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Abstract
In this work, single phase perovskite layer structure materials consisting of Sr2Nb2O7,
tungsten doped Sr2Nb2O7, Sr2Ta2O7 and solid solutions of Sr2Nb2O7 and Sr2Ta2O7 were
investigated as possible thermoelectric materials. X-ray diffraction was used to determine phase
development and to measure the lattice parameter for all compositions.
Samples were reduced under oxygen partial pressures of 10-6, 10-14, and 10-16 atm to
enhance the n-type electronic conductivity. The resultant materials were analyzed via x-ray
diffraction, and key properties such as electrical conductivity and Seebeck coefficient were
measured. At 10-16 atm oxygen, Sr2Nb2O7 converted to Sr5Nb5O17. Sr2Ta2O7 and solutions of
Sr2Nb2O7 and Sr2Ta2O7 were observed to resist reduction and no new phases formed.
Sr2Ta2O7 was too resistive to measure the conductivity or Seebeck coefficient; this
material is relatively stable to reduction processes, and therefore maintains high resistivities that
are difficult to measure with the MMR Technologies SB-100 Programmable Seebeck Controller
used here. Electrical conductivity was measured for solutions of Sr2Nb2O7 and Sr2Ta2O7. The
conductivity and Seebeck coefficient of doped Sr2Nb2O7 was found to depend strongly on
tungsten concentration and reduction conditions. Electrical conductivity increased with
decreasing oxygen pressure and ideal tungsten concentrations were found at each oxygen
pressure. Anomalies were observed in the Seebeck coefficients at oxygen pressures of 10-14 atm
and greater. At 10-16 atm oxygen, the Seebeck coefficients were found to vary systematically.
The thermoelectric power factors were low for all compositions indicating that polycrystalline
Sr2Nb2O7 was a poor thermoelectric material in the temperature range studied. However, the
power factor showed an increasing trend indicating that doped Sr2Nb2O7 may be a suitable
thermoelectric material at higher temperatures of ~1000 °C and with crystallographic texture.
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Chapter 1
INTRODUCTION

1.1.

Introduction
A class of ferroelectric oxides, such as Sr2Nb2O7, known as perovskite-like layer

structures (PLS), have been studied for their strong piezoelectric response at high
temperatures [1,2]. More recently, PLS materials have been studied for use in
ferroelectric random access memory (FeRAM) [3]. Many PLS materials exhibit very
high Curie temperatures. For instance Sr2Nb2O7 has a Curie temperature of 1615 K [4].
PLS materials also demonstrate low symmetry. Sr2Nb2O7 transitions, for example, are
from an orthorhombic structure at high temperatures to monoclinic structure at lower
temperatures via displacive phase transitions [5].
Ferroelectric materials such as Sr2Nb2O7 are materials that show a spontaneous
polarization over certain temperature ranges. Below the Curie temperature, in a low
symmetry phase, the crystal symmetry allows for a spontaneous polarization. This is
known as the ferroelectric phase. Above the Curie temperature, ferroelectric materials
undergo a phase transition from a low symmetry phase to a higher symmetry crystal
system. The increased symmetry eliminates the spontaneous polarization. This high
symmetry phase is known as the paraelectric phase.
However, not every spontaneous dipole within a ferroelectric material is aligned.
A local alignment of cooperative dipoles exists over volumes of the crystal and each
region with a common alignment relative to a crystallographic axis, with a spontaneous
polarization, Ps, is known as a domain. By applying an electric field, E, the domains in a
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ferroelectric material align to minimize electrostatic energy. Reversing the electric field
reverses the polarization. This gives rise to a hysteresis as seen in Figure 1-1.
P

E

Figure 1.1: Hysteresis of polarization in ferroelectric materials
Recent work at Penn State University by Lee et al. has demonstrated a coupling
between ferroelectric phase transitions and thermoelectric properties that could provide
new approaches to develop high performance thermoelectric from ferroelectric materials
[6]. Thermoelectrics (TE) are a novel group of materials that convert heat into electricity
based on the Seebeck effect. When a temperature gradient is applied to the material,
carriers diffuse from the hot to cold regions as seen in Figure 1-2. As the carriers diffuse,
a separation of charge arises thus generating a voltage. By connecting the material to an
external circuit, the generated voltage can be used to power the circuit. The primary use
of thermoelectrics is recovering waste heat. Placing thermoelectric generators on exhaust
systems allows for the production of electricity by recovering the heat normally released
into the environment.
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Figure 1-2: Diagram of the Seebeck effect

1.2.

Motivation
High temperature thermoelectric oxides are desirable for recovering waste energy

from exhaust systems. A coupling of ferroelectric transitions and thermopower has been
demonstrated in the BaTiO3 system [6]. Low symmetry ferroelectric oxides such as
A2B2O7 PLS materials could show a similar coupling of ferroelectric transitions and
thermopower. The anisotropy of such materials could then be exploited to improve the
thermoelectric performance, in the form of single crystals, epitaxial films, or textured
ceramics.

1.3.

Objectives of this Study
The goal of this study is to explore the use of Sr2Nb2O7 and Sr2Ta2O7 solutions as

a high temperature ferroelectric thermoelectric. In doing so, the coupling of ferroelectric
transitions and thermoelectric properties will be investigated. To pursue these goals,
polycrystalline Sr2Nb2O7 solutions will be fabricated and reduced. Tungsten cations will
be added as an n-type dopant. The Sr2Nb2O7 and Sr2Ta2O7 composition will be varied to
tailor the transition temperature, TC.
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1.4.

Broader Impacts of this Study
The work presented in this study has the potential to influence areas outside of the

scientific community. The following section will address the economic,
manufacturability, sustainability, environmental, health and safety, ethical, social, and
political issues pertaining to this study.
The economic, manufacturability, and sustainability issues are closely linked.
Polycrystalline PLS oxide materials are used in this study. Such materials are easy and
cheap to manufacture. The materials are produced using readily available source
materials and using typical solid state ceramic processing techniques. As a result,
manufacturing PLS based thermoelectric devices will be both sustainable and
economical.
PLS based thermoelectric devices will have a positive environmental impact.
Currently, an estimated 55% of energy generated is lost as heat [7]. PLS thermoelectric
energy harvesters can convert that waste heat into electricity. As a result, more power
will be produced per unit of fuel, reducing the amount of fuel consumed to produce
power. By consuming less fuel, emissions will be reduced. A major target of such
energy recovery is automobiles. It has been proposed that replacing the alternator with
thermoelectric generators will save up to 10% of the primary energy stored in the fuel
[7,8].
There are very few health and safety concerns associated with the Sr2Nb2O7 and
Sr2Ta2O7 based thermoelectric devices. All of the constituent chemistries pose only
minor health risks [9-12]. Furthermore, the risks posed by the source materials can be
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mitigated through manufacturing controls. As a result, the PLS based thermoelectric
materials investigated in this study have minimal health and safety concerns.
In contrast, traditional thermoelectric materials based on Te (Pb2Te3, Bi2Te3, etc.)
pose several sustainability and health and safety concerns. Te is a rare element in the
Earth’s crust and rarely occurs in concentrations high enough to justify mining
exclusively for Te [13]. Therefore, Te is not a sustainable material for large scale
commercialization. Furthermore, Pb is a toxic element. Exposure to lead may lead to
cancer, coma, or even death [14].
The ethical implications of the PLS based thermoelectric devices presented in this
study are minimal. Due to the limited health impacts there are no ethical issues
surrounding the manufacture of the materials or the disposal of the materials. The
positive environmental impact also reduces ethical concerns.
Finally, the social and political implications of the development of PLS based
thermoelectric devices are positive. The current social and political climate is pushing
for increased environmental responsibility and energy efficiency. Thermoelectric waste
energy harvesters are environmental responsible and will increase energy efficiency. As
a result, social and political forces will embrace thermoelectric devices.
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Chapter 2
BACKGROUND AND LITERATURE REVIEW

