ABSTRACT

LUKE, WILLIAM HARRISON. Synthesis and Characterization of a ZnO-Cu
Thermoelectric Nano-composite. (Under the direction of Dr. Jon-Paul Maria.)

Thermoelectric materials have slowly been developed to improve the
efficiency of thermoelectric devices by using the effect of nanoscale structures within
the materials. Additionally, new classes of materials are being utilized to meet the
needs of more specialized thermoelectric applications. In particular, a Zinc oxide
(ZnO) matrix with copper (Cu) nanoparticles offers a possibility for a thermally and
chemically stable thermoelectric material at high temperatures.

This thesis reports an investigation into the effectiveness of a ZnO-Cu nano-
composite, from synthesis to bulk thermal property measurements. A variety of
compositions of ZnO and CuO powders were processed into bulk pellets, which
were then reduced in specific gas atmospheres to achieve the selective reduction of
CuO from the material. The effectiveness of this reduction was examined using x-
ray diffraction, which showed a complete reduction of CuO to Cu metal, while
maintaining a ZnO matrix. Samples were then prepared for transmission electron
microscopy to study the structure of the ZnO-Cu system. TEM analysis showed
regularly dispersed rod-shaped particles approximately 150 nm in length and 30 nm
in width, with distribution and particle size reducing with decreased Cu concentration.

Preliminary thermal conductivity measurements of the 1 and 5 volume percent Cu



samples show thermal conductivities of 17.3 W/m/K and 14.8 W/m/K respectively, a

significant reduction from the pure ZnO conductivity of approximately 52 W/m/K.
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CHAPTER 1

INTRODUCTION

As the world’s energy demands continue to increase and cheap, sustainable
resources for producing energy become increasingly scarce, new methods of energy
conversion need to be developed and greatly improved upon to meet society’s future
requirements. These developments are not likely to be momentous new discoveries,
but instead incremental improvements to current technologies. Solar cells, wind
turbines, geothermal generators, and the like, are some existing technologies that
are experiencing this evolution, and are now used in many large-scale, practical
applications. However, a prime example of one such technology currently used in a
few niche applications, is thermoelectric devices.

Like many of these other renewable energy systems, thermoelectric systems
are able to generate electricity from an under-utilized phenomenon, in this case a
temperature gradient. When in the presence of a temperature gradient, an electric
potential is produced in the material, which causes charge carriers to migrate to one
end of the material creating an electric potential. This type of system is typically
called a thermoelectric generator. The reverse of this process is also useful for
practical applications in devices known as thermoelectric refrigerators. When an
electric potential is induced in a thermoelectric material, a temperature gradient is

produced which can be used to cool the surrounding environment.



Using thermoelectric generators and refrigerators, new systems for power
generation and cooling can be created that offer a variety of benefits, which include
the durability of a solid-state system as well as the stability of a system with no
moving parts [1]. However, the current state of thermoelectric technologies is simply
not developed enough to compete with conventional systems. Significant
improvements to the efficiency of thermoelectric systems will need to be made
before they can be implemented in new areas.

For power generation applications in particular, there are innumerable
situations where existing technologies produce considerable amounts of heat. This
heat is often an undesirable but accepted by-product of the physics of these
technologies. When thermoelectric materials are improved, devices can be made
that will directly harvest this wasted heat and convert it into electricity. One
particularly intriguing application for this would be in automobiles. A number of
sources of waste heat in a vehicle from the engine to the exhaust could be used to
charge batteries or run on-board electronics, hence increasing the total efficiency of
the vehicle. Potential sources for thermoelectric harvesting are large power plants
and other industrial processes which often exhaust large amounts of heat during
normal operations, as well as solar power panels which often are unable to utilize
the low energy radiation they absorb. With more efficient thermoelectric generators,
they could provide a primary source of power for a variety of situations. Currently,
radioisotope thermoelectric generators, which capture the heat from radioactive

decay to produce power, are used in many space applications, and increasing their



effectiveness would extend humanity’s reach into outer space. Something as simple
as running efficient lighting from the heat of a stove would provide an easy source of
electricity to a large number of people around the world.

