scheme (i.e. a disordered
band conductor) must be considered for higher temperatures.

Similar behavior in the conductivity was reported in the La-doped BaTiOs thin
films of Gilbert et al., where hopping behavior was coupled with an increasing absolute
value of Seebeck coefficients with temperature®®. In that work, the measured activation

energies suggested that the carrier mobilities were activated, which is inconsistent with

metals. The fact that the thermopower did not scale with % (Eq 2.30 and 2.31) disagreed

with the picture of a high-mobility semiconductor. The model that was suggested was an
Anderson-localization-modified band structure. Anderson localization is a phenomenon
that occurs in materials with a large degree of disorder®*. This gives rise to mobility edges
that localize carriers unless they are able to be excited over these mobility edges®*. Hence,
this type of band conduction has a thermally activated-mobility.

As a consequence of the crystal field splitting (due to octahedral coordination of
the transition metal) in conjunction with the electron correlation energy, U, the impurity

band (either from doping or oxygen vacancies) now consists of an upper and lower
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Hubbard band®°. The upper and lower Hubbard bands correspond to the states in the tag
band>4 90.91 For SBN, BaTiO3, and SrTiOs. the Fermi level is located just under the
conduction band and within the lower Hubbard band. The pseudo-gap is a consequence of
the mobility edges.

In the work of Gilbert et al., the lower Hubbard band was located near the empty
Ti 3d conduction band of BaTiOs and with sufficient doping, would partially overlap with
a mobility-edge separation®®. This band structure was consistent with the photoemission
spectra reported by Robey et al.®!.

The schematic band structure shown by Bock et al. for these reduced SBNS,
originally proposed by Gilbert et al. for La-doped BaTiOs, is illustrated in Figure 2-15
along with the proposed mobility edges. At low temperatures, the thermal energy, k,T, is
insufficient to excite carriers out of the mobility edges. This is consistent with a localized
hopping behavior at low temperatures. However, at sufficiently high temperatures (greater
than 450 K), carriers can reach the Nb 4d conduction band via the overlapping Hubbard
band. Despite being a band conductor at elevated temperatures, the mobility edges result

in a thermally activated mobility, and hence thermally activated conductivity.
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Figure 2-15. The proposed band structure for reduced SBN. Source: Bock etal.>9.
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Provided this model is true, then the thermopower dependence of temperature
agrees well with the models devised by Mott as noted by Bock et al.. When mobility edges
are present, Mott and Cutler proposed that a material could exhibit a linear thermopower
dependence with temperature at low temperatures®2. If there is excitation above the
mobility edge into the conduction band, then a In(T) dependence would be observed®?.
Due to the lack of data over an extended temperature range, whether SBN obeyed a linear
temperature or In(7) dependence could not be concluded®®. The unified and consistent
model of Bock et al. provides a good reference point for thermoelectric trends (e.g.
temperature dependences and magnitudes) for the filled SBN system. Two other important

reference points can be taken away from their work. One is that a power factor of about

3.4+ — was achieved in 10-*4 atm-annealed 60-40 Sr-Ba ceramics and the other being

cm—K

that samples reduced at either 10-4 or 10-16 atm demonstrated maximum conductivities in
the temperature range of about 550 K and 800 K?>°.
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Chapter 3

Experimental Procedure

The sintering of powders was used to fabricate ceramic (polycrystalline) samples
of different compositions in the SBN system. Powders were fabricated by a conventional
solid-state reaction process without additional binders, surfactants, or dispersants. This
process is favorable due to low processing costs with large yields that can sinter to
appropriate densities for electrical measurements. This section will outline the details for
powder processing, green body formation, sintering and density measurements.
Characterization techniques such as particle size measurement, X-ray diffraction (XRD),
electron microscopy, electrical conductivity, Seebeck coefficient, and the Hall

measurement will also be described.

3.1 Powder Processing and Synthesis

Solid state reaction of powders was used to fabricate ceramic samples using a
process similar to that described for preparation of 5-site filled SBN ceramics in previously
reported work!—4. Raw powders of high purity were used as starting materials: 99.9% wt%
SrCOs (Sigma-Aldrich), 99.9 wt% Nb20s (Alfa Aesar), and 99.9 wt% BaCOs (Alfa Aesar),
respectively.  Stoichiometric compositions of SBN for 6-site filling (filled bronze) were
batched for compositions of varying Sr and Ba ratios at intervals of 20 mole%. The
notation 0:100 will be used to describe the Ba end member, and 100:0 the Sr end member,
respectively. Each batch was measured on a mass balance with a resolution of 0.0001 g.
The raw powders were then transferred into a rounded-bottom Nalgene ® bottle with ZrO>
milling media of varying sizes ranging from 1 to 5 mm in diameter. 200 proof ethanol was
used as the milling liquid. Ball-mill processing conditions are well-documented in the

literature and nano-sized powders can be achieved using this process® ©. However, in this
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study, nano-sized powders were not necessary; the only requisite was for aggregates to be
broken up to particle sizes between 0.1 and 1 pm. It was found that a volume ratio of 1:1:1
for the media, the powders, and the ethanol was able to consistently meet this goal. The
setup is shown in Figure 3-1. The raw powders were intimately mixed using the Nalgene®
bottle for 24 hours by rotational motion using a roller mill at 200 RPM.

ZrO,
Milling

X

200 Proof Raw
Ethanol veY] Powders
1@ Or
o Partially
¥ Sintered

Powders

Figure 3-1. Setup for intimate mixing of high purity starting oxide powders. The volume ratio for

media, powder, and liquid was 1:1:1 respectively. A mixture of sizes was used for the milling media.

After milling for 24 hours, the suspension was poured through a strainer and into a
commercial glass pan in order to separate the milling media. The pan was then covered
with aluminum foil and placed in a drying oven at 80°C for 12 hours. The aluminum foil
was lifted at the corner in order for the ethanol to evaporate efficiently. The glass dish was
then removed from the oven unless the evaporation of the ethanol was not completed within
12 hours. A rubber spatula was then used to transfer the powder from the glass pan into a
number 50 (300 pm mesh size) sieve. The powder mixture was then sieved; the process
also broke up weakly bonded agglomerates formed during drying, such that a high surface

area was achieved in order to prepare for the next step.
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The sieved powder mixture was then placed into alumina boats and calcined in air
in a box furnace at 850°C for 8 hours at a ramp rate of 5°C/min to remove the carbon.

Figure 3-2shows the XRD pattern after calcination with carbonates absent.

14000 — 2 BaNb_O,_ (orthrombic)
3 BaNb_ O, (orthrombic)

12000 4 Nb_O,_ (orthrombic)
10000 ~

8000

[SLRN

6000 3

Intensity (Counts)

4000

2000 <ol 23

20°

Figure 3-2. No evidence of carbonates after 850°C air calcination of powder mixture. Many of the

oxides identified have overlapping diffraction peaks.