2.1.

Ferroelectricity
Ferroelectricity is defined as the spontaneous formation of a polarization that can

be switched between two or more discrete states within a crystalline material [15]. At
temperatures above the Curie temperature (TC), the material shows no net polarization
(paraelectric phase). As the temperature is lowered, a ferroelectric phase, with multiple
stable or metastable polarized states, develops [16]. In classic ferroelectrics, the phase
change temperature is described by the Curie-Weiss Law (Equation 2-1) where C is the
Curie constant, TC is the Curie temperature, and T is the absolute temperature [15].

χ=

C
T − TC

[2-1]

Table 2-1 shows common ferroelectric materials and the ferroelectric materials used in
this study with the corresponding Curie Temperatures.

Table 2-1: Curie temperatures of common ferroelectric materials and the PLS materials
used in this study [2,3,16]
Ferroelectric Material
BaTiO3
PbTiO3
LiNbO3
Sr2Nb2O7
Sr2Ta2O7

Curie Temperature
393 K
760 K
1483 K
1615 K
166 K

The spontaneous polarization in ferroelectric materials is a direct result of the
crystal structure. Ferroelectricity is only observed in non-centrosymmetric (polar) space
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groups. However, the requirement that the polarization can be switched between at least
two discrete states eliminates many materials with appropriate space groups [16].
Typically, multiple discrete polarized states are produced by an atomic displacement that
breaks the crystal symmetry of the high temperature phase. The canonical example of a
symmetry breaking distortion is the perovskite (ABO3) structure. In this system four A
cations sit on the corners with oxygen anions at the face-centers and a B cation at the
center of the unit cell. Above TC, the perovskite adopts a cubic structure. When cooled
below TC, the center B cation can initially displace along the a, b, or c axis. When the B
cation displaces from the center of the unit cell, the cubic symmetry is broken to form a
tetragonal unit cell resulting in a net polarization that can be switched between several
states (Figure 2-1). Further cooling of the perovskite leads to the additional possible B
cation displacements as the material transitions to an orthorhombic and then
rhombohedral phase.[16].

A cation
B cation
O anion

Figure 2-1: In perovskites, the center B cation displaces along the a, b, or c axis resulting
in a spontaneous polarization
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Within ferroelectric materials, local areas of aligned polarization vectors, known
as domains, form to minimize electrostatic and elastic fields [15]. The number of
possible domains is determined by the change in symmetry from the paraelectric to
ferroelectric phases. Group theory accounts for the equilibrium relations between the
symmetries and in turn accounts for the number and types of domain structures.
Ferroelectric domains can be aligned by applying a large electrical field. As the
magnitude of the electric field is increased, domains misaligned with respect to the
applied electric field realign to a direction most closely matching the applied field. Upon
removing the electric field a remanent polarization (PR) remains [15]. Applying an equal
and opposite electric field or alternating electric field will switch the polarization between
two states; this produces a hysteresis in the polarization versus electric field (Figure 2-2)
[16].
P

E

Figure 2-2: Applying an alternating electric field to a ferroelectric material produces a
hysteresis in the polarization versus electric field.

2.2.

Thermoelectricity
Thermoelectricity is the production of an electric current by a temperature

gradient. Thermoelectric materials are of great interest for cooling and energy
harvesting. To date, most thermoelectric devices have been restricted to semiconductor
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alloys and low temperatures. However for many applications high temperature operation
is required. The following section outlines the physics and science of thermoelectric
devices, the main applications of thermoelectrics and a review of thermoelectric
materials.

2.2.1.

Physics and Science

Thermoelectric materials are evaluated using the thermoelectric figure of merit ZT
(Equation 2-2) that controls the efficiency in the conversion of thermal energy to
electrical and the converse. In ZT, S is the Seebeck coefficient, σe is the electrical
conductivity, and κ is the thermal conductivity [17].
ZT =

S 2σ eT

κ

[2-2]

From ZT it is seen that an ideal thermoelectric material has a high Seebeck
coefficient and electrical conductivity and a low thermal conductivity. The following
paragraphs will describe each factor and its importance.
Discovered in 1821, the Seebeck coefficient (Equation 2-3) describes the
electrical potential produced by a temperature gradient [18].
S=

∆V
∆T

[2-3]

When a temperature gradient is applied to a material, charge carriers at the hot
end gain more energy. As a result, the higher energy carriers at the hot end diffuse
towards the cold end (Figure 2-3). This produces a separation of charge and thus an
electrical potential. This potential difference is the source of electrical energy in
thermoelectric energy harvesting devices.
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Figure 2-3: High energy carriers at the hot end diffuse towards the cold end creating a
voltage

Conversely, if an electric potential is applied to the material, one side will be
cooled. The carriers travel due to the applied potential and transport thermal energy from
one end of the material to the other. This is the Peltier effect and is described by
Equation 2-4 where Q is the heat transfer rate, Π is the Peltier coefficient, and I is the
current [19].
Q = ΠI

[2-4]

The other important factors in high figure of merit thermoelectrics are electrical
and thermal conductivity. For the carriers to move efficiently in the material, a high
electrical conductivity is required. To maintain the temperature gradient across the
material, a low thermal conductivity is required. These two requirements are in direct
competition. In general, a high electrical conductivity results in a high thermal
conductivity because the electrical carriers help to transfer thermal energy [8]. As a
result, a major area of research in thermoelectrics is reducing the lattice contribution to
the thermal conductivity. Figure 2-4 shows the factors contributing to ZT as a function of
carrier concentration as determined by Snyder et al. From the graph, it can be seen that
ZT is a maximum at a carrier concentrations between 1019 and 1020.
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Figure 2-4: Factors contributing to ZT as a function of carrier concentration [8]

2.2.2.