Just as new applications for power generation can be found with improved
efficiency, thermoelectric refrigeration would become more relevant with better
thermoelectric materials. Primarily, these new materials would improve current
devices, especially in the realm of scientific instruments. Many systems that require
cooling are often limited by the heat they generate. In particular, heat accumulation
is space-based systems is a constant worry. Using thermoelectric refrigeration
devices to help quickly transfer thermal energy from critical areas, such as electrical
components or sun facing regions, would allow for these systems to run at safer
limits. In general, the benefits of an improved thermoelectric refrigerator would allow
for more powerful or more sensitive components to be used in a large number of
settings, leading to faster or more accurate results in many different areas of
research.

The current direction of thermoelectric research is focused on two areas:
searching for new bulk materials, and improving existing materials through low-
dimensional systems. Bulk materials research has most prominently focused on
phonon-glass/electron-crystal (PGEC) materials. These materials would thermally
behave like a glass with low conductivity while, at the same time, electronically act
like a crystal with high conductivity. This is achieved by introducing weakly bound

atoms within the crystal structure that scatter phonons. Research in low-



dimensional materials is further broken down into two areas. First, the effect of
nanoscale constituents introduced into the material that would enhance the power
factor of the thermoelectric figure-of-merit (which will be discussed in more detail in
Chapter 2). Second, the selective reduction of thermal conductivity over electrical
conductivity is achieved by the many internal interfaces found in the nanostructures,
due to the differences in their respective scattering lengths [2].

In the vast majority of thermoelectric systems, the thermal-electric energy
conversion efficiency is increased at higher temperatures. However, many of the
thermoelectric materials used for high temperature applications are not stable at
their operating temperatures and must be coated in a stable compound to prevent
exposure to the atmosphere [3,4]. Thus, new materials, such as various silicides, are
being investigated for these high temperature situations. However, there are many
oxide materials which are very stable at high temperatures in air and have received
less attention in the past [1]. In particular, zinc oxide (ZnO), an n-type
semiconducting oxide, shows promise as a high-temperature (>700C)
thermoelectric material. It has a high melting point (~1800<C), good chemical
stability, and high electrical conductivity [5]. More importantly and its thermoelectric
properties could readily be improved and controlled via doping [6].

The purpose of this study is to provide a review of current thermoelectric
materials research and investigate the production of bulk ZnO samples doped with
Cu-metal nanoparticles through the selective reduction of CuO. The effects of

different processing techniques and parameters for this reduction will be explored



using X-ray diffractometry. The subsequent bulk samples will be examined using a
transmission electron microscope to determine the distribution and morphology of
the Cu nanopatrticles. The remainder of this thesis is arranged as follows: Chapter 2
will provide an overview of the various aspects of the thermoelectric phenomenon.
Chapter 3 will review the state-of-the-art for thermoelectric materials, and then
investigate some of the methods for improving thermoelectric materials. Chapter 4
will describe the methodology of this investigation. Chapter 5 will show the results of
this study and discuss their effects. Finally, Chapter 6 will contain concluding

remarks and potential areas for future work.



CHAPTER 2

THERMOELECTRIC PHENOMENON

Like many scientific breakthroughs, the discovery of the thermoelectric
phenomenon was not the product of a single researcher. For thermoelectrics, it took
the work of three individuals, Thomas Seebeck, Jean Charles Peltier, and William
Thomson, to describe the fundamental components of this effect. These
components are the Seebeck Effect, Peltier Effect, and Thomson Effect with these
individual effects combined in the Kelvin Relationships. Finally, the thermoelectric
figure-of-merit was later developed as a means to quantitatively compare

thermoelectric materials.