At 850°C, the powder has not sintered and does not need to be milled. This powder
mixture was then reacted into the tungsten bronze phase under a reducing atmosphere. For
this task, the powder was placed into a 90 x 17 x 11.5 mm alumina combustion boat and

into a tube furnace with reducing gas capabilities. A schematic of the tube furnace is shown
in Figure 3-3.
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in-take gas valve ALO,
tube

direction of
gas flow

| -

<«
17.78 cm

Po, sensor/Thermocouple

gas exhaust pipe

Al,0; boat
(powder) or ZrO,
Porous ZrO, brick brick (green body)

Figure 3-3. The reducing tube furnace systemused in powder processing and sintering. The
reducing atmosphere was controlled by H> gas and water vapor carried by inert Ar gas. An R-type

thermocouple coupled with a ZrO> oxygen-sensor probe was inserted along the gas-intake end.

A smaller boat of 12.4 x 25 x 100 mm was used because significant distance
deviation from the furnace’s hot zone (either by too large a boat or shifting of the tube
within the furnace) may lead to an oxygen-gradient as a consequence of inadequate
temperatures as shown in Figure 3-4.

Closer to hot zone Away from hot zone

Figure 3-4. The degree-of-reduction gradient depicted by color gradient when too far away from

hot zone.

The alumina boat was pushed along the tube towards the tip of thermocouple with
a hooked metal rod from the exhaust side. A porous ZrO: brick was placed into each end
of the tube. A small fan was also placed externally at each end. The purpose of this was to

insulate the ends from the heating elements and to cool the ends such that thermal
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expansion of the tube near the ends was minimized, reducing the chance of atmospheric
leakages. The ends of the tube were sealed with endcaps. The in-take endcap also houses
the oxygen and temperature sensor, as shown in Figure 3-3.

The reducing capabilities of the furnace were controlled by the use of Hz, “wet”
(water vapor-carrying) Ar, and “dry” Ar using a total flow rate of 500 cm®/min. This flow
rate for the tube maintains a pressure of 1 atm within the furnace. The “dry” Ar acts as a

carrier gas. The partial pressure of oxygen can then controlled by the equilibrium reaction’:

1 Eq 3.1
H, (9) +5 0, (9) = H,0 (g) (a3
The corresponding law of mass action expression is then:

1
z (Eq 3.2)

H,p0?

K(T) :p Zp 2

pH,0

where p denotes partial pressures. There is a standard free energy of formation, AG®,
associated with Eq 3.1 and it can be related to the equilibrium constant in Eq 3.2. It is given

as follows:
AG° = RTIn(K) (Eq 3.3)

The standard state of the free energy for the forward reaction in Eq 3.1 is given (in J/mol)
as’:

AG°(T) = —247500 + 55.85T (Eq 3.4)

Eq 3.4 is valid for the temperature range from 298 to 2000 K. The equilibrium constant is
temperature dependent as indicated in Eq 3.2. From Eq 3.3 and Eq 3.4, the temperature
dependence of K(T) can be expressed as:

AG°(T) (Eq 3.5)
RT
where R= 8.314462 J/mol-K. Table 3.1 shows values of In(K) by substitution of values of

In(K) = —

T into Eq 3.4. Plotting the natural logarithm of K vs 1/T will give the linear expression of
In(K) as a function of T:



Table 3.1 Tabulated values of In(K) vs 1/T
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Reciprocal® | Calculated®tandard®
Temperature@K)| Temperature@ GibbsFreeEnergyR In(K) K
(K*) (J/mol)
300 0.00333 -230745 -92.5075 6.67587E-41
600 0.00167 -213990 -42.8951 2.34897E-19
900 0.00111 -197235 -26.3577 3.57274E-12
1000 0.00100 -191650 -23.0502 9.75946E-11
1200 0.00083 -180480 -18.0890 1.39336E-08
1500 0.00067 -163725 -13.1277 1.9893E-06
1800 0.00056 -146970 -9.8202 5.43406E-05
0
.\
N
-20 '\
-40 .\
u y = -29767x + 6.7172
3
—
= .60
_80 -
[ ]
-100

T+ T "~ T '+ T T L
0.0005 0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

Reciprocal Temperature (K"

Figure 3-5. The linear relationship between the natural log of the equilibrium constant plotted

against the reciprocal of absolute temperature. The linear trend gives the values for the constants A and B

in Eq 3.5, which can be usedto calculate K as a function of T.
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Plotted in this way, the equilibrium constant can then be expressed linearly as:

n(K) = A _g (Eq 3.6)

where A = 6.7172 and B = —29767. Knowing the value of K at different temperatures
then allows calculation of the partial pressures at different temperatures, and hence the flow
rates for the gases for a desired pO.. This calculation was also verified with a ZrO2 sensor.

The reaction or second calcination was performed at 1300°C for 10 hours using a
ramp up and ramp down of 5°C/min under a gas flow of 12.5 cc/min Hz and 487.5 cc/min
dry (equivalent to 2.5% Hz in Ar.) The gas flow rates are manually adjusted by a MKS
Instruments® mass flow controller. The reduced powder was then removed from the
alumina boat with a metal spatula. Hard scraping was avoided to reduce Fe contamination.
The partially sintered powder was then placed into another Nalgene® bottle with ethanol
and ZrO2 milling media as described during the mixing step (Figure 3-1). This bottle was
then put into a large plastic canister and placed into a high-energy vibratory mill for a total
of 36 hours. After the first 18 hours, the Nalgene® bottle was taken out and vigorously
shaken by hand for 10 seconds and placed back into the mill for the remaining 18 hours.
This process eliminates any potential unmilled aggregates near the bottom of the bottle as
a consequence of unequal contact with the media. The slurry was then placed in an 80°C
oven for drying for 12 hours or until all of the ethanol has been removed. The powder was
then sieved using a number 325 (45 um mesh size) sieve. Figure 3-6 shows the overall
process for powder synthesis
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Mix SrCO,, BaCO,, Nb,O,
using ZrO,, ethanol, and
Nalgene® bottle for 24 h on
roller mill

Dry suspension at 80°C and sieve with 300 pm
mesh size sieve

|

Calcine 1in air for 8 h at 850°C to remove CO,

!

React caleined powder for 10 hours at 1300°C and
2.5% H, and Ar (12.5 cm3/min and 487.5 cm3/min,
respectively)

Vibrational mill using ZrO,, ethanol, and Nalgene
bottle for 36 h: after first 18 h remove and hand-
shake for 10 s and resume vibration mill

Dry suspension at
80°C and sieve with
45 pm mesh size
sieve.

Figure 3-6. Overview of steps for powder synthesis before sintering. This processing method for
the powders yields densities > 95% after sintering. Additives such as binders, dispersants, and surfactants

were not required to achieve this density.