Applications

Thermoelectric materials have two main applications: energy harvesting and
cooling. Thermoelectric energy harvesters operate on the Seebeck effect while
thermoelectric coolers operate based on the Peltier effect. Both thermoelectric energy
harvesters and thermoelectric coolers consist of a p-n junction in parallel with a heat
source and a heat sink [20]. The main difference between energy coolers and harvesters
is that the energy harvester produces a voltage while a voltage is applied to the cooler.
Figure 2-5 shows an example of a thermoelectric energy harvester and cooler.
Thermoelectric energy harvesters have been successfully utilized in satellites and Peltier
coolers have been used for temperature management in optoelectronics [8].
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Figure 2-5: A thermoelectric generator (left) and Peltier cooler (right)

2.2.3.

Thermoelectric Materials

As indicated by the thermoelectric figure of merit, a good material for
thermoelectric applications is a material with a high Seebeck coefficient, high electrical
conductivity, and low thermal conductivity. Among the first thermoelectric materials
studied were metals. Despite having excellent electrical conductivity, the Seebeck
coefficient of metals is too low (tens of µV/K). Conversely, lightly doped
semiconductors have high Seebeck coefficients but poor electrical conductivity.
Figure 2-6 shows ZT as a function of carrier concentration. The highest ZT is observed
in heavily doped (~1019/cm3) semiconductors [20].
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Figure 2-6: ZT as a function of carrier concentration showing highest thermoelectric
performance midway between insulators and metals [20]

Because the electrical properties vary with temperature, an appropriate
semiconductor must be chosen for the desired operating temperature. In general, the
band gap energy must be at least ten times kTmax where k is the Boltzmann constant. If
the band gap energy is too low, the thermal generation of electron-hole pairs becomes
significant and the intrinsic electrons and holes reduce the Seebeck coefficient [20]. As a
result, thermoelectric materials are divided in to three operating temperature regions: up
to 200 °C, between 200 °C and 600 °C, and above 600 °C [20].
Low temperature (up to 200 °C) thermoelectric devices are dominated by II2 – VI3
such as Bi2Te3 and Sb2Te3. The performance of Bi2Te3 has been greatly improved by
alloying it with Sb2Te3 and Bi2Se3 in order to reduce the thermal conductivity and to
provide greater control over carrier concentrations. Within the Bi2Te3-Sb2Te3-Bi2Se3
psuedoternary system, the optimal p-type and n-type materials have been found to be
Bi0.5Sb1.5Te3 and Bi2Te2.7Se0.3 respectively. ZT for this materials system is generally
around 0.9 [19, 20].
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At moderate temperatures (200 °C to 600 °C) lead tellurides are among the most
common materials. PbTe has demonstrated a ZT of 1.2 around 700 K [20]. PbTe is often
modified by the addition of Sn and Se. Other common materials for moderate
temperatures are GeTe and SnTe [8]. Recently a group of alloys referred to as TAGS has
been developed. TAGS is a group of alloys containing Te, Ag, Ge, and Sb that is most
commonly an alloy of AgSbTe2 and GeTe [8,19].
At high temperatures (>600 °C) the most prevalent materials are Si-Ge alloys. SiGe materials can be used as both the n-type and p-type material. However, ZT for the
system is typically low (ZT=0.6) because the diamond cubic structure of Si and Ge has a
large lattice contribution to the thermal conductivity [8,20]. Figure 2-7 summarizes the
performance of the common thermoelectric materials systems [8].
a)

b)

Figure 2-7: ZT of common a) n-type and b) p-type thermoelectric materials over a range of
temperatures [8]
Recently, other types of materials have been explored to achieve improved
thermoelectric performance. Different materials systems are being explored to reduce the
lattice contribution to the thermal conductivity (maximum ZT is achieved when klattice is a
minimum). One such class of materials is known as phonon glass and electron crystal
(PGEC). In these materials, the low thermal conductivity of a glass is combined with the
high electrical conductivity of a crystalline material [19].
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One group of materials that can be considered a PGEC is the skutterides.
Skutterides are complex materials with the formula RM4X12 where R is a rare earth
metal, M is a transition metal, and X is a metalloid [19]. Common rare earth metals are
lanthanum or cerium. Common transition metals are iron or cobalt. Common metalloids
are phosphorus, arsenic or antimony. In the skutteride structure, the transition metal
atoms form a cubic lattice. The metalloids form rings that sit within the cubic lattice.
The rare earth atoms sit within the lattice and “rattle.” This rattling scatters phonons
thereby reducing the thermal conductivity [20]. Figure 2-8 shows the structure of the
skutterides.

Figure 2-8: Crystal structure of a skutteride where red atoms are a transition metal (M),
black atoms are a metalloid (X), and yellow atoms are a rare earth atom (R) [20]

Another form of PGEC materials are so called superlattice materials. Superlattice
materials are nanoengineered materials that use alternating layers of already established
thermoelectric materials such as Bi2Te3/Sb2Te3, PbSeTe/PbTe, SiGe [8,19]. By layering
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the materials, interfacial phonon scattering sites are formed thus reducing the thermal
conductivity.

2.3.

Perovskite Layer Structures (PLS)
Perovskite layer structure (PLS) materials are a group of ferroelectric materials

with the composition A2B2O7. The material consists of layers of BO6 octahedra linked by
12 coordinated A atoms at the edges. The structure allows for a wide range of A and B
species. Common A species are Sr and Ca while Nb and Ti are common B species [5].
PLS materials demonstrate strong piezoelectric response and electro-optic
properties. The Curie temperature often varies from -107 °C to as high as 1500 °C [1].
PLS materials demonstrate some of the highest Curie temperatures of ferroelectric
materials. This makes PLS materials of great interest for high temperature piezoelectric
devices.

2.3.3.

Crystallography

A2B2O7 perovskite layer structure materials of any composition consist of slabs of
BO6 octahedra. The octahedra stack along the [011] direction of the ideal cubic
perovskite [5]. The octahedra layers are linked by A atoms and each layer is shifted by
a/2 with respect to the adjacent BO6 layer [21]. The A cations sit at the center of a
rectangle of 4 B cations. As a result, the A cation are bonded to 12 oxygen atoms [5].
A2B2O7 PLS materials go through a series of crystallographic phase transitions.
At high temperatures above the Curie temperature, the material has an untilted orthogonal
(Cmcm) structure. As the material cools, it transitions to tilted orthogonal (Cmc21),
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incommensurate tilted orthogonal (Cmc21 (γ’00)0s0), and finally to monoclinic (P1121).
The transition from the untilted to tilted orthogonal phase consists of the BO6 octahedra
rotating about the a axis [5]. Figure 2-9 shows the crystal structure viewed along the aaxis [22].

a)

b)

Figure 2-9: The crystal structure of A2B2O7 PLS materials looking down the a-axis of
the a) high temperature phase and b) the lower temperature phase

2.3.3.