Section 2.1: Seebeck Effect

In 1821, the Baltic German physicist Thomas Johann Seebeck reported his
observations of a compass needle placed in the vicinity of a closed loop of two
dissimilar conductors, when one of the junctions was heated, producing a voltage.
While he falsely concluded that the interaction was a magnetic phenomenon, he did
go on to investigate a wide variety of other materials for this interaction, including
materials now classified as semiconductors. Ultimately, this interaction was called
the Seebeck effect. Seebeck essentially stopped his research at this point, but had

he continued on this line of study, he could have made a device with the materials



he discovered and created a thermoelectric power generator of comparable
efficiency to other power generators of his day [7]

As briefly mentioned previously, the Seebeck effect is the production of an
electromotive force across a material when in the presence of a temperature
differential. In a conducting material of finite dimensions with a temperature gradient
across the material, charge carriers will generally travel from the hot side to the cool
side of the material until an equilibrium electrical potential is reached. This effect
illustrated in Figure 2.1. Further increasing the temperature of the hot side will
increase the number of charge carriers that to the cool side, establishing a higher

potential difference.

T1 TQ

Figure 2.1. In this example, T, > T, and the green circles are the
charge carriers. The temperature gradient causes these charge
carriers (electrons or holes depending on the material) to move toward
the cool side and establish a new equilibrium potential in the material.

To describe this effect, a fundamental electronic transport property called the
Seebeck coefficient, S, was derived. This coefficient is defined as the ratio of the
electromotive force to the temperature differential. Fundamentally, the Seebeck
coefficient measures the entropy transported with a charge carrier as it moves

through the material, divided by the carrier’s charge [8]. More practically, the



Seebeck coefficient is measured by creating a thermocouple and measuring the
voltage difference across the junction and dividing by the temperature difference, as

seen in Equation 1,
S=— (1)

A functional thermocouple, shown in Figure 2.2, is created by putting two
dissimilar conductors electrically in series and thermally in parallel. When the
temperature gradient is applied, a voltage is produced between points C and D. If
the temperatures, T1 and T, and the voltage across C and D are known, then the
Seebeck coefficient can be calculated. When measured this way, the coefficient is a

differential coefficient, S,,, between the two materials A and B.

CD

Figure 2.2. A basic thermocouple exhibiting the Seebeck effect. A and
B are two dissimilar conducting materials which make an
acceptor/donor pair. J; and J, are the junctions between the materials
and are held at temperatures T; and T,. This causes a voltage to form
across points C and D



The sign of the Seebeck coefficient is determined by the direction of current
flow, which is determined by the direction of the temperature gradient. If T, is
greater than T4, the current will flow in the clockwise direction giving a positive
Seebeck coefficient. If the gradient is reversed, current will flow counter-clockwise
and the sign will be negative.

However, a direct measurement of the Seebeck coefficient is not routinely
done, and when performed must be performed very carefully. Since all conducting
materials exhibit some degree of a thermoelectric effect, the exception being
superconductors below their transition temperature, any measurement would be
influenced by the electrodes of the measuring device. Also, when measured with a
thermocouple, the relative nature of the Seebeck coefficient must be noted, so

proper comparisons can be made [9].

Section 2.2: Peltier Effect

The next breakthrough came 12 years later from French physicist Jean
Charles Peltier. In a similar experimental setup, Peltier noticed a temperature
change in the junction between the dissimilar conductors when a current passed
through the junction. Like Seebeck, Peltier failed to grasp the fundamental nature of
his observations, and did not make the connection to Seebeck’s findings, even
though he used this phenomenon in some of his experiments as weak current

sources. This complementary effect was named the Peltier effect, and was further



explained in 1838, when Lenz concluded that heat can be absorbed or generated at
the junction depending on the direction of current flow [7].

Instead of producing an electromotive force from a temperature gradient, a
gradient is produced by a flow of current through the thermocouple, heating one
junction while cooling the other. The ratio of the current flow, I, to the heating rate, q,

defines the Peltier coefficient, , as shown in Equation 2.

p=— (@)
g

To qualitatively describe this effect, if current flows clockwise around a
thermocouple circuit (see Figure 2.3), then one junction will be heated at rate q,
while the other will cooled at a rate —g. The coefficient is defined as positive if J; is

heated and J; is cooled [9].