3.2 Particle Size Measurement

Particle sizes were measured using a Malvern Nanosizer® ZS instrument that
utilized dynamic light scattering. The instrument, as reported by the manufacturer, is
suitable for measurements from 0.6 nm to 6 pum. The final reduced powders were dispersed
in de-ionized water and ultrasonicated for 50 minutes, or until the dispersion showed no
signs of settled particulates, whichever occurred first. The dispersion was extracted using
plastic pipettes into glass cuvettes and measured. A refractive index of 2.3, as reported in
the literature, was used for all powders®. Three measurements were taken to assess the error

in the measured particle size distribution.
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3.3 Green Body Formation, Sintering, and Annealing

The reduced powders were formed into circular green bodies by hydraulic pressing
through adie followed by cold isostatic pressing (CIP.) Astainless steel die of 12 mm inner
diameter was used in the uniaxial hydraulic press. Stearic acid dissolved in acetone was
used as the lubricant. Powders were measured on a mass balance to 1.150g (2.75 mm
thickness) or to 0.600g (1.38 mm thickness) and uniaxially pressed at 2 ksi (13.8 MPa) for
30 seconds. The resulting pellet was ejected by pressing on the opposite side of the die. A
low pressure of 2 ksi was used, since the hydraulic press was only used to form the shape.
High uniaxial pressures can cause density gradients to develop during the sintering
process®. The uniaxially pressed pellets were then vacuum-sealed in a nitrile glove or
plastic covering and isostatically pressed at 29 ksi (199.9 MPa) for 30 seconds. The holding
vessel was patted dry before removing the isostatically pressed pellets. The resulting green
body takes the form of a high-strength circular pellet.

The green bodies were sintered in the reducing furnace described in the powder
synthesis section. The green bodies were placed on top of a porous ZrO: brick and pushed
as close as possible to the thermocouple. The green bodies were sintered at 1350°C for 5
hours using a ramp up and ramp down rate of 5°C/min under a gas flow of 2.5% Hz in Ar
(12.5 cm3/min and 487.5 cm3/min, respectively.) Insamples that underwent annealing after
sintering, these samples were annealed for 30 hours at 1300°C at 5°C/min ramp up/down
using either 2.5% Hy in Ar or an annealing atmosphere of 1.02 x 10~* atm pO2 (30, 20,
and 450 cm®/min, for Hz, wet Ar, and dry Ar, respectively.) The process for green forming

and the sintering profile are shown in Figure 3-7.



Green Body Formation

Lubricate inner wall of die
with stearic acid + acetone.
Transfer powder into die

Uniaxi;"y press using hydraulic press at 2 ksi for
30 seconds

-
Vacuum seal ejected pellet into nitrile glove or
vacuum-sealing plastic vessel

[ Cold isostatic press peEets in the vacuum-sealed
vessel at 29 ksi for 30 seconds

UTY VESSEL USING PdpeE
towels. Remove final
green bodies from vessel
using scissors

(a)

72

Sintering and Annealing

Sinter at 1350°C for 5 h using
ramp rate up and down of
5°C/min under 2.5% H, in Ar
atmosphere (12.5 cm3/min and
487.5 cm3/min, respectively)

*If post-sinter annealing required

Anneal at 1300°C for 30 h

using a ramp rate up and down
of 5°C/min at 2.5% H, in Ar, or
107 atm Py,

(b)

Figure 3-7. () Green body formation by two step dry-pressing and (b) sintering and post-sinter

annealing profiles.

3.4 Density Measurements

The densities of pellets were measured using the Archimedes method. At room

temperature, the density of DI water was assumed to be 1.0g/cm® such that the mass and

volume in cm? can be used interchangeably. A specialized configuration involving a beaker

of water and an overhanging sample holder was used to conduct the Archimedes density

measurement as shown in Figure 3-9.
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Figure 3-9. Archimedes setup for determining densities.

The following equation was used to determine densitiesO:

D (Eq 3.7)
P=<c—7

S—1
where pis the measured density in g/cm®, D is the dry weight of the sample, S is the water-
saturated weight of the sample, and Iis the immersed-water-saturated weight

As-sintered pellets were dried in an oven for 120°C for 20 minutes in order to
evaporate any moisture. This dry weight is the D in Eq 3.7. To obtain S, the samples were
placed into abeaker of boiling water heated by a hot plate for 2 hours or until all air bubbles
from the sample surface were eliminated. Any water adhering to the samples that was not
absorbed by surface porosity was patted away with a damp paper towel before measuring
the mass. The immersed-saturated weight, I, was measured by using the setup in Figure 3-
9. The saturated sample was placed into the basket that will measure the weight of the
sample under the influence of the buoyant force. The subtraction of S and | will yield the
volume of the sample with the surface porosity taken into account via water displacement.

Theoretical densities were calculated by the following equation:
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_ Mz (Eq 3.8)
VeN,

where pth is the theoretical density, M is the molar mass of the tungsten bronze for a given

Ptn

composition, Z is the number of chemical formula units per unit cell, V¢ is the unit cell
volume obtained from XRD, and Nais Avogadro’s number. From Eq 3.7 and 8, the relative

density can then be calculated as follows:

Pret(%) =1 — (pm — Py 100) (Eq 3.9)

Ptn

3.5 Sample Preparation

Four types of samples were prepared from the sintered pellet: electrical
conductivity, Seebeck, Hall, and microstructure. The circular pellets were mounted using
Crystalbond™ glue onto an alumina sheet. A 0.2 mm thick diamond saw blade spinning at
30 rpm was used to cut sections of the pellet into rectangular prisms. The Seebeck samples
were cut to the dimensions of 1 x 1 x 5 mm. The Hall and electrical conductivity samples
were larger to facilitate electroding and were usually cut from the center of the pellet. The
side wedges were used for characterization of the microstructure. Figure 3-8 shows a

general guide for the types and size of samples cut from asingle pellet.
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5mm

Figure 3-8. Four types of samples cut from a sintered pellet. Only the Seebeck samples require a

specific dimension.

With the exception to the pieces cut for electron microscopy, the samples were
ground on all 6 faces with 400 grit (~ 22 pm) and then 600 grit (~ 14 pm) SIiC paper using
a grinding wheel. This flattens the surfaces and leaves enough surface roughness for robust
adhesion of sputtered electrodes. Samples were ultra-sonicated in DI water between grit
size changes for 30 seconds. Samples were removed from the steel grinder-stages using
acetone, followed by another ultra-sonication in DI water for 30 seconds.