Why Layered Perovskites

The goal of this work is to find well established materials systems suitable for
application to thermoelectrics. Based on an initial study of reduced BaTiO3, a possible
coupling between ferroelectric phase transitions and thermoelectric performance was
discovered [6]. Additional work on reduced tungsten bronze (SBN) showed improved
thermoelectric performance in ferroelectric materials [23]. This work aims to improve
upon these initial findings and create a more suitable materials system for thermoelectric
applications.
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The PLS materials are a likely candidate for improved thermoelectric
performance due to a ferroelectric-thermoelectric coupling for a number of reasons.
First, PLS materials, like Sr2Nb2O7, demonstrate low thermal conductivities (~1W/mK
for Sr2Nb2O7) [24]. It is hoped that the layered structure will act like an intrinsic
superlattice materials. When phonons pass in and out of the pervoskite layers, they will
be scattered. Electronic carriers in a reduced or doped material will not be scattered. As
a result, a conducting PLS material should show a low lattice contribution to the thermal
conductivity and good electrical conductivity thus making it an ideal thermoelectric
material.
Furthermore, by reducing or doping the oxides, the transition metal oxide can be
made to behave like a semiconductor at higher temperatures [25]. Annealing at low
oxygen partial pressures may lead to electronic compensation of oxygen vacancies
(Equation 2-5). Doping the B site with a high valence ion such as W6+ may also lead to
electronic compensation and the generation of electrical carriers (Equation 2-6).
O x ⇔ VO•• + 1 O2 ( g ) + 2e −
2
•
+ 2e − + 1 O2 ( g )
2 SrO + 2WO 3 ⇔ 2 SrSrx + 2WNb
2

[2-5]
[2-6]

Most importantly, PLS are ferroelectric materials. This is vital to the goal of this
work. The ferroelectric transition temperatures can be easily controlled. By creating
alloys of Sr2Nb2O7 and Sr2Ta2O7, the Curie temperature can be varied from 166 K to
1615 K [26]. Thus, the ferroelectric phase transition can be tuned to the desired
operating temperature range. This in turn allows the possible coupling between
ferroelectric transitions and thermoelectric performance to be utilized over a wide range
of temperatures.
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2.4.

Hypothesis
The focus of this work is that the PLS material with the form A2B2O7 will show

the potential merit of ferroelectric properties in thermoelectric performance. It is
hypothesized that ferroelectric transitions will lead to an anomalous transition in the
Seebeck coefficient. Furthermore by reducing the A2B2O7 materials, high electrical
conductivities should be possible. Finally, A2B2O7 materials have a low thermal
conductivity. Taking these factors into consideration, it is believed that the PLS material
A2B2O7 should demonstrate a high thermoelectric figure of merit.

20

STATEMENT OF WORK
Sr2Nb2O7, tungsten doped Sr2Nb2O7, and solid solutions of Sr2Nb2O7 and
Sr2Ta2O7 will be produced to explore the use of these materials in thermoelectric
applications. Powder samples of various compositions will be created via conventional
solid state synthesis techniques. Powder x-ray diffraction will be used to determine phase
purity and lattice parameters for each composition. Powders and sintered pellets will be
reduced under a variety of oxygen partial pressures. Scanning electron microscopy will
be used to analyze the microstructure of unreduced and reduced materials. Electrical
conductivity and Seebeck coefficient measurements will be made on reduced sintered
pellets. These measurements will aid in the assessment of Sr2Nb2O7, tungsten doped
Sr2Nb2O7, and solid solutions of Sr2Nb2O7 and Sr2Ta2O7 as potential thermoelectric
material.
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Chapter 3
EXPERIMENTAL METHODS

6.1.

Solid State Synthesis
3.1.1.

Materials

For the A-site chemistry, metal carbonates were used while metal oxides were
used for the B-site chemistry. Information on the precursor materials is presented in
Table 3-1.
Table 3-1: Precursor powders used in solid state synthesis of PLS materials
Chemical Nominal Purity (%)
Manufacturer
Lot/Batch No.
SrCO3
98+
Aldrich
06930DJ
Nb2O5
99.5
Alfa Aesar
F05U0037
Ta2O5
99.8
Atlantic Equipment Engineers
911015
99.99
Alfa Aesar
C18T009
WO3

3.1.2.

Equipment

Ball milling was performed in zirconia (ZrO2) media in 95% laboratory ethanol.
Milling was performed in 250 mL Nalgene HDPE bottles. Low temperature heat
treatments (<1100 °C) were performed in either a Fisher Scientific Isotemp
Programmable Muffle Furnace or a Linberg/Blue M box furnace. For moderate
temperatures from 1100 °C to 1400 °C a general box furnace was used. In high
temperature (up to 1500 °C) processes a Rapid Temp Furnace High Temperature Furnace
was used. At high temperatures above 1500 °C and less than 1650 °C, a LeMont
Scientific KZ Type Furnace was used. Calcination was performed in alumina (Al2O3)
crucibles. Sintering was performed on zirconia setters.
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3.1.3.

Synthesis Procedure

Standard solid state synthesis procedures were used to prepare all samples.
Calcination conditions were taken from Brahmaroutu et al [2]. In general, two or more
calcination steps were required to obtain a pure or nearly pure phase. A heating rate of 5
°C/min was used for all calcinations and sintering heat treatments.
Samples were prepared by mixing stoichiometric amounts of carbonate and oxide
precursors. Powders of the following composition were mixed: Sr2Nb2O7, Sr2Ta2O7,
Sr2(NbxTa1-x)2O7 where x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%.
All precursors were milled together for 48 hours, dried, and sieved. The resulting
powders were calcined for 6 hours at 1100 °C. Powder x-ray diffraction was used to
determine phase purity as described in Section 3.2. If the calcined powder was not phase
pure, the powder was sieved again and re-calcined for another 6 hours. The process was
repeated until a nearly pure material was achieved. Figure 3-1 shows the process flow for
the preparation of sample powders.

Figure 3-1: Flow chart of sample preparation process
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3.1.4.

Sample Preparation and Geometry

Following calcination, all samples underwent an additional milling in a vibratory
mill. After drying, the powder was mixed with ~5 wt% acryloid binder. The mixture
was then pressed at a pressure of 20 kpsi in a Carver Laboratory Press. The binder was
burned out by increasing the temperature at 1 °C/min to 500 °C then holding for 2 hours.
The pellets were then sintered at 1500 °C for Sr2Nb2O7 and 1600 °C for all Sr2Ta2O7
containing samples for 4 hours.
The resulting pellets were cylinders with a radius of ~1 cm and a thickness of
~1.5 mm. The cylinders were polished flat using SiC grit paper. After planarization, the
pellets were cut using a diamond saw into two geometries. The first geometry was 10
mm x 1.5 mm x 1 mm for 4 point resistivity measurements. The second geometry was 5
mm x 1.5 mm x 1 mm for Seebeck coefficient measurements.

3.1.5.