Figure 2.3. A thermocouple exhibiting the Peltier effect. A clockwise
current, |, flows through two thermoelectric materials, A and B. J;
experiences a cooling rate of —q, while J, heats at a rate of g. In this
case, a temperature gradient is created by an electric potential.
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Section 2.3: Thomson Effect and Kelvin Relationship s

Little progress was made in the field of thermoelectrics due to the more
intriguing discoveries being made in the area of electromagnetism at this time. A
small revival of interest occurred in 1851 when William Thomson (better known as
Lord Kelvin) discovered the third component of the thermoelectric phenomenon and
established the relationship between the Seebeck and Peltier effects. This final
effect, called the Thomson effect, describes the heating or cooling of a
homogeneous conductor when a current passes through it in the presence of a
temperature gradient.

When the temperature difference is small, the Thomson effect is defined by
the following equation:

q=bIDT 3)

where ¢ is the heat rate, is the Thomson coefficient, | is the current, and T is the
temperature difference. Typically, the Thomson effect is only accounted for in the
cases where the thermal gradient is small. However, it should not be neglected for
detailed calculations.

In addition to predicting and discovering the Thomson effect, Lord Kelvin also
connected the three thermoelectric coefficients together in what are known as the

Kelvin relationships:

Sa = (4)
dSab - ba B bb (5)
dT T
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Equation 4 relates the Seebeck and Peltier coefficients, and Equation 5
relates the Seebeck and Thomson coefficients. Note that the coefficients used are

relative to the specific materials used during the experimental measurements [9].

Section 2.4: Thermoelectric Figure-of-Merit

This field received little attention for another long period, until the beginning of
the 20™ century. Around this time another physicist, Edmund Altenkirch, developed
a comprehensive theory of thermoelectric generation and refrigeration and showed
that good thermoelectric materials should have large Seebeck coefficients and low
thermal conductivity to retain the heat at a junction, in addition to a low electrical
resistance to minimize Joule heating, or the resistive heating produced when a
current passes through a material [7]. Although the three thermoelectric effects
were well defined and related to one another, they did not provide a useful measure
for comparison between different materials. The most practical way to evaluate
these materials, as shown by Altenkirch, is by comparing their thermoelectric
efficiency. In general terms, the efficiency of a simple thermocouple, , is the
energy supplied to the load divided by the heat absorbed at the hot junction.
Assuming the electrical conductivities, thermal conductivities, and Seebeck
coefficients of the two materials are constant, and that the contact resistances are

negligible compared to the total resistance, this efficiency can be expressed as
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I’R

F= 1. ©)
SulTu +/' (T - To)- 1R

where ' is the thermal conductance of the materials in parallel, R is the series
resistance of the materials, and Ty and T¢ are the hot and cold temperatures
respectively. While some of these parameters may vary as a function of
temperature, this simple expression can still be employed if approximate averages of
values for these parameters over the temperature range are used.

This efficiency is a function of the ratio of the load resistance to the sum of the

thermocouple resistance, and at maximum power Equation 6 can be rewritten as

TH'TC
7
3TH +T7C+i ()
2 2 Z

C

fo =

where Z is the figure-of-merit of the thermocouple. This gives a maximum efficiency
 vax =119 (8)

where . is the Carnot efficiency
he=——— 9)

and

J1+Z. T, -1

1+Z.T, +1¢
=

c
c 'avg
H

9= (10)

and the figure-of-merit is defined as
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Thus, the maximum efficiency is a product of the Carnot efficiency, and , which
contains the parameters of the materials.

In practice, the geometries of the two materials are typically matched to
minimize heat absorption, and the two materials of the thermocouple have roughly
similar material constants. This allows the figure-of-merit to be written in a more

useful form:

Z= (12)

where s the electrical conductivity and is the thermal conductivity. The S
term is often referred to as the electrical power factor [9] Also, the units of this figure-
of-merit are K, so Equation 12 is often multiplied by the temperature in order to

produce a non-dimensional version of the figure-of-merit, ZT, given by
T = ﬁT (13)
/

The difficulty of improving ZT in most materials is that all of the parameters in
the above equation are linked together, and so independently manipulating one
variable at a time is impossible. For example, one possible way to increase ZT
would be to reduce the thermal conductivity. The total thermal conductivity of a
material, , has contributions from the lattice vibrations, |, as well as from the

charge carriers moving through the lattice, ¢, as shown in Equation 14.
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I=1,+1 (14)