Microstructural samples were prepared by grinding and polishing of the cross-
sectional surface, e.g. the interior face. These samples were ground using 240, 320, 400,
600 grit (52, 35, 22, 14 um, respectively) SiC and polished with 800 (10 pum) and 1000 (5
pm) grit SiC. The samples were ground until the previous grit size scratches disappeared.
The samples were then polished with the 800 grit SiC for 5 minutes or until scratches from
the previous grit disappeared. Polishing with the 1000 grit was performed for 10 minutes,
which should yield a mirror-like surface, or until scratches from the previous grit
disappeared. Between each grit size change, the samples were ultra-sonicated in DI water
for 30 seconds.
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3.6 Electron Microscopy and Energy Dispersive Spectroscopy

Electron micrographs were taken using an FEI™ Quanta 200 environmental
Scanning Electron Microscope (ESEM) with an auxiliary Oxford Instruments® Energy
Dispersive Spectrometry (EDS) detector as well as another FEI™ SEM (NanoSEM 600)
using a field emission source (FESEM.) In all cases, samples were loaded on to SEM stage
stubs using double-sided carbon tape. Sputter coating was not used. Micrographs on the
ESEM were taken using the high vacuum mode, a working distance of ~ 11 mm, and 20
kV with a probe current of 3.0 nA. Micrographs taken on the FESEM used a working
distance of ~2 mm, 2.5 kV accelerating voltage, and a probe current of 18 pA. EDS results
were analyzed with the Aztec® software. Settings for EDS characterization were as
follows: 25 kV accelerating voltage, a probe current of 4.7 nA, and a working distance of
12 mm. A 5-site SBN of 61:39 Sr:Ba single crystal was used as an external standard for
guantitative work.

Transmission electron microscopy micrographs were taken using the FEI™ Titan
G3 microscope under the scanning transmission electron microscopy (STEM) mode
operated at 300 kV. The EDS attachment was used for elementally mapping the

micrographs.

3.7 X-ray Diffraction

X-ray diffraction was performed using the Bragg-Brentano geometry on a
PANalytical Empyrean system. In all diffraction experiments, a Cu target under an
accelerating voltage of 45 kV and current of 40 mA utilized. A Ni filter was used to
minimize the Kgradiation. Additional accessories include a 10 mm beam mask, a 2° anti-

scatter slit, and an attachable beam knife that serves to minimize the background at low
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diffraction angles. Settings for the goniometer were as follows: scan range from 5-70° 26,
a time step of 100 seconds, and a step size of 0.0263°.

For powder XRD, the flat-stage attachment was used. The powders were mixed
with a Ni standard (Alfa Aesar) at about 10wt%. The mixing process consisted of using a
mortar and pestle until the powder was a uniform color. The mixed powder was then loaded
onto a specially-oriented flat “zero-background” Si stage with a circular depression. For
bulk samples, the multi-stage attachment was used. Here, instead of using Si, a “zero-
background” quartz crystal was used. The height of the sample surface was calibrated to
mm relative to the X-ray source using a height-aligning tool.

All XRD data analysis such as Rietveld refinements and peak identification were
performed on Jade® 2010.

3.8 Electrical Conductivity

Electrical conductivity measurements as function of temperature were performed
using a 4-point probe technique. The advantage of this technique over the 2-point probe
technique is that contributions from the lead and contact resistances are minimized. The
conductivity of the sample was calculated by measuring the resistance due to the potential
drop between the two inner electrodes for a rectangular specimen. Figure 3-10 shows the

4 point-probe geometry.
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Figure 3-10. 4-point probe setup for measuring electrical conductivities. Current was supplied to

the outerelectrodes and the potential drop was measured across the two inner electrodes.

A Quorum Technologies® sputter system was used to sputter 100 nm of Pt onto
the samples. The sample was masked using Kapton tape. Epo-Tek® Ag epoxy (resin +
hardener in 1:1 ratio) was used to attach Ag wires onto the electrodes. The Kapton tape
was left on the sample from the sputtering so that the Ag epoxy can be applied without
causing unintentional shorting. The Ag epoxy was cured at 120°C for 15 minutes.

Electrical conductivities were measured using two different systems: one for
temperatures of 200°C and below and another for 25°C to 700°C. The low temperature
measurements used a combination of a Hewlett Packard® LCR meter, a Keithley® digital
multimeter (DMM) with cold-junction compensator for temperature measurement, and a
liquid N2-compatible enclosure. The Ag wires of the sample were soldered onto the leads
of the sample box that attached to the oven door. The oven door connects to the LCR meter
and the DMM. The Pennsylvania State University’s GADD software was used to record
the resistance and temperature. A heating and cooling rate of 2°C/min was used and the

cooling measurement was reported.
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For high temperature measurements, a reducing furnace was used. A Tektronix®
Keithley DMM and 4-point probe apparatus with K-type thermocouple were used. The Ag
wires of the sample were twisted separately around the four independent Pt leads of the
apparatus for good contact. The furnace controller was programmed to heat at 2°C/min
from room temperature to 700°C, hold for 1 h at 700°C, and then cool at 2°C/min. A gas
flow of 15 cm*/min of Hz and 485 cm?/min N2 was used to create the reducing atmosphere
during the measurement. Electrical resistance and temperatures were logged using the
EXCEL-Link add-on to Microsoft® Excel. The measurement on cooling is reported since
there was a hysteresis between the heating and cooling curves. This was thought to be a
consequence of polymer degradation of the silver epoxy at higher temperatures or possible
oxidation. Subsequent measurements on the same sample did not show the hysteresis.

The electrical conductivity was calculated by the resistance as measured on either
of the low T or high T systems using the dimensions shown in Figure 3-10. The
conductivity is then:

o (th)‘l (Eq 3.10)
L

where o is the electrical conductivity, R is the measured resistance, w is the width, t is the
thickness, and L is the distance between the two inner electrodes. Comparison of the low
T system and high T system for the Ba end member is shown in Figure 3-11. There was
good overlap between the two systems, suggesting that 2 °C/min was adequate to avoid

any discontinuity due to thermal equilibrium.
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Figure 3-11. The overlapping of electrical conductivity of the low T system(black) and the high T
system(red) for one case of fabricated Ba end member (BNO) as-sintered.Sample was sintered under 2%

H2in N2 for 2 h at 1300°C.

3.9 Seebeck Coefficient

Seebeck measurements were performed on a commercial MMR-Tech ® Seebeck
system. The system’s three major components are an SB-100 controller, a K-20 controller,
and a vacuum chamber that houses the connections between the sample stage, heater, and
electronics. Ti-Pt (30 nm, 100 nm, respectively) electrodes were sputtered onto Seebeck
samples using a Kurt Lesker® CMS-18 sputter coater. The samples were attached to a
commercially-supplied alumina circuit board-stage using Ted Pella® Ag conductive paste
as shown in Figure 3-12. The paste was cured at 120 °C for 15 minutes. The K-20
controller controls the overall temperature of the measurement while an SB-100 controller
both powers a localized auxiliary heater that creates the temperature gradient as well as

measures the thermoelectric voltages.
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The theory of operation is as follows: a reference (constantan alloy) with a known
Seebeck coefficient dependence on temperature, is used to assess the Seebeck coefficient
of the sample. This assumes that the temperature gradient along the reference and the
sample are the same. (This is the rationale behind symmetrical sample loading on the stage
as well as the necessity of the specific dimensions of the Seebeck sample). If this is true,
then the Seebeck coefficient of the sample is given as:

_ Vs _ Vs =VSaR (Eq 3.11)
ATps  ATpg Ve

where as and or is the Seebeck coefficient of the sample and reference, respectively; Vs

as

and Vr are the thermoelectric voltages of the sample and reference, respectively; and ATps

and ATprare the temperature gradients of the sample and reference, respectively.