Reduction Annealing

Powders and samples of all geometries of each composition were annealed at low
oxygen partial pressures. All reduction annealing steps were performed at 1300 °C for 30
hours. The heating rate was 10 °C/min and the cooling rate was 15 °C/min. Reducing
atmospheres consisted of a mixture of dry N2, wet N2, and H2 gases. Samples were
annealed at oxygen partial pressures of 10-6, 10-14, and 10-16 atm.
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3.2.

X-ray Diffraction
3.2.1.

Equipment

Powder x-ray diffraction patterns were collected using a PANalytical X’Pert Pro
MPD with a copper source. All patterns were collected with an accelerating voltage of
45 kV and 40 mA. Powders were ground by hand in a mortar and pestle before analysis.
Large powder samples were pressed into a metal sample holder. For smaller powder
samples a zero background quartz sample holder was used. To identify peaks, scans were
taken from 15° - 70° 2θ with a step size of 0.0131°, counting for 30.6 seconds at each
position. Tungsten doped powder samples and all reduced powder samples were scanned
from 15° - 60° 2θ with a step size of 0.0131°, counting for 124.95 seconds at each
position. The Jade software package was used to analyze the patterns. Peak positions
were determined using a pseudo-Voigt fit.

3.2.2.

Lattice Parameter Determination

Lattice parameters were determined from the 2θ peak positions and (hkl) peak
assignments via Cohen’s method [27]. Cohen’s method assumes the systematic error
varies as:
∆d sin 2 θ
~
d
cosθ

3.3.

[3.1]

Scanning Electron Microscopy
Scanning Electron Microscopy (SEM) was performed in a Hitachi S-3000H and a

Hitachi S-3500N. Images were taken using an accelerating voltage of 20 kV and a spot
size of 2.5. A working distance of 7-11 mm was used. Samples for SEM were prepared
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by fracturing a piece of material and viewing the fracture surface. Grain size was
determined using the mean linear intercept method.

3.4.

Electrical Measurements
Ohmic contacts were made to the sample by depositing 10 nm of titanium

followed by 100 nm of platinum. Electrical contacts to instrument probes were made
using silver epoxy. The conductance and susceptance were measured using a HP 4284A
precision LCR meter in a Delta 9023 environmental test chamber from -70 °C to 250 °C
via the four probe method. The alternating current (AC) conductivity measurements
were made at a frequency of 20 Hz; the resulting conductivity was assumed to be close to
the direct current (DC) conductivity. Seebeck coefficient measurements were performed
using a MMR Technologies SB-100 Programmable Seebeck Controller.
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Chapter 4
PHASE PURITY, LATTICE CONSTANT, AND
MICROSTRUCTURE

4.1.

Phase Purity
Powder x-ray diffraction was performed on powders and sintered pellets of each

the following composition: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and
Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%. The diffraction patterns were
analyzed using the JADE x-ray analysis software. JADE was used to identify the phases
present in each sample. Figure 4-1 shows powder x-ray diffraction patterns for the
reacted but unsintered powders of each composition. Figure 4-2 shows powder x-ray
diffraction patterns for sintered pellets of each composition.

Figure 4-1: Powder x-ray diffraction patterns for unsintered powders for the following compositions from the top:
Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%
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Figure 4-2: Powder x-ray diffraction patterns for sintered powders for the following compositions from the top:
Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%
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From the diffraction patterns it can be seen that the powders with compositions of
Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5
and 1.0% were single phase. The powders with the composition of Sr2(Nb1-xWx)2O7
where x=2.0 and 3.0% contained a second phase. The second phase, Sr5Nb4O15, is
directly adjacent to Sr2Nb2O7 on the phase diagram (Figure 4.3) [28]. Since Sr2Nb2O7 is
a line compound and doping with tungsten reduces the amount of niobium in the
material, it is not surprising that a more niobium poor phase developed at higher tungsten
doping concentrations. However, sintering effectively eliminated the Sr5Nb4O15 phase
resulting in phase pure sintered pellets.

Figure 4-3: Phase diagram of the SrO-Nb2O5 materials system

4.2.

Lattice Constant and Density
The lattice constant of each composition was determined using the powder x-ray

diffraction patterns. Cohen’s method was applied to determine the lattice constants as a
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function of tantalum composition (Figure 4-4) and tungsten doping (Figure 4-5). It is
seen that as the tantalum composition increased, a was a maximum for 50 % tantalum but
overall decreased from 0 % tantalum to 100 % tantalum , b steadily increased with
tantalum composition, and c changed very little with tantalum composition. The
unusually large a and c parameters may have been due to a new incommensurate phase
occurring at room temperature due to the mixing of Sr2Nb2O7 and Sr2Ta2O7. While no
transition was expected, the effects of mixing Sr2Nb2O7 and Sr2Ta2O7 on phase
transitions were not investigated in detail. The standard deviation for all of these
calculations was less than 0.006 Å with a median standard deviation of 0.0013 Å. a and
b showed no correlation to the level of tungsten doping. c tended to decrease as the
tungsten composition was increased . The standard deviation for all of these calculations
was less than 0.0031 Å with a median standard deviation of 0.000034 Å.
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Figure 4-4: Lattice constant a) a, b) b, and c) c as a function of tantalum composition
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Figure 4-5: Lattice constant a) a, b) b, and c) c as a function of tungsten doping
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The density of each sample was measured and compared to the theoretical
density. Table 4-1 shows the percent density of each sample. From the table, it is seen
that the more tungsten rich compositions were denser than less tungsten rich
compositions.
Table 4-1: Percent density for samples of each composition
Composition
Sr2Nb2O7
Sr2Ta2O7
Sr2(NbxTa1-x)2O7 (x=0.5)
Sr2(Nb1-xWx)2O7 (x=0.5%)
Sr2(Nb1-xWx)2O7 (x=1.0%)
Sr2(Nb1-xWx)2O7 (x=2.0%)
Sr2(Nb1-xWx)2O7 (x=3.0%)

4.3.

% Density
92%
93%
93%
94%
96%
97%
96%

Microstructure
The microstructure was investigated through scanning electron microscopy.