As carrier concentrations in the material increase, the carrier contribution to
the total thermal conductivity increases. For semiconductors however, thermal
conductivity is dominated by lattice vibrations and in thermoelectric materials only
one third of total conductivity is contributed by charge carriers [9]. Ideally, reducing
the lattice vibrations would contribute quite a large amount to increasing ZT.
Unfortunately, this is prohibited by the Wiedmann-Franz law [10], which is defined in

Equations 15 and 16

3k;
2682 )sT Equation 15

/ =(

/ =LsT Equation 16
where s the total thermal conductivity, kg is Boltzmann’s constant, e is the charge
of an electron, s the electrical conductivity, L is the Lorenz factor, and T is the
temperature. From these equations, it is clear that the thermal conductivity and
electrical conductivity are directly related to each other and any decrease in thermal
conductivity would result in a decrease in electrical conductivity, reducing any

possible benefit to ZT. Figure 2.4 shows this problem graphically.
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Figure 2.4. This illustrates the intertwined nature of the constituents of

the thermoelectric figure-of-merit [6].

For the given material represented (in this case Bi,Tes) there exists an
optimized value for the maximum power factor and maximum ZT. Any significant

change from these optimized parameters would reduce ZT and the efficiency of the

material, so improvements must be carefully designed.
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CHAPTER 3

THERMOELECTRIC MATERIALS

Like the work done in developing the theory of thermoelectric phenomena,
research into materials which exhibit good thermoelectric properties has been a slow
process with many long periods of little to no advancement. This has primarily been
due to the difficulties in controlling the components of the figure-of-merit, as well as
lack of interest in the field in the face of other discoveries being made in the wider
electromagnetism fields. After the initial discovery of the thermoelectric phenomena,
very little research was done to discover materials that specifically exhibited good
thermoelectric properties. This changed in the 1950s once the basic theory of
thermoelectric materials became well established, the heavily doped semiconductors
were accepted as ideal materials of interest, and Bi,Te; was developed for
commercial applications. These three advancements opened the way for the
modern thermoelectric industry.

After this initial burst of activity, only slight gains were made in improving the
thermoelectric figure-of-merit, ZT, in the next thirty years, with Bi,Tes alloys
remaining the best materials used in devices with ZTs approximately equal to 1 in
nearly all cases [11]. In the mid 1990s, a resurgence of interest began with
theoretical predictions suggesting that nanostructured materials could provide much

higher efficiencies and proof-of-principle work began in this area. Also, the slow
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gains in traditional research into new, complex bulk materials found that higher
efficiencies could be achieved [6].

Most of the current thermoelectric materials can be divided in to two broad
categories: intermetallic compounds and complex crystals. However, a novel class
of thermoelectric materials, metal oxides, has recently received more attention in
research circles. The remainder of this chapter will discuss these three categories of
materials, as well as some of the methods used and theorized for improving the

thermoelectric performance of these materials using nanoscale structures.

Section 3.1: Intermetallic compounds

Inter-metallic alloys were some of the first successful thermoelectric materials
to be discovered, the most notable of which is Bi,Tes, (ZT 1), which has been the
primary thermoelectric material for commercial applications since the 1950s. Two
other common compounds, PbTe and Si;.xGey, will be discussed in this section.

Bi,Tes is a narrow-gap semiconductor that can be alloyed with Sb to become
a p-type semiconductor and with Se for n-type. The crystal structure of Bi;Tez is a
layered structure held together by van der Waals interactions. Each layer is
perpendicular to the c-axis of the crystal and follows the sequence:

Te®W — Bi — Te® — Bi — Te®[12]. An illustration of this structure is seen in Figure 3.1.

18
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Figure 3.1. Crystal structure of un-doped Bi,;Tes with five layers stacked
in the c-direction by van der Waals forces [13].