Conductive Ag Paste
on Ti-Pt electrodes

Y
(@]
Arpn rL\)‘ - A’IYPS

Figure 3-12. Sample loading on the MMR-Tech® Seebeck stage to help achieve equal temperature

gradients.

The alumina stage was inserted into the vacuum chamber according to operating
procedures and secured with thermal grease and a copper clip to ensure good thermal
contact under a vacuum environment. The chamber was vacuum-sealed using a pump to ~

2 mTorr. An integrated software package was used to program the measurement.
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3.10 Hall Measurement

The carrier concentration was measured using the Hall effect on a Quantum
Design® PPMS system. Hall samples were electroded with Pt using the Quorum® sputter
coater as outlined in the electrical conductivity section. Five electrode contacts were made
on each Hall sample. For more resistive samples, painted Ga-In electrodes were used.1The
composition of the Ga-In alloy was approximately 50-50 by volume % and was adjusted
with incrementally more Ga such that the alloy could melt on a 80°C hot plate, but solidify
at room temperature.

Ag wires were attached to these 5 electrodes with Ag epoxy. Figure 3-13 shows the
setup for the Hall measurement. Samples were soldered onto a “Hall Puck™ (i.e. the sample
stage) which possessed 10 leads. The puck was loaded into the temperature-controlled
vacuum chamber and sealed to an atmosphere of ~ 5 mTorr. The temperature was
maintained at 300.00 K and a current of 5000 pA AC source was used throughout the
measurement. The rationale was to minimize stray thermoelectric voltages from
temperature gradients. Samples were measured twice, starting from a magnetic field of
80000 Oe to -80000 Oe and then from -80000 Oe back to 80000 Oe at a rate of 100 Oe/s.
Hall resistances (Rxy) were measured every 10000 Oe. The relative magnetic permeability
of the samples was assumed to be unity. Sienko et al. and Kupka et al. have shown that the
magnetic susceptibilities for sodium, potassium, and rubidium tungsten bronzes are on the
order of magnitude of 106, which implies a relative permeability close to unity 1112, Itcan
be shown that for a relative permeability of unity, the induced magnetic field B, can be
equated to the auxiliary magnetic field H if the units of gauss (10 tesla) and oersted are
used, respectively?3.

The carrier concentration n, was calculated from the slope of the Hall resistance

and the applied magnetic field:

1 More resistive samples showed noisy Hall measurements. There was evidence of non-Ohmic contacts using
Ti electrodes on less conductive samples as observed on an oscilloscope relative to that of the samples
reduced at 1016 atm pO.. Ga-In electrodes were favored over Ti-Pt sputtered electrodes since Hall
measurements were undertaken at room temperature. They also had the added convenience of shorter
implementation times and the ability to be easily replaced should the electrodes fall off or wear away.
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(Eq 3.12)
Ry, =B, X —
XY VA Tl€d

where Rxy is the lateral Hall resistance that is derived from current flowing in the X-
direction (Ix) and Hall voltage measured in the Y-direction (see Figure 3-13), Bz is the
applied magnretic field in the Z-direction, nis the carrier concentration, e is the elementary

charge, and d is the thickness along the Z-direction.

/ 1 AX (misalignment)

Figure 3-13. Bxperimental Hall geometry with respect to rectangular sample. Areas shaded in grey

are electrical contacts (Pt electrode, Ag epoxy and Ag wire.)

A plot of Eq 3.12 would ideally show a straight line with slope K = ﬁ. However,

a spurious voltage (or resistance) contribution from Rxx may be present due to the
misalignment or size difference of the + and — Rxy electrodes. The misalignment is shown
in Figure 3-13 as AX. The misalignment voltage constitutes the largest source of spurious
voltage within the measurement. However, it is not dependent on the magnetic field and so
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it can be accounted for by the subtraction of the two measurements at opposite signs of the
magnetic field. The correction process was done as follows:

Let Ry,' and Ry’ be the Hall resistance as-measured at a positive magnetic field and a
negative magnetic field, respectively, and R, be the true Hall resistance. Because of the
misalignment due to AX, there will be a contribution to Ry, "and Ry, with a value of Ry:

Ryx = Ryx + Ryyx (Eq 3.13)

Subtracting Eq 3.13 and 14 yields:
Ry — Ryy' = 2Ryy (Eq 3.15)

Dividing Eq 3.15 by two will yield the true Hall resistance.

When the true Hall resistance is plotted against the magnetic field, the resulting
data points should form astraight line and have a Hall resistance of ~0 at ~ O field. The
carrier concentration was then obtained by fitting the points to a line and taking the slope

using Eq 3.12.
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Chapter 4

Results and Discussion

4.1 Synthesis of the Filled Barium Niobate End Member Ceramic as a Model System

4.1.1 Introduction: Barium Niobate (BNO)

Significant progress in the refinement of the tungsten bronze structure occurred in
the 1950s with the lead niobates!~4. The first instances of investigating the occupancy, site-
filling, and distortions of non-alkali bronzes led to important correlations to electrical and
dielectric properties of these structures. One of these non-alkali compositions was SBN,
noted as a composition that crystallized in the unfilled state. Few references are available
regarding the fillkd SBNs. However, there are at least three reported cases for the synthesis
of the filled tetragonal tungsten bronze barium end member, BNO. Single crystal synthesis
was reported by Sunshine et al., which formed as a side product during the synthesis of a
rhombohedral BazNb1s032 phase as discussed in Chapter 11. Synthesis of BNO ceramics
have been reported by D’yachenko et al. and Hwang et al, in which vacuum-sealed
ampoules with oxygen-getters and holding times of 48-100 hours were used? 3.

To enable systematic studies of the solid solution, a processing route was developed
using the barium end member as a model system. The first goal was to demonstrate that
phase pure BNO ceramics can be fabricated using a conventional solid-state processing
method in lieu of vacuum ampoules. The second goal was to extrapolate the method to

synthesizing other compositions of A-site filled SBNs.

4.1.2 Conditions for Conventional Solid State Sintering of BNO

The processing method outlined in Chapter 3 was the finalized process which

yielded dense and phase-pure filled BNO. Unlike other tungsten bronzes such as the
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unfilled SBNs, it was found that phase-pure BNO cannot be formed in air, but required an
oxygen-deficient atmosphere. The phase-purity was checked by XRD and SEM for BNO
ceramics fabricated under 2.5 % H» (12.5 cm3/second) and N2 (487.5 cm®/second) as a
carrier gas at 1300°C.