Samples were fractured to reveal the microstructure. The grain size was then determined
via the mean line intercept method. Figure 4-6 shows the characteristic microstructure of
each sample.
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a)

b)
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Figure 4-6: SEM image showing the microstructure of samples with compositions of a)
Sr2Nb2O7, b) Sr2Ta2O7, c)Sr2(NbxTa1-x)2O7 where x=0.5, and d-g) Sr2(Nb1-xWx)2O7 where
x= 0.5, 1.0, 2.0, and 3.0 %
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From the SEM images, it is seen that all samples are consistent with a single
phase; no second phase precipitated at the grain boundaries. The typical structure of all
samples consisted of randomly oriented grains. The typical grain morphology was a flat
plate like shape. This morphology was expected. Both Sr2Nb2O7 and Sr2Ta2O7 have an
orthorhombic crystal structure and are highly anisotropic. In the unit cell, the b-direction
is much longer than the c or a-directions. As a result, long narrow grains were expected.
Grain sizes were determined from SEM images clearly showing the characteristic
structure of each sample. Table 4-2 shows the grain size for each sample. The grain size
for each sample does not follow any specific trend.
Table 4-2: Grain size for each composition
Composition
Sr2Nb2O7
Sr2Ta2O7
Sr2(NbxTa1-x)2O7 x=0.5
Sr2(Nb1-xWx)2O7 x=0.5%
Sr2(Nb1-xWx)2O7 x=1.0%
Sr2(Nb1-xWx)2O7 x=2.0%
Sr2(Nb1-xWx)2O7 x=3.0%

Grain Size (µm)
5.74
3.85
5.24
3.64
2.79
2.30
2.42

Standard Deviation
1.44
0.84
0.81
1.04
0.67
0.26
0.29
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Chapter 5
Reduction Annealing

5.1.

X-ray Diffraction
5.1.1.

Phase Purity

Powder x-ray diffraction was performed on reduced powders and reduced sintered
pellets with the following compositions: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where
x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%. Phase identification was
performed using the JADE software package. Figure 5-1 shows the diffraction patterns
for reduced powders. At 10-6 and 10-14 atm, no phase changes were observed. A second
phase (Sr5Nb4O15) was observed in the powders with composition Sr2(Nb1-xWx)2O7 where
x= 2.0 and 3.0%. This phase was expected because it was found in the original powders.
Powders originally composed Sr2Nb2O7 and doped Sr2Nb2O7 underwent a complete phase
transition to Sr5Nb5O17 when reduced at an oxygen partial pressure of 10-16 atm; no phase
change was found in Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5. Sr5Nb5O17 is a
semiconducting oxide with a perovskite layer structure similar to that of Sr2Nb2O7.
Figure 5-2 shows the structure of Sr5Nb5O17 [29]. In addition to the phase change,
tungsten was observed to completely reduce and precipitate as metallic tungsten in 2.0%
and 3.0% tungsten doped samples. The Ellingham diagram confirmed that the complete
reduction of tungsten oxide was thermodynamically feasible under the reduction
conditions used [30].

Figure 5-1: Powder x-ray diffraction patterns for powders (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5,
and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0 %) reduced at oxygen partial pressures of 10-6 atm
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Figure 5-2: Powder x-ray diffraction patterns for powders (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and
Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0 %) reduced at oxygen partial pressures of 10-14 atm
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Figure 5-3: Powder x-ray diffraction patterns for powders (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5, and
Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0 %) reduced at oxygen partial pressures of 10-16 atm
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Figure 5-4: Crystal structure of Sr5Nb5O17 looking down the a-axis
Figure 5-3 shows the diffraction patterns for reduced sintered pellets. Similar to
the reduced powder samples, the reduced sintered pellets showed no change in phase
when annealed at 10-6 atm. Sr5Nb4O15 was not expected in the reduced pellets because it
was not found in the pellets before reduction annealing. In sintered Sr2Nb2O7, SrO and
Nb2O5 appeared in small quantities. SrO and Nb2O5 were not observed in pellets of any
other composition. At oxygen pressure of 10-16 atm, a phase transformation from
Sr2Nb2O7 to Sr5Nb5O17 was again observed. However no precipitated tungsten was
observed at any tungsten dopant concentration. In 2.0 % and 3.0 % tungsten doped
Sr2Nb2O7, the phase change to Sr5Nb5O17 was not complete. A small quantity of
Sr2Nb2O7 remained in the samples.

Figure 5-5: Powder x-ray diffraction patterns for sintered samples (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where x=0.5,
and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%) reduced at oxygen partial pressures of 10-6 atm
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Figure 5-6: Powder x-ray diffraction patterns for sintered samples (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where
x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%) reduced at oxygen partial pressures of 10-14 atm
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Figure 5-7: Powder x-ray diffraction patterns for sintered samples (from top: Sr2Nb2O7, Sr2Ta2O7, Sr2(NbxTa1-x)2O7 where
x=0.5, and Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and 3.0%) reduced at oxygen partial pressures of 10-16 atm
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5.1.2.

Lattice Parameter

The lattice parameter of each reduced material was determined using the powder
x-ray diffraction patterns. Cohen’s method was applied to determine the lattice
parameter as a function of oxygen partial pressure for each material (Figure 5-4). The
lattice parameters for Sr2Ta2O7 remained constant as the oxygen partial pressure was
reduced. For Sr2(NbxTa1-x)2O7 (x=0.5), a decreased, b remained constant, and c
decreased with decreasing oxygen partial pressure. For the Sr2Nb2O7 and tungsten doped
Sr2Nb2O7, a and b changed little with oxygen pressure at oxygen partial pressures greater
than 10-14 atm but increased significantly between 10-14 and 10-16 atm; c decreased
slightly as the oxygen pressure decreased to 10-14 atm then decreased significantly
between 10-14 atm and 10-16 atm. The significant change in lattice parameter between
10-14 atm and 10-16 atm was due to the phase change from Sr2Nb2O7 at higher oxygen
partial pressures to Sr5Nb5O17 at lower oxygen pressures.
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Figure 5-8: Lattice parameter a) a, b) b, and c) c as a function of
oxygen partial pressure
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5.2.

Microstructure
Scanning electron microscopy was used to investigate the microstructure of

reduced samples of each composition and changes in the microstructure as a function of
oxygen partial pressure were observed. Micrographs in Figure 5-5 show the typical
microstructure of samples annealed at oxygen pressures of 10-6 atm. The microstructure
consisted of many small grains with a few interspersed large plate-like grains. Figure 5-6
shows the typical microstructure of samples annealed at oxygen pressures of 10-14 atm.
From the micrographs, it is seen that the microstructure has changed to incorporate a
greater number of large grains but has retained much more of a finer grain
microstructure. Figure 5-7 shows the microstructure of samples annealed at oxygen
pressures of 10-16 atm. With the exception of Sr2Ta2O7 (Figure 5-7b) and
Sr2(NbxTa1-x)2O7 where x=0.5 (Figure 5-7c), the microstructure consisted of a few large
plate-like grains. The microstructure of Sr2Ta2O7 and Sr2(NbxTa1-x)2O7 where x=0.5 did
not change significantly when the oxygen partial pressure was decreased from 10-14 atm
to 10-16 atm.
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Figure 5-9: Micrographs showing the microstructure of samples annealed at an oxygen
partial pressure of 10-6 atm with composition of a) Sr2Nb2O7, b) Sr2Ta2O7, c)
Sr2(NbxTa1-x)2O7 where x=0.5, and d-g) Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and
3.0 %
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Figure 5-10: Micrographs showing the microstructure of samples annealed at an oxygen
partial pressure of 10-14 atm with composition of a) Sr2Nb2O7, b) Sr2Ta2O7, c)
Sr2(NbxTa1-x)2O7 where x=0.5, and d-g) Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and
3.0 %
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Figure 5-11: Micrographs showing the microstructure of samples annealed at an oxygen
partial pressure of 10-16 atm with composition of a) Sr2Nb2O7, b) Sr2Ta2O7, c)
Sr2(NbxTa1-x)2O7 where x=0.5, and d-g) Sr2(Nb1-xWx)2O7 where x= 0.5, 1.0, 2.0, and
3.0 %
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5.3.

