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ABSTRACT

EFFECTS OF LOW DIMENSIONALITY ON PROPERTIES OF THERMOELECTRICS AND
STRONGLY ELECTRON CORRELATED MATERIALS

By
Shannon K. Kraemer

A study of the effects of low dimensionality, in both composites and single phase bulk materials,
on thermoelectric properties was carried out. It is proposed that with the correct set of guidelines,
bulk composite materials can achieve quantum confinement, inherently increasing the Seebeck
coefficient, and lead to an overall increase the figure of merit. For this study, the binary system,
Pbi.xNaxTe-CdixNaxTe, was chosen based on those guidelines. Several synthetic approaches were
employed to produce bulk quantities of nanostructures that mimic the key features of quantum
well superlattices, potentially resulting in quantum confined system. This study led to an
investigation of the effects of several different synthetic methods, which includes comparing
aqueous based techniques such as SILAR versus inert atmosphere ampoule technique, on the
thermoelectric properties of the materials. Sol-gel technique was utilized as a new facile method
in synthesizing both PbTe and CdTe. The resulting materials were characterized using:
thermogravimetric analysis-differential scanning calorimetry, powder X-ray diffraction, low and
high temperature Seebeck and resistivity measurements, laser flash analysis, and Hall effect

measurements.

An additional study was carried out on the effects of low dimensionality in a lanthanum nickelate
family T -Lnn+1NinO2n+1 (n = 3 and o0) known to demonstrate strongly correlated electron behavior.
These metastable compounds are commonly formed by reducing a parent compound using low

temperature techniques. The final metastable compound contains infinite layer NiO2 with Ni'* in



a square planar coordination. The T -nickelates are of interest, due to the electronic and structural
similarities to high temperature superconducting cuprates, where Cu?* in a square planar
coordination, CuOg, is a common structural element. The NiOz similarity, both isostructural and
isoelectronic, to CuO2 may display similar properties. The first parent compound, LasNi3O1o, was
synthesized using traditional solid state techniques, sol-gel and ceramic methods, and was then
reduced to LasNi3Og using hydrogen gas. The same compound was successfully synthesized with
0.20 Cu dopant, LasNi2gCuo20g. The samples were characterized through powder X-ray
diffraction, and specific heat. The second parent compound, LaNiOz, was synthesized by the same
techniques, however, it was reduced to LaNiO; using a novel solvothermal reduction technique.
The same compound was successfully synthesized for the first time as a Cu doped series LaNis-
xCuxO2 where x = 0.05, 0.10, 0.15, 0.20, 0.25. The samples were characterized by powder x-ray

diffraction for a structural analysis as well as for cell parameters determination.
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Chapter 1
Introduction to Materials with Low Dimensionality

1.1 Introduction to Thermoelectrics

For a long period of time there has been persistent research in energy materials to ensure that future
generations are not left in the dark. When a device is generating work and/or electricity a by-
product is formed known as waste heat. The majority of these devices only work at 30-40%
efficiency meaning that up to 60 % of the energy being generated is lost as waste heat. A common
form of waste heat that many people may be familiar with is the exhaust from a vehicle. The
exhaust is a by-product of using fuel energy to power the vehicle. The United States of America’s
industrial sector consumes one third of all energy in the United States of America. This industrial
sector uses quadrillions of British Thermal Units (Btu) of energy per year; with the potential to
save approximately 25% of the revenue spent on energy yearly.

There are a few ways to utilize waste heat, one is diverting the energy to warm buildings and/or
sidewalks, however, it becomes harder to utilize waste heat by these means the further the distance
from the source of the heat. Due to the difficulty of storing heat other methods of utilizing waste
heat must be sought to ensure that the fuels being use to generate energy are not going to waste.
One way to utilize waste heat would be to turn it into electricity, this can be done through
thermoelectrics.

The thermoelectric effect is a phenomenon in which electricity is generated due to a temperature
gradient and vice versa, an electric current can be applied to produce a temperature gradient. This
phenomenon is possible through both the Peltier and Seebeck effects as shown below in Figure
1.1. In the Peltier Effect diagram a current is passed through the circuit, creating a temperature

gradient across the material. A heat sink is attached to the warm end so that it remains an ambient



temperature while the cool side remains cold. In the Seebeck effect diagram carriers (electrons and
holes) are thermally excited on the hotter end of the device and diffuse to the colder end of the
device, creating a potential difference. In a circuit this creates a voltage that can be utilized as

electrical output. The Seebeck effect is the desired use of these materials for waste heat application.