This structure allows the crystal to be easily cleaved between the layers.
Additionally, impurity atoms can readily occupy interstitial sites between the layers
as well as move from one site to another with little energy. This structure also
causes many of the properties to be orientation dependent, except for the Seebeck
coefficient. In doped Bi,Tejs, this property is independent of orientation and depends
on the direction of the temperature gradient instead [13]. Typical operating
temperatures for Bi;Tez and its alloys range between 300 and 550 K, which is
considered the lower end of thermoelectric operating temperatures.

The next intermetallic compound of commercial interest is PbTe, which is the
primary thermoelectric material for mid-range temperature (600 to 800K)
applications. The crystal structure is much simpler in PbTe, which forms a NaCl
structure with Pb atoms in the cation sites and Te in the anion sites. This structure

results in isotropic material properties, which makes device fabrication much easier.
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Like Bi;Tes, PbTe can be doped for either n-type or p-type behavior. However, this
material does not quite reach the ZT values seen in Bi,Tes, falling short just short at
0.8 -1 at 650 K [13].

The final intermetallic compound to be discussed is Si and Ge alloys, which
are particularly suited for high temperature (~1200K) applications. Interestingly, Si
and Ge are not good thermoelectric materials separately due to their large thermal
conductivities. When alloyed together, the resulting thermal conductivity is
significantly lower, approximately an order of magnitude lower for some
compositions. This large reduction also does not significantly reduce the carrier
mobility in the material, allowing for a ZT between 0.6 and 0.8 at its elevated
temperatures [14]. Figure 3.2 below compares the figure of merit values versus
temperature for some of the most common intermetallic compounds used for
thermoelectric application. Note that many of these materials server as baselines for

research, and their ZT values can be improved via heavy doping.

Section 3.2: Complex crystals

More recently, materials with complex crystal structures have been
discovered that offer many areas for future research. This class of materials is
typically described as having a phonon-glass/electron crystal (PGEC) behavior.
While this description can be used for many other materials that inhibit phonon
transport while having little effect on electron transport, it applies best to these

materials due to the special structures that arise. In this group of PGECs, cages or

20



tunnels within the crystal structure hold massive atoms that do not fully occupy the
available interstitial space, which allows these atoms to “rattle”. This rattling causes
a phonon damping effect that can drastically reduce the thermal conductivity in the

material [15].

Yb,,,CoSbh,, ]
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Figure 3.2. Figure of merit, ZT, as a function of temperature for several
common intermetallic compounds [14].

One of the most promising and best researched classes of the complex

crystals is called skutterudites. These materials are typically binary compounds of
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the form MX3 which are then filled with the heavy atom to form a ternary structure

AWMy X172 [16]. An example of this structure is shown in Figure 3.3.

%

Figure 3.3. This CoSbs unit cell is an example of a skutterudite
structure. The blue spheres illustrate the voids that could be occupied
by heavy atoms [13].

Heavy atoms can either act as donors or acceptors, so a wide range of
doping criteria can be used to optimize carrier concentrations in order to improve the
power factor of these materials. With the reduced thermal conductivity caused by
the rattling atoms, these materials are predicted to have relatively high ZT values,
with some reports showing ZT values approaching 1.4 above 1000 K [17].

Another class of thermoelectric materials that have complex crystal structures
and exhibit strong PGEC behavior is clathrates. Like skutterudites, these materials
trap atoms within voids in their structure, but are much more complex. This family of
materials derived from binary structures of the form AgXys (A is alkaline or alkaline

earth elements, with X being Si or Ge), which form complex polyhedral shapes
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within their crystal structure with element X that are filled with element A atoms [16].
Due to the novel nature of these materials, the data that exists for clathrates is
primarily theoretical.

Clathrates primarily come in two types. The more common type, Type |
features two different “guest” atoms that fill the two different polyhedral voids.
Predictions for certain optimized Type | materials show ZT values around 0.5 at
room temperature, and as high as 1.7 at 800 K. Type Il clathrates are less common,
but do not require that all of their polyhedral voids must be filled like Type |
structures. This would allow the properties of Type Il clathrates to be tuned by
controlling the doping level. Figure 3.4 shows examples Type | and Type Il clathrate

structures [17].