N2 gas was used as the carrier gas prior to switching to Ar as discussed in the
experimental procedure chapter. Calcining or sintering without the reducing atmosphere
(e.g. in air) at 1300°C produced a mixture of oxides with the hexagonal BasNbsO1s as the
primary phase. Figure 4-1 shows a partial pressure-temperature diagram for the formation
of the filled tungsten bronze, BNO, from mixed oxides. The region of stability is consistent
with the conditions for the onset of the anomalous increase of electrical conductivity found
in the unfilled SBNs reported by Lee et al. and Bock et al.% °. The necessity of the reducing
atmosphere for the formation of BNO is the first piece of evidence for A-site filling

occurring within SBN filled-bronzes.

Conditions for Synthesis of BNO (T and P,)
1E-9
1E-10 ®
‘t 1E-11
)
c 1E-12 Mixed Phase ®
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o 1E-14 n
@ 1E-15 n
()}
()
i 1E-16 m
.f_:U 1E-17 Single Phase
a |
O 1e-18
I T T T T T T T 1
750 900 1050 1200 1350

Temperature (°C)

Figure 4-1. Diagram for synthesis conditions offilled BNO from raw powders. The filled tungsten
bronze phase forms at elevated temperatures and require an oxygen partial pressure below10-14 atm. The

region denoted in blue corresponds to the 2-2.5% H discussed in the experimental procedure chapter.
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Roller milling was used to break down the reacted aggregates into BNO powder.
However, the sintering of these powders produced ceramics of inconsistent densities
ranging from 80% to 97% that of the theoretical value. The Reynold’s and Hough’s rule
for composites can be used to determine the electrical conductivity of a two phase

composite and is given below:

Ocomposite — Omatrix _ Opore — Omatrix (Eq 4.1)
1% %20, . AP T os
composite matrix pore matrix

where o is the conductivity of the phase denoted by the subscript and y,,,,. is the volume
fraction of the porosity®. Using Eq 4.1, a relative density of 95% would show a 7.3%
decrease in conductivity and a density of 85% would show a 20.1% decrease relative to a
fully dense sample. Therefore, a consistent density of 95% or greater is crucial.

Particle size is an important factor in achieving high densities in ceramics. The
particle size distribution for BNO processed under two different milling methods is shown
in Figure 4-3. Roller milling produced a significant concentration of particles larger than
one micron, which result in poor sintering. Vibratory milling, as detailed in the
experimental procedure, was necessary for the sintering of dense BNO ceramics. Vibratory
milling yielded a larger fraction of smaller particles with a more consistent distribution.
One disadvantage of vibratory milling is the higher concentration of contaminants due to
media (in this case, ZrOz2). A sintering time of 2 hours, at 1300°C was adequate in yielding

densities 95% or greater in BNO.
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Figure 4-3. Comparison of particle size of BNO powder between roller milling and vibratory

milling.

The second calcination (in which the powders are reacted to form BNO in a
reducing atmosphere) yielded a small amount of a secondary phase; phase purity was
shown after sintering. Figure 4-4 compares the pattern of the second calcination of the

powder and the pattern after sintering. The secondary phase only shows one small,

identifiable diffraction peak. The general resolution limit for phase detection using

laboratory X-rays in Bragg-Brentano geometry is about 5-10 vol%’: 8. To confirm the
identity of the secondary phase, a reaction was performed on the powders for less than 10
hours. The secondary phase is believed to be the hexagonal phase, BasNbsO1s, since this
phase was the last major phase that was identified before BNO became the primary phase.
This phase was also present during the air calcination at 850°C during the carbon out-
gassing step. The reason for the presence of the secondary phase in BNO is not completely
clear, but it is likely due to kinetics being limited by cation motion.

Though the diffusion coefficients of SBN have not been reported, the general

magnitude of the diffusion coefficient of cations in oxides (such as MgO or Al.O3) at

90
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2
1300°C is on the order of 10~ to 10‘12% 9. Using x = VDt, with x being the diffusion

distance, D, the diffusion coefficient, and ¢, the time, setting t to 10 hours, the diffusion
distance is calculated to be around 6to 2 um. This is larger than the particle sizes measured
in the powder. However, during this step, the powder is not compacted and individual
particles may only be loosely in contact with each other, which increases the diffusion
distance. The reason behind doing the second calcination in the powder state rather than as
a pressed pellet was because it was hypothesized that exposure to the reducing atmosphere
was the most important criteria in forming the BNO phase; a powder would provide larger
surface areas. One reason to form a phase-pure powder before sintering was to eliminate
the variation caused by Kinetics.
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Figure 4-4. XRD pattern for BNO before and after sintering, showing that BasNb4Oss is the
primary phase before transformation into tungsten bronze BNO. This secondary phase was also found

during the air calcination at 850°C.
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4.1.3 Investigations into the Cause for A-site Filling

It is evident from Figure 4-1 that the synthesis of BNO as a filled bronze requires a
reducing atmosphere. However, it is not clear as to what is responsible for making the filled
bronze phase stable. Given the importance of areducing atmosphere, it is likely that oxygen
defects play a role. One hypothesis for the stabilization of the filled bronze was that if
oxygen vacancies were the primary defect species, then the overall swelling of the lattice
due to the effective positive-positive charge repulsion of these vacancies would enlarge the
volume of A-sites enough for Ba occupancy. Another hypothesis was that the removal of
nearest-neighbor oxygens constituting the perimeter of the A-site could provide the
necessary volume. Using the crystallographic information of BNO given by Hessen et al.,*
and given the fact that the diameter of the Al site is composed of antiparallel Ba-O bonds,
the volume of the cage could be estimated by measuring the shortest bond lengths within

the Al-site using Crystal Maker®. This is shown in Figure 4-5.

° Bar ~ 1.35 — 1.61 A

@ Nbrxo644

' Or=~ 1404

Figure 4-5. Nearest neighborbond lengths of the Al site and A2 site of BNO using
crystallographic data reported by Hessen et al.1. Note that the smallest Ba-O bonds do not fall within the
same plane and that the Ba radius depends on coordination number (ranging from 1.35A for 6 coordination

to 1.61A for 12 coordination, respectively)
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The A2 site was not considered in this evaluation because the Rietveld refinements
by Trubelja et al. and Leffler et al. in the unfillkd SBNs showed that Ba had a strong
preference for the A2 sitell 12, Itis thus presumed that the size of the Al site is the limiting
factor since the A2 site has been reported to be large enough to accommodate Ba.

For both cases, an effective available radius for the Ba ion was calculated by
measuring the shortest Ba-O bond and then subtracting the oxygen radius. The concept is
shown in Figure 4-6. This effective radius for the Ba was used to estimate the effective

volume of the Al site.

Ba-O bond length: 2.806 A; Effective Radius ~1.406 A
Ba-Nb “bond” length: 3.482 A; Effective Radius ~2.842 A

Figure 4-6. Concept of the effective Ba radius. The Al site has two distinct Ba-O bond lengths.