Peltier Effect Seebeck Effect
active cooling heat source

heat flow, Q
heat flow, Q

heat sink

1 ~Tower
Noutput /-

heat dissipation side

— e
Figure 1.1 Schematic diagram of both the Peltier effect and the Seebeck effect.

The Seebeck effect phenomenon was first discovered by Johann Seebeck, in 1821, who had joined
two differing metal wires together with a compass needle and heated one of the junctions creating
a temperature gradient between the two materials. The temperature gradient created an electric
current in the loop, deflecting the compass needle. When Seebeck noticed the needle being
deflected he thought it was due to a magnetic field rather than an electric current and mistakenly
named it the thermomagnetic effect. It was not until a couple years later Hans Christian @rsted
who studied magnetic fields saw this error and rectified it coining the term thermoelectricity. In
1834, Jean Charles Athanase Peltier discovered that the vice versa of the Seebeck effect exists

coining it the Peltier effect. He determined that by passing a current through two differing metals



that one junction was cooled while the other was heated. He also determined that this was
reversible by changing the direction of the current.?3

Thermoelectric devices have several advantages such as being comprised of solid state parts which
allows for little to no maintenance of the devices. The devices are vibration free, and have no
acoustical or electrical noise which is beneficial for use in non-industrial settings such as homes.
The devices have precise temperature control to within a fraction of a degree, which can be
important in certain refrigeration aspects. The devices are chlorofluorocarbon free, which is
beneficial for the environment. Thermoelectric devices have shown to have long-term stability,
300,000 hours of steady state operation; as seen in the NASA satellites, voyager 1 and voyager 2.*
These devices work in any physical or gravitational orientation which has been essential for space
applications and could play an important role as to how they will be implemented in the industrial
sector. Additionally, the devices work on a range of electrical output pW — kW which will be
important for the scale of use.

The ability of a thermoelectric material to generate thermoelectric power is determined by the
unitless figure of merit (ZT):

oo

7T = T
KTotal

Equation 1.1
Where o is the Seebeck coefficient (uV/K) also referred to as the thermopower (note that
sometimes this variable is written as S), o is the electrical conductivity (mQ-cm)™?, and krea i
the total thermal conductivity (W/m-K). The figure of merit only determines an individual
material’s ability to generate thermoelectric power and is not to be confused with device efficiency

(nmax) Which can be calculated using the following:
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where Ty, and T, are the hot- and cold-side temperatures, AT is Ty, — T, Tayg IS S

To increase the efficiency of a device the figure of merit must be increased, i.e. the higher the ZT
the more efficient the device will work, the more applicable the devices will be in the current
market. For decades it was believed that thermoelectric materials could not have a ZT > 1.0, giving
these materials an efficiency of ~6 %, making these devices inefficient to be utilized.® It was not
until the early to mid-1990s that significant advancement was made in the thermoelectric
community essentially breaking the glass ceiling of ZT = 1. The ZT has been continually increased
with figure of merits increasing to 2 and greater. With a ZT near 2, the efficiency of these devices
is predicted to be near 20 %, making them viable for practical applications.® While it seems simple
to increase the figure of merit it is important to understand how all the terms of the equation are
mathematically related, making it difficult to increase the figure of merit significantly. The
numerator of Equation 1.1 is often referred to as the power factor and contains the electrical
information about the material. The Seebeck coefficient can be given by:

8m2k3 T\ 2/3 :
= T (— Equation 1.3
a 3eh? m T<3n) )

where kg is the Boltzmann constant (1.38 x 10723 m?kgs™2K™1), e is carrier charge (1.6 X
10712 C), h is Planck’s constant (6.63 x 10™3*m?kgs~1), m* is the effective mass (kg), and n is
carrier concentration (cm).

The denominator consists of the materials thermal information and can be expanded as follows:

KTotal = K| + Ke Equation 1.4



where k; is the thermal lattice contribution and k. is the thermal electronic contribution from the
movement of carriers. Each of which can be described in more detail as follows:
Ke = OLT Equation 1.5

Where L is the Lorentz factor.
1 .
K = §(Cst7\ph) Equation 1.6

Where C, is the lattice heat capacity (J/K), v, is the sound velocity (m/s) and A, is the phonon
mean free path (m).