Figure 3.4. Examples of two clathrate structures, (a) being a Type |
structure and (b) showing a Type Il. Orange and purple spheres are
guest atoms with in the polyhedral voids [17].
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Section 3.3: Metal oxides

One of the newest class of materials to be investigates are metal oxides. As
mentioned previously, the high thermal and chemical stability of these oxides makes
these very appealing for high-temperature devices placed in air. Initial surveys of
these materials proved discouraging due to their lower than expected performance
given the starting materials. This low performance is believed to be caused by the
high contact resistance at the junction between the oxides and the metal electrodes
used for measurements.

Recently, however, certain p-type cobalt oxides have been found to have high
power factors coupled with low thermal conductivity which has rekindled research in
this class of materials. These layered cobalt oxides consist of sheets of CoO,
sandwiched between sodium layers or misfit layers of calcium cobalt oxide, see
Figure 3.5. The CoO; layers serve as electron transport layers, while the sodium or
calcium layers act as phonon scattering regions to lower the thermal conductivity
[18]. These cobalt compounds have shown ZT values near 0.8 for polycrystalline

samples at 1000 K, and >1 at 800 K for single-crystal samples.
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Figure 3.5. Example of the layered structure of the cobalt oxide,
NaCo,0,4. The CoO; layers serve as electron transport regions, while
the Na ions act as phonon scattering regions [13].
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A corresponding n-type metal oxide showing reasonably good performance is
proving much more difficult to discover. While heavily doped SrTiOs is the current
front runner in this category, Al-doped ZnO shows similar ZT values (0.3 at 1000K)
[13]. However, ZnO shows promise for improvement due to its simple structure and

the wide range of useful materials that have been studied for doping ZnO [1].

Section 3.4: Nanocomposites

As noted in the previous sections, past work into improving the thermoelectric
properties in existing materials has focused on altering the dopant of the material.
However, there are additional methods becoming available through the emerging

field of low-dimensional thermoelectricity by using nanoscale materials engineering.
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Initially, this field approached the problem from two areas. The first method was to
introduce nanoscale constituents that would produce quantum-confinement effects
to improve the power factor. The second was to use the large number of internal
interfaces found in nanostructures to preferentially reduce the thermal conductivity
over the electrical conductivity. Recently, these two methods have begun to
converge, with new materials that use nanoscale inclusions to produce short range
low dimensionality within the host material [2].

As mentioned in Section 2.4, there are significant difficulties in separating the
three components of the figure-of-merit to manipulate them independently. However,
by using the this low dimensionality, two methods for increasing the independence of
the properties are available: 1) reducing the thermal conductivity more than electrical
conductivity through interface scattering, and 2) increasing Seebeck coefficients
more than decreasing electrical conductivity though energy filtering, where energy
filtering is the inability of a carrier to cross a boundary if its energy is below a certain
value [2]. Method one is the most applicable to this study, due to the desire to lower
the thermal conductivity of ZnO. The plot in Figure 3.6 shows that this is possible
using a theoretical model of a Si;.xGey thermoelectric material with Si nanowires.
This plot illustrates that as the volume fraction of Si nanowires increases, the
thermal conductivity is reduced, and the smaller the nanowires are, (and

consequently, the larger the number of interfaces) the more significant the reduction.
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Figure 3.6. Calculated thermal conductivity vs. volume fraction of Si
nanowires. The solid line shows the conductivity of a bulk alloy of the
same composition [2].

From this chapter, it is clear that the high ZT materials are generally those
with some form of complexity in their crystal structures, and by adding complexity to
an existing material, ZT can be increased even further. Thus, adding nanoscale
inclusions of Cu to ZnO should reduce its thermal conductivity and possibly increase

its power factor, ultimately increasing the figure of merit for the material.
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CHAPTER 4

EXPERIMENTAL METHODOLOGY

Section 4.1: Material Selection

To create the desired nano-composite, the two constituents materials must
meet certain criteria. As mentioned previously, zinc oxide (ZnO) was chosen as the
matrix material due to its beneficial properties for high temperature applications.
ZnO is thermally stable at higher temperatures, with a melting point at approximately
1975°C. ZnO is also very chemically stable, showing little to no reactions when
exposed to atmospheric conditions at elevated temperatures. Additionally, ZnO has
relatively high electrical conductivity across a wide range of temperatures.