Electrical Conductivity
After reducing samples of each composition, the electrical conductivity was

measured as a function of temperature between -70 °C and 250 °C. Only the high
temperature conductivity is reported. At low temperatures, the phase angle of the
conductivity became significant. Thus the assumption that low frequency (20 Hz)
alternating current (AC) conductivity measurements approximated direct current (DC)
conductivity was no longer valid. Additionally, no conductivity values are reported for
Sr2Ta2O7; the conduction parameters were either outside of the measurement range of
instruments or the phase angle was too large for DC conductivity to be assumed.
Figure 5-8 shows the electrical conductivity of Sr2Nb2O7 and tungsten doped
Sr2Nb2O7. At high oxygen partial pressures (> 10-14 atm) all compositions showed low
electrical conductivity. As the oxygen partial pressure decreased, the electrical
conductivity increased. A large increase in electrical conductivity occurred at an oxygen
pressure of 10-16 atm. This jump in conductivity was associated with the phase change to
Sr5Nb5O17 and occurred in all Sr2Nb2O7 and tungsten doped Sr2Nb2O7 samples.
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Electrical Conductivity of Sr2Nb2O7 and Doped Sr2Nb2O7 vs. Oxygen Partial Pressure at 520 K
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Figure 5-12: Electrical Conductivity of Sr2Nb2O7 and tungsten doped Sr2Nb2O7 as a
function of the oxygen partial pressure at 520 K
The formation of Sr5Nb5O17 was desirable. Sr5Nb5O17 demonstrates highly
anisotropic electrical conductivity. Perpendicular to the perovskite layers, the electrical
conductivity is low (~1 1/Ω-cm at 300 K); parallel to the perovskite layers, the electrical
conductivity improves by a factor of 100 to 10000 depending on the direction within the
plane [31]. Despite the high conductivity parallel to the perovskite slabs in Sr5Nb5O17,
the low observed electrical conductivity was expected. All samples were randomly
oriented polycrystals. As a result, the low conductivity direction (perpendicular to the
perovskite slabs) dominated the electrical conductivity.
Additionally, it was found that tungsten doping affected the electrical
conductivity. At 10-6 and 10-14 atm oxygen, it was found that low tungsten concentrations
resulted in the higher electrical conductivities. This is likely due to incomplete activation
of the tungsten dopants at higher oxygen partial pressures. At 10-16 atm oxygen, tungsten
doping improved the electrical conductivity. Adding up to 2 % tungsten increased the

52
electrical conductivity. Additional tungsten (>2 %) decreased the electrical conductivity
below the conductivity of 2 % tungsten doped Sr2Nb2O7.
Figure 5-9 shows the electrical conductivity of Sr2(NbxTa1-x)2O7 where x=0.5. As
the oxygen partial pressure decreased from 10-6 to 10-14, the electrical conductivity
decreased. Decreasing the oxygen partial pressure from 10-14 to 10-16 atm resulted in a
significant increase in electrical conductivity. However, the electrical conductivity of
Sr2(NbxTa1-x)2O7 where x=0.5 never matched that of undoped Sr2Nb2O7. This was
expected. XRD showed no formation of Sr5Nb5O17, an oxygen deficient phase, and the
small change in the lattice parameter indicated that Sr2(NbxTa1-x)2O7 where x=0.5 was not
significantly reduced. A low degree of reduction would result in fewer carriers and thus a
lower electrical conductivity.
Electrical Condcutivity of Sr2(NbxTa1-x)2O7 at 520 K vs. Oxygen Partial Pressure
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Figure 5-13: Electrical conductivity of Sr2(NbxTa1-x)2O7 where x=0.5 as a function of
oxygen partial pressure at 520 K
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5.4.

Seebeck Coefficient
The Seebeck coefficient of reduced samples was measured from 210 K to 600 K.

No data is reported for Sr2Ta2O7 or Sr2(NbxTa1-x)2O7 where x=0.5 because the resistivity
of the material was too high to measure the Seebeck coefficient. Figure 5-10 shows the
Seebeck coefficient as a function of temperature for Sr2Nb2O7 and doped Sr2Nb2O7. The
Seebeck coefficients for all compositions and reduction conditions are negative indicating
the materials are n-type.
Samples annealed under 10-6 atm oxygen showed two types of behavior. The
Seebeck coefficient of undoped Sr2Nb2O7 demonstrated semiconducting behavior.
However, doped Sr2Nb2O7 showed anomalous behavior. The Seebeck coefficient in
doped Sr2Nb2O7 showed a positive slope. However, even at 600 K, the Seebeck
coefficient of doped Sr2Nb2O7 was still two to three times larger than undoped Sr2Nb2O7.
Lightly doped (0-1.0 % W) Sr2Nb2O7 annealed under 10-14 atm oxygen appeared metallic.
At higher tungsten concentrations (2 and 3 %), the Seebeck coefficient increased
threefold at 600 K and showed a small negative slope. When annealed under 10-16 atm
oxygen, all compositions showed semiconducting behavior. Semiconducting behavior
was expected. Sr5Nb5O17, which formed when Sr2Nb2O7 was annealed under 10-16 atm
oxygen, is a semiconducting phase. When the tungsten concentration increased, the
Seebeck coefficient decreased. This was expected, as the carrier concentration increases
the Seebeck coefficient decreases.
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Seebeck Coefficient vs. Temperature for Sr2Nb2O7 and Doped
Sr2Nb2O7 annealed in 10-6 atm O2
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Seebeck Coefficient vs. Temperature for Sr2Nb2O7 and Doped
Sr2Nb2O7 annealed in 10-14 atm O2
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Seebeck Coefficient vs. Temperature for Sr2Nb2O7 and Doped
Sr2Nb2O7 annealed in 10-16 atm O2
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Figure 5-14: Seebeck coefficient as a function of temperature for samples
annealed at oxygen partial pressures of a) 10-6 atm, b) 10-14 atm, and c) 10-16 atm
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5.5.