0 = nep Equation 1.7
Where  is the carrier mobility (cm?/Vs).

1.2 Motivation for this Work

In the early 1990s it was the Department of Defense (DoD) that encouraged the scientific
community to work on thermoelectrics believing that these materials had more potential than was
being utilized. This led a large scientific community to work on these materials to come up with
the next big idea. Two big concepts spurred from this event; one was new families of bulk materials
and the other was applying low dimensionality to these materials.® The focus of this research
stemmed from the work on low dimensionality, which will be discussed in further detail. In 1992
Mensah and Kangah proposed that a semiconductor superlattice would show an improvement in
the efficiency of thermoelectrics.” Not too long after in 1993 Hicks and Dresselhaus proposed that
guantum-well superlattice structures could significantly increase the Seebeck coefficient while
leaving both the electrical and thermal conductivity largely unaffected.®

Quantum confinement is referring the restriction of movement for either an electron or a hole by
using a potential barrier. This occurs when a direction in space is limited to less than the de Broglie

wavelength of an electron or hole, also referred to as the exciton Bohr radius. A quantum-well



refers to a material with quantum-confinement in one directional orientation, while a quantum-
wire is confined in two directions, and a quantum dot is confined in all three orientations in space.

A superlattice refers to alternating thin layers of material as depicted in Figure 1.2.

Figure 1.2 Pictorial image
of a superlattice.

By alternating materials, a potential barrier is created between the two materials due to the band

gaps of the materials as shown in Figure 1.3.
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Band Gap

Figure 1.3 Schematic diagram of a band diagram resulting from a
quantum-well superlattice.

Energy

When the layers of the material are thin enough to be comparable to the de Broglie wavelength the

materials’ bands start to form discrete energy levels similar to those seen in atomic materials.
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Figure 1.4 Schematic diagram of the changes in a band diagram as a
material goes from bulk to atomic level.

The density of states (DOS) is the number of energy levels available to be occupied at a certain
energy. When materials begin to have discrete energy levels the DOS changes drastically as shown
in Figure 1.5. This change in the DOS allows for the Seebeck coefficient, electrical conductivity,
as well as thermal conductivity to be treated quasi-independently.® Since this occurs a new

relationship must be determined to relate the DOS to the thermoelectric figure of merit.
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Figure 1.5 Changes in density of states plots based on the dimension of quantum confinement the
material has.

The relationship between the DOS and Seebeck coefficient can be shown through the Mott
equation®, Equation 1.8.

_ mk*TdIno(E)

= _ Equation 1.8
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Where o(E) is the electrical conductivity determined as a function of band filling, or Fermi energy,
E. If electronic scattering is assumed to be independent of energy, then o(E) is proportional to
the DOS at E+.1° To summarize, the more drastic the change in DOS the larger the Seebeck
coefficient value without essentially changing either the electrical or thermal conductivity. It is
important to state that this relationship only holds true for metals and highly degenerate
semiconductors.

With this change in relationship between DOS and Seebeck coefficient the maximum figure of
merit that can be attained is given by the following°:

m,m,,

T3/2TZ .
my o (r+1/3) Equation 1.9
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where y is the degeneracy of band extrema, m; is the effective mass of the carriers in the i-th
direction, t, is the relaxation time of the carriers moving along the transport (z) direction, and r is
the scattering parameter.

Hicks and Dresselhaus were amongst some of the first to show that this relationship between the
well thickness and an increase in the figure of merit.2 They modeled this using bismuth telluride
(Bi2Tez), the best thermoelectric during that time with a ZT of 0.52. It was concluded that quantum-
well superlattices have the potential to increase the figure of merit by a factor of 13, by decreasing
the layer thickness of the thin film.