Other Nb and O atoms are down-scaled to better showthe 12 coordination of the Ba at the Al site.

To test the first hypothesis, BNO powder was annealed under 4 reducing conditions
for 10 hours at 1300°C and XRD was used to refine the lattice parameters via Rietveld
refinement. Crystal Maker® was then used to determine the size of the Al site according

to the lattice parameters. The results are shown in Table 4.1.



94

Table 4.1 Lattice Parameter-Al Site Effective Ba Radius vs. pO;

oS 12.5934 0.0005| 3.9806 0.0002 4.94 2.7970 1.397
10 12.6044 0.0002| 3.9789 0.0001 4.60 2.7970 1.397
10™ 12.6081 0.0003| 3.9794 0.0001 5.10 2.7980 1.398
1076 12,6152 0.0003| 3.9827 0.0001 5.50 2.8000 1.400

* not phase pure

BagTi,NbgO3q
(ceramic)

12.54 4.01 - 2.80 1.40

It can be seen that the lattice parameters increase with harsher reduction conditions,
which is assumed to be a reflection of the swelling of the lattice due to oxygen vacancies.
An anneal under 10-16 atm pO2and one under 10-*2atm (in which the powder is no longer
single-phase), showed less than a0.1 A change in the a lattice parameter; the small changes
are also observed in c. In these powder samples, the average lattice parameters were larger
than those reported in the single crystal by Hessen et al.l. This is true even at higher pO2
values in which the powder is no longer single-phase BNO. The effective Ba radius, as
calculated in the right most column of Table 4.1, showed that the effective volume is too
small to accommodate the Ba radius, unless the Ba coordination drops to ~ 7. If the oxygen
vacancies are distributed homogeneously in the material, then it is unlikely that 5 oxygen

vacancies can be clustered around a single Al site.
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Furthermore, Zheng et al. has reported another filled tungsten bronze with Ba
occupying the A-sites 10, This compound, BasTizNbgOsowas an insulating material and had
lattice parameters of 12.54 A and 4.01 A for a and c, respectively as shown at the bottom
of Table 4.119, Accordingly, the effective Ba radius is 1.40A. The change in the effective
Ba radius is small; only on the order of 0.01 A relative to the highly reduced BNO samples
in this work. An appropriate effective radius for Ba of 10-12 coordination for the Al site
would require a and ¢ to change on the order of 1.0 A.

To test the second hypothesis, direct removal of O atoms from the Al-site was used
to assess the next shortest Ba bond length and, as previous, the O radius was subtracted to
obtain an effective Ba radius. In this evaluation, the Ba coordination (and corresponding
Shannon-Prewitt radius) is taken to be 10-12 since more than 2 oxygen vacancies around

one site seems to be unrealistic. The results are shown in Table 4.2.

Table 4.2 Simulation of A-site Volumes as a Result of Oxygen Vacancies

BNO Single

12.5980 | 3.9774 1.396 1.407 2.842
Crystal

Figure 4-6 shows that shows that with no oxygen vacancies, the nearest neighbor
of the Al site is too small to accommodate the radius of Ba (orange line). Assuming the
removal of this oxygen provides a minute amount of additional space, a subtle shift of the
Ba in the direction of this additional space may be possible. If so, the next nearest neighbor
will be the O that corresponds to the longer Ba-O bond length (blue line in Figure 4-6.)
This would yield an effective radius of 1.407 A. This is still too small for Ba of 10-12
coordination. However, if in the vicinity, this same O is also removed, the cage should now

be open such that the Ba could potentially move towards the direction of a Nb neighbor
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(green line in Figure 4-6.) With a Ba-Nb bond distance of 3.482 A, the effective radius
becomes 2.842 A as shown in Table 4.2. Thus two vacancies clustered at the A1 may allow
for Ba occupancy.

The conclusion that can be drawn here is that physical removal of oxygen enlarges
the Al site more than the lattice swelling. However, the role of charge compensation cannot
be ignored because the BasTizNbgOso reported by Zheng et al. can be synthesized without
oxygen vacancies. The cations and anions are balanced in Bas Ti2NbgOg3o, if Ti is 4* and Nb
is 5*. However, for BNO, two of the Nb atoms would have to have a4* oxidation to account
for 6 Ba atoms, even if oxygen vacancies are not considered. The presence of Nb** in
sufficiently-reduced unfilled SBN has been reported by Lee et al. and Dandeneau et al. via
electron energy loss spectroscopy and in X-ray photoelectron spectroscopy, respectively*:

13 The role of the transition metal oxidation state would require further study.

4.1.4 Microstructure

Backscatter imaging (BSE) by SEM was utilized as an additional check for phase

purity by searching for phase contrasts. The result is shown in Figure 4-7.

Figure 4-7 BSE SEM of a BNO sample sintered at 1300°C with a sintering time of 2 hours using

N as a carrier gas. Sample was thermally etched for 30 mins at 1200°C.
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The image in Figure 4-7 shows that no obvious phase contrast is seen in the sample.
Elemental analysis conducted by EDS (the detector use is capable of detecting ~0.05 wt%)
shows that only Ba, Nb, and O was detectable, suggesting very little or no Zr or Al
contamination from processing had been incurred. The microstructure revealed a bimodal
grain size distribution in which large grains were surrounded by what appeared to be
pockets of smaller grains.

Field emission scanning electron microscope (FESEM) images were taken for a
similar BNO sample sintered for 5 hours at 1350°C using Ar as the carrier gas. This is

shown in Figure 4-8.

Figure 4-8. Secondary Electron FESEM images of BNO sintered under Ar and H» at 1350°C for 5

hours.

The higher resolution micrographs in Figure 4-8 confirmed the presence of pockets
of smaller grains The average grain size in the BNO samples were calculated using the
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line-intercept method developed by Mendelsont4. In this method, lines are arbitrarily drawn
onto the micrograph and the number of grain boundaries is counted. The average grain size
is then:
_ L .
D=156x_" (Eq4-2)

B
where D is the average grain size in pm, L is the total length of lines in pym, Gyis the total

number of grain boundaries crossed, and the factor, 1.56, is a geometrical correction for
the assumption of tetrakaidecahedron-shaped grains'®. Ten lines were drawn on the
micrographs of BNO shown in Figure 4-8.