Thermoelectric Power Factor
Using the measured electrical conductivities and Seebeck coefficients, the power

factor (PF) was calculated for Sr2Nb2O7 and doped Sr2Nb2O7 using Equation 5-1 where S
is the Seebeck coefficient and σ is the electrical conductivity.
PF = S 2σ

[5-1]

Figure 5-11 shows the power factor of each composition as a function of
temperature. When annealed at an oxygen partial pressure of 10-6 atm, Sr2Nb2O7 doped
with 0.5% W showed an anomalously high power factor. This was due to the very large
Seebeck coefficient and the high conductivity observed in Sr2Nb2O7 doped with 0.5%
tungsten. All other compositions displayed low power factors. Though the doped
Sr2Nb2O7 showed very high Seebeck coefficients, the electrical conductivities were low.
As a result, the power factors of doped Sr2Nb2O7 were similar to undoped Sr2Nb2O7
which showed a smaller Seebeck coefficient but a higher electrical conductivity.
A more systematic trend was observed in the power factors for materials annealed
under 10-14 and 10-16 atm oxygen. For Sr2Nb2O7 and doped Sr2Nb2O7 annealed at an
oxygen partial pressure of 10-14 atm, the power factor increased with increasing tungsten
concentration. The increase in Seebeck coefficient with increasing tungsten
concentration was the primary cause for the increase in power factor. When annealed
under 10-16 atm oxygen, the power factor of Sr2Nb2O7 and doped Sr2Nb2O7 increased as
the tungsten concentration increased up to 2%. When more than 2 % tungsten was
added, the power factor decreased. The increasing trend in power factor was primarily
due to the increase in conductivity as additional tungsten was added. Though the
Seebeck coefficient decreased with tungsten concentration, the change was small (~20%
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decrease from undoped Sr2Nb2O7 and 2.0% W doped Sr2Nb2O7); conversely the electrical
conductivity increased significantly with respect to tungsten concentration (~300%
increase from undoped Sr2Nb2O7 to 2.0% W doped Sr2Nb2O7). When adding 3%
tungsten, the power factor decreased. This was a result of a decrease both in Seebeck
coefficient and electrical conductivity.
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Power Factor vs. Temperature for Sr2Nb2O7 and Doped
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Figure 5-15: Power factor as a function of temperature for samples annealed
at oxygen partial pressures of a) 10-6 atm, b) 10-14 atm, and c) 10-16 atm
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Chapter 6
CONCLUSIONS
6.1.

Sumary of Results
An initial study of the perovskite layer structures as a possible n-type

thermoelectric material was completed. The effects of composition and reduction
annealing conditions were investigated.
Sr2Nb2O7, tungsten doped Sr2Nb2O7, and solid solutions of Sr2Nb2O7 and
Sr2Ta2O7 were produced. X-ray diffraction measurements showed that the resultant
materials were phase pure or very nearly phase pure. However, the lattice parameters
were not observed to closely follow Vegard’s law. Divergence from Vegard’s law may
be due to unexpected incommensurate phases created by the mixing Sr2Nb2O7 and
Sr2Ta2O7 and tungsten doping. The percent theoretical density was determined for all
compositions and was found to be above 92% in all cases.
The effects of annealing perovskite layer structure materials under low oxygen
partial pressures were studied. X-ray diffraction studies showed the formation and
precipitation of new phases in Sr2Nb2O7 and doped Sr2Nb2O7 at low oxygen partial
pressures. Lattice parameter calculations demonstrated that Sr2Ta2O7 and Sr2Ta2O7
solutions were highly resistant to reduction.
Electrical conductivity measurements revealed the effects of reduction annealing
and tungsten doping in Sr2Nb2O7 and Sr2Ta2O7 solid solutions. Very low observed
electrical conductivities observed in Sr2Ta2O7 solutions confirmed that Sr2Ta2O7 strongly
resisted reduction. It was shown that decreasing the oxygen partial pressure increased the
electrical conductivity. Sufficiently low oxygen partial pressures resulted in the
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formation of Sr5Nb5O17. Electrical conductivity measurements revealed significant
increases in conductivity due to the formation of Sr5Nb5O17; the literature confirmed the
benefits of Sr5Nb5O17. At 10-6 and 10-14 atm oxygen, tungsten doping was found to
decrease the electrical conductivity. However at 10-16 atm oxygen, adding up to 2%
tungsten to Sr2Nb2O7 increased the electrical conductivity while more than 2% tungsten
appeared to decrease the conductivity.
The Seebeck coefficient in reduced materials was studied as well. Seebeck
measurements showed the materials to be n-type under all reduction conditions. When
reduced at high oxygen partial pressures (10-6 and 10-14 atm oxygen), trends in the
Seebeck coefficient were difficult to identify and require a more thorough investigation.
When heavily reduced at 10-16 atm oxygen, a systematic decrease in Seebeck coefficient
as a result of increased carrier concentration was observed.
Finally, power factors were calculated for Sr2Nb2O7 and doped Sr2Nb2O7. The
power factor showed that Sr2Nb2O7 was a poor thermoelectric material in the temperature
range studied. The power factor was generally low (<0.7). However the positive slope
observed in the power factors indicates that at higher temperatures Sr2Nb2O7 may be
practical thermoelectric material.
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CHAPTER 7
FUTURE WORK
The results presented in this work are a starting point for additional studies on Sr2Nb2O7
as a thermoelectric material. Several possibilities for future study are presented below.
Due to the limited temperature range over which electrical measurements were taken,
higher temperature measurements must be made. The desired operating temperature for
Sr2Nb2O7 based thermoelectric devices is between 800 K and 1000 K. However, the electrical
conductivity has only been measured up to 520 K and Seebeck coefficient has only been
measured up to 600 K. Furthermore, high temperature measurements will allow the effects of
ferroelectric transitions on the thermoelectric performance of Sr2Nb2O7 and Sr2Ta2O7 solid
solutions to be studied.
The effect of doping on the properties of Sr2Nb2O7 requires more study. This study
examined only n-type doping on the B cation site over a limited dopant concentration range. To
fully understand doping in the system, higher dopant concentrations, A cation site doping, and ptype dopants must be examined.
Reduction annealing over a greater range of temperatures and oxygen partial pressures
should be conducted. Oxygen partial pressures between 10-14 and 10-16 atm should be
investigated to find an optimum balance between the higher electrical conductivities achieved at
10-16 atm and the higher Seebeck coefficients observed at 10-14 atm. Furthermore, higher
annealing temperatures and very low oxygen partial pressures may make the reduction of
Sr2Ta2O7 thermodynamically feasible. Annealing at very low oxygen partial pressures will also
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allow for greater study of the production of second phases and the effects of oxygen vacancies on
the crystal structure and electrical properties of Sr2Nb2O7 and Sr2Ta2O7.
A transmission electron microscopy (TEM) study should be conducted to observe the
effects of composition and reduction annealing on the atomic scale structure of the materials.
TEM may reveal crystallographic phase transitions or new phases that explain the divergence
from Vegard’s law observed in the lattice parameters or the anomalous Seebeck coefficients.
Finally, Sr2Nb2O7 single crystals and textured polycrystals should be fabricated to
investigate the effects of the crystallographic anisotropy on thermoelectric performance.
.
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