Only a few short years later in 1996, Hicks et al. published an experimental follow up to their
theoretical work.'! Using Molecular Beam Epitaxy (MBE) the group was able to deposit thin film
quantum-well superlattices comprised of lead telluride/europium doped lead telluride
(PbTe/Pbo.g27EU0.073Te) onto a barium fluoride (BaF.) substrate. The group was able to present

calculations for an versus well thickness for the materials showing the same general trend that



with a decrease thickness there is an increase in o®n. The experimental data was shown be in
general agreement with the calculations, however, slightly lower than the calculated values. Using
known bulk thermal conductivity, the materials still showed a figure of merit five times greater
than bulk material.

Sofo and Mahan were also able to show a calculated relationship between an increase in the figure
of merit due to an enhancement of density of states through a superlattice. It was determined by
Sofo and Mahan that there was a limit to the well thinness and too thin of a well would lead to
band broadening which would not result in an increase in ZT.1? Khitun et al. modeled a relationship
between silicon (Si) thin film layers and germanium Ge quantum dots in a superlattice.’® Koga et
al. experimentally showed an improvement in the figure of merit using Si/Ge layers in a
superlattice.* Lin et al. demonstrated a similar relationship for bismuth nanowires.* Following
Hicks et al. experimentally enhancing Seebeck coefficient in PbTe quantum wells in Pbl-
XEuxTe/PbTe quantum-well superlattices, Harman et al. experimentally showed an increase in the
Seebeck coefficient for several lead telluride materials. 161718

Several groups during this time demonstrated proof of concept that quantum-confined superlattice
materials enhance the Seebeck coefficient, increasing thermoelectric figure of merit. Two
problems arose from this proof of concept, first, thin films grown by molecular beam epitaxy are
extremely costly, secondly, in addition to the cost of thin films, thermoelectric device which
requires several legs of the materials to contribute enough power, not easily accomplished using
thin films. The solution would be to apply this proof of concept to bulk materials, which is
generally less costly than thin films and secondly provides ample material for building the

thermoelectric devices.



1.3  Selection of Materials for Bulk Quantum-Confinement

To take a proof of concept idea for thin films and apply it to bulk materials, it requires the
identifying of parameters for selection of materials that will allow the new system to be analogues.
First, it was important to decide how create a quantum-confinement in bulk materials using
particles rather than thin films. To do this it was determined that two possible routes could be
pursued; one core-shell nanoparticles and the other two composite nanoparticle systems.
Nanoparticles would be utilized, where the core material would be nano sized however, it would
not need to be below the magnitude of the materials exciton Bohr radius, and the shell would be
formed at or below the size of the magnitude of the materials exciton Bohr radius to quantum
confine the material creating a quantum-well superlattice. To accomplish core-shell nanoparticle
guantum-well superlattices it is important to select materials that have similar crystal structures as
well as cell parameters. Having similar crystal structures as well as cell parameters will allow for
the ease of endotaxial growth when forming a shell onto the core particle. The second route
comprised of a two composite system would encompass a homogenous mixture of two types of
nanoparticles.

Secondly, the materials should vary in band gap values. The difference in the bang gap values
allows for a potential barrier to be created between the two materials as discussed earlier. In
addition to the difference in band gaps it is important that the conduction bands align for favorable
electron mobility in n-type materials or the valence band aligns for favorable hole mobility in p-
type materials.

Lastly, it is important that the two materials selected have a low solid solution limit. To control
the doping of the material, it is important that the neither of the materials will create a solid

solution. When selecting whether a material is n-type or p-type doped it is important that the
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material remain one type of dopant. When working with a two band material the Seebeck

coefficient is given by the following:

0101 + 0,0,
o=—— Equation 1.10
o0, + 0y 9

It is significant to recognize that if the materials have Seebeck coefficients of opposite signs then
the figure of merit will be reduced. If the materials are of the same sign that both the Seebeck
coefficient and the figure of merit will be limited.

Based on the above parameters the following materials were selected.

Table 1.1 Parameters for selection of materials for the study of core-shell nanoparticle quantum-
well superlattices.

Compound Crystal Unit Cell Band gap at Excij[on Bohr
Structure Parameter (A) 300 K (eV) radius (nm)
Iea(EiPttE)!ll_lé)r Ide Rock salt 6.46 0.29 46
cadmi(l(J:rE_It_eel)luride Zinc blende 6.41 1.50 75
Iea((jpsbu;;ide Rock salt 5.94 0.37 20
cadml(lérgss)ulflde Z{/r\]/(ijlrjtlzeirt]se 581 253 58

Based on these parameters it was determined that cadmium based compounds would act as the
core materials while lead based compounds would be used as the shells due to lead based
compounds having generous exciton Bohr radii. Although, the materials differ in crystal structures,
both the rock salt structure and the zinc blende structure have face centered cubic (FCC) anion
lattices, to allow for endotaxial growth.