The calculated average grain size was 1.2 um. Dark areas were likely undissolved
Crystal Bond® glue that subsequently graphitized in the reducing atmosphere during the
thermal etch. This was not expected to affect properties. A similar microstructure is
expected for the other compositions of the filled SBNs. The high density of grain
boundaries is not expected to affect electrical conductivities significantly in low-mobility
hopping conductors since the nearest neighbor hopping distance is expected to be much

smaller as discussed in Chapter 216,

4.1.5 Electrical Conductivity

The electrical conductivity is of interest in the present work because it is the
variable that is primarily responsible for the high power factors reported by Lee et al. in
SBN*. Electrical conductivities as a function of temperature were measured as outlined in
the previous chapter. Figure 4-9 shows the results between two BNO samples that were

sintered under two different conditions.
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Electrical Conductivity of BNO Ceramics
500 ~

400 -

300 -

200 -

100 ~

Electrical Conductivity (S/cm)

BNO 5 hour sinter at 1350°C (2.5% H,+Ar)
® BNO 2 hour sinter at 1300°C (2.5% H,+N,)

O T T T T T T T T T T T T
200 300 400 500 600 700 800 900 1000
Temperature (K)

Figure 4-9. Electrical conductivity vs. temperature of BNO ceramics fabricated under two

different sintering conditions.

Because nitrogen is relatively inert and the samples were phase pure, there was little
reason to believe that the carrier gas had significant effect on the electrical conductivity.
Thus, it is possible that the degree of reduction is responsible for the differences in the
electrical conductivities. Both kinetics and thermodynamics are likely involved. Because
the source powder was fabricated under 1300°C, it is not surprising that a ceramic sintered
at a higher temperature would exhibit higher electrical conductivities than one sintered at
1300°C, since a higher defect concentration is expected at higher temperatures from an
Arrhenius relation. Figure 4-9 also implies that oxygen activity continues to affect the
electrical conductivity by almost a factor of two despite having reached the filled-bronze
state. It is noted that the more reduced sample shows a maximum conductivity before
subsequently decreasing. This behavior is also observed in the SBN samples reported by
Lee et al. and Bock et al. as discussed in the literature review®: 17,

The electrical conductivity in the BNO single crystal reported by Hessen et al. along
the a-axis and c-axis at 300 K are 800 S/cm and 64000 S/cm, respectively®. The
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conductivity parallel to the c-axis is one magnitude less than a typical metal such as Felé,
While several models for calculating the conductivity of a polycrystalline material based
on its single crystal properties exist, the Reuss and Vought models are the most common
and least restrictive.19-22,

The Reuss model represents the upper bound properties of a polycrystalline sample.
Likewise, the Voigt model represents the lower bound. Table 4.3 shows the predicted
polycrystal conductivity at 300 K based on the values of the single crystal reported by

Hessen et al.l.

Table 4.3 Ceramic BNO Electrical Conductivity Predicted from Single

Crystal
Predicted Polycrystal
Model Equation Conductivity (S/cm)
For BNO
1
Reuss (max upper bound) Tpc =3 (204 + 0¢) Eq. 4.3 22000
o L _1/,1 1
Voigt (min lower bound) ope 3\ 0, o, Eq. 4.4 12000
Temperature (K) | Conductivity (S/cm)
BNO Ceramic (this work) 2 hour sinter at 1300°C ~10™° atm Pg, 300 25
(Nitrogen)
950 (max o) 275
300 110
BNO Ceramic (this work) 5 hrs 1350 C ~107° atm Po> (Argon)
(*pellet sintered at half the thickness of the above sample)
750 (max o) 440

While it is generally not realistic for a polycrystal to approach the upper bound of
asingle crystal counterpart, it can be seen that the single crystal has two to three orders of

magnitude greater electrical conductivity than the ceramics presented in this work at 300
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K. Furthermore, the measured conductivities lie well below the lower limit established by
the Voigt model, by about two orders of magnitude.

When comparing the electrical conductivities of the unfilled SBN ceramics and the
SBN single crystal studied by Lee etal. and Bock et al., the data fall within the Reuss and
Voigt bounds. This is shown in Table 4.4.

Table 4.4 Reduced, Unfilled SBN Ceramic Electrical Conductivity Predicted
from Single Crystal

Predicted Polycrystal
Model Equation Conductivity (S/cm)
For Unfilled SBN 60-40

1
Reuss (max upper bound) Opc =5 (204 + 0.) 363
, . 1 _1/,1. 1
Voigt (min lower bound) =3 U_a+0_c 101

Temperature (K) | Conductivity (S/cm)

Unfilled SBN 60-40 Single Crystal 1300°C ~10™™ atm Pg, 550 (max o) a-axis 70
550 (max o) c-axis 950
Unfilled SBN 60-40 Ceramic™~10™* atm Py, 600 (max o) 160

The conductivity along the c and a-axes are ~ 950 S/cm and 70 S/cm, respectively, in the
reduced 60-40 SBN single crystals and the Reuss and Voigt bounds predict 400 and 100
S/cm in the 60-40 polycrystalline samples, respectively 17.

The reason for the large discrepancy in the electrical conductivities between the
ceramic and the single crystal of BNO is currently unknown. An error of over 80% in the
single crystal data is required for the conductivities measured in this work to fall within the

Reuss and Voight bounds. Even though processing method outlined in this work is
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expected to be more reducing than the vacuum ampoules used by Hessen etal., it is possible
there is a significant contribution to the resistivity due to grain boundaries. One further
consideration is that the single crystal of BNO was a result of a by-product, and since
further characterization had not been reported, it is unknown what impurities or
nonstoichiometries were presentl.

In regards to the polycrystal models evaluated by Schulgasser, the maximum degree
of anisotropy studied was low (n = 2.5) relative to that of SBN and BNO, where n = 10
and 55, respectively. Schulgasser comments that axially symmetric crystals with degrees
of anisotropy greater than 2.5 are uncommon®®. Atn < 2.5, the Hashin-Shtrikman and
Molneux models, which feature narrower bounds for more specific structures, deviate
rapidly from the lower bound established by the Reuss model®. An evaluation of the Voigt
and Reuss models in crystals of high n could be useful in explaining the large discrepancy
in conductivity between the BNO ceramics here and the BNO single crystal reported by

Hessen et al.l.

4.2 A-site Filling in SBN

4.2.1 Fabrication of Filled Tungsten Bronze SBN Ceramics

Filled SBN compositions were synthesized using the same process used for the
fabrication of BNO ceramics. Figure 4-10 shows the powder XRD results for the SBN
compositions. It can be seen from the overlay of patterns in Figure 4-10 that compositions
of 10-90, 20-80, 40-60, and 60-40 (Sr-Ba) showed no secondary phases after the
calcination reaction that formed the tungsten bronze phase. However, the 80-20
composition showed a small peak that was believed to be a cubic phase of strontium
niobate. However, the second highest intensity secondary peak for the Sr1.xNbO3 was too
small to be identified. The secondary phase peak disappeared after sintering of the 80-20
filled bronze and so the consequences on electrical properties are likely minimal. The
strontum end member, SNO was the only phase in which “XRD phase-purity” could not

be achieved. This was consistent with recent results from Kolodiazhnyi in which
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orthorhombic distortions were fitted to the pattern of SNO and yielded better refinements?23.
Reasons for the inability to achieve complete solid-solution in SNO would need further
investigation. For th