1.4 Review of Current Literature Data

The literature on thermoelectric materials is immense and continues to expand frequently. Select
literature data will be shown and discussed in this section for a comparison to the materials selected

for this project. Biswas et al. explored the performance of thermoelectric materials by engineering
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multi-tiered architectures, using bulk PbTe with strontium telluride (SrTe) nanocrystal inclusions,
and sodium doping.'® The multi-tiered structures showed an enhancement in ZT, 2.2, by efficiently
scattering phonons on multiple length scales. The thermoelectric measurements including the
calculated conductivity via resistivity measurement, thermopower denoted by S, total thermal

conductivity, and calculated ZT are shown in Figure 1.6.
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Figure 1.6 Thermoelectric measurements and calculated ZT shown for PbTe with SrTe nano-
inclusions and Na doping. Reprinted with permission from (19).

It was concluded by Biswas et al. that the enhancement in the figure of merit resulted from a
lowered thermal conductivity by efficiently scattering phonons as well as generation of carriers at

elevated temperatures through sodium dissolution. Overall, Biswas et al. focused on the scattering
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of phonons by generating different scales of materials in one sample. This project differs by only
utilizing 2 % Na doped PbTe samples without SrTe nanocrystal inclusions.

Zhao et al. investigated the enhancement in thermoelectric performance through endotaxial
nanostructuring and valence-band offset engineering, by means of PbS embedded with CdS
nanocrystals.?’ This investigation was based on Biswas et al. results of PbTe embedded with SrTe
nanocrystals. Sulfide materials were chosen due to sulfur being very earth abundant and more cost
friendly for widespread application. The thermoelectric measurements including the calculated
conductivity via resistivity measurement, thermopower denoted by S, total thermal conductivity,

and calculated ZT are shown in Figure 1.7.
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Figure 1.7 Thermoelectric measurements and calculated ZT for PbS embedded with CdS
nanocrystals. Reprinted with permission from (20).
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Zhao et al. concluded that in addition to efficient phonon scattering valence band alignment
allowed for favorable hole mobility in the material, permitting the ZT of PbS to increase from 1.1
to 1.3. This projects materials differ by attempting to utilize the CdS as a core and PbS as a shell
of a core-shell material instead of utilizing PbS as the bulk of the material and CdS as nanocrystal
inclusions.

Ahn et al. studied the enhancement of thermoelectric properties through resonant energy levels
and nanostructuring via PbTe-CdTe doped with lead iodide (Pbl,).?! Previously Heremans et al.
reported an enhancement in the thermopower through a distortion of the DOS in the valence
band.?? It was concluded the distortion in the DOS resulted from the dopant introducing resonant
energy levels. Ahn et al. results for carrier concentration, Hall mobility, and calculated ZT are

shown in Figure 1.8.
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Figure 1.8 Carrier concentration, Hall mobility and calculated ZT for PbTe-CdTe doped with
Pbl2. Reprinted with permission from (21).

Ahn et al. concluded that either the PbTe-CdTe system did not contain resonant energy levels or
that the levels were not attainable through the doping amounts used. It was also noted that the
CdTe solubility in PbTe was much lower than reported by the phase diagram, and in actuality was
<1 %. This project differs by not relying on CdTe to dope PbTe conversely to have CdTe be a
secondary phase to PbTe in either route of obtaining quantum-confinement in bulk materials.

15 Introduction to Square Planar Ni** in LaNiO;

The family of T -Lnn+1NinO2n+1 (LN = La, Nd; n = 2, 3, and ) all contain an infinite NiO2 square

planar configuration as shown in Figure 1.9. These materials are metastable and are prepared from
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low temperature reactions from corresponding Ruddlesden-Popper or perovskite parent

compound.
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Figure 1.9 Crystal structures of T -Lan+1NinO2n+1 Series.

The Nit*/Ni?* in these compounds are isoelectronic (d9/d8) to the Cu?*/Cu®* in high 