For the nano-particle of the composite, this initial investigation is concerned
primarily with the density of the material as well as its processing compatibility with
ZnO. Copper (Cu) was chosen for this study as it met these criteria. Cu metal is
significantly more dense than ZnO, which would provide significant phonon
scattering possibilities. In regards to processing compatibility, Cu comes in a
number of oxides which all have free energies of formation lower than ZnO [19]. By
using this method, ZnO and Cu,O powders are prepared, and then the Cu,O
compounds can be selectively reduced, leaving ZnO and Cu metal. This
circumvents the need to be concerned with the oxidation of Cu metal during the

synthesis process.
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Section 4.2: Methodology

Because this study was the first step in examining copper doped zinc oxide
thermoelectric materials, much of the methodology is focused on ceramic processing
and characterization techniques. To create the final products to be examined,
differing amounts of Copper (II) Oxide (CuO) and Zinc Oxide (ZnO) (Acros Organics
98% pure and Alfa Aesar 99.9% pure respectively) were mixed together, densified,
and reduced in specific temperatures and atmospheres in order to selectively reduce
the CuO while leaving the ZnO crystals intact.

First, since the desired end result was the dispersion of copper particles
within the ZnO crystals, the final volume percentage of copper was used when
determining the compositions of the various powder mixtures created. Note that this
volume percentage assumes an ideal density in the final product and is likely not
perfectly accurate in practice. The volume percent was determined by dividing the
desired volume of copper in the final sample by the total volume of the final sample,
which is the sum of the copper and ZnO volumes. A wide range powder mixtures
was created during this study from 0.25 to 10 volume percent Cu, but most work was
done on the 0.25%, 1%, 5%, and 10% mixtures. These volume percentages were
then used to determine the final mass of copper in the material. Assuming no
oxygen would be reduced from the ZnO, the only mass loss in the material would be
from the reduction of CuO. Using this assumption, the initial masses of CuO and

ZnO powders were then determined.
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Next, the weighed powders were then wet milled to homogenize the
distribution of CuO in the mixture. In this step, the powder was milled with yttria
stabilized zirconia balls for approximately 4 hours in an isopropyl alcohol solution.
Once the milling was complete, the slurry was set out to allow the isopropyl alcohol
to evaporate out of the solution. The now dry powder mixture was ball milled without
a liquid solution for another 2 hours to reduce the average grain size.

To improve the density of the final samples, the powder mixtures were “pre-
reacted” by sintering the loose powder in a 1200C furnace (Sentro Tech 1500C-458
High Temperature box furnace) for 12 hours to bond the ZnO and CuO powders and
form a better solid solution. The powders were then milled again in a high-energy
shaker mill for 2 hours to pulverize the powder and significantly reduce the grain size.

The pre-reacted powders were then uniaxially pressed into pellets 0.5 inch
(13 mm) in diameter and 1-2 mm thick at a variety of pressures from 145 MPa to 440
MPa. These pressures were tested to determine the best possible green density of
the samples without forming cracks. The pellets were once again sintered in the box
furnace at 1200<C for up to 12 hours with heating a nd cooling rates of approximately
4T per minute. This sintering process would furth er densify the pellets before the
reduction step.

The sintered pellets were then placed in a range of atmospheres in order to
selectively reduce the CuO in the material. While the Ellingham diagrams for ZnO
and CuO were consulted for the ideal partial pressures of oxygen required to reduce

CuO only, the facilities available were unable to maintain the desired partial
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pressures. To circumvent this, a variety of gas atmospheres, reduction times (3 to 8
hours), and temperatures (700C to 1000C) were tes ted to produce the desired
results. The atmospheres tested include a variety of vacuum pressures, pure
nitrogen, pure forming gas (1% H», 99% N.), “bubbled” forming gas (gas is passed
through water before entering the furnace chamber), and forming gas/N, mixtures.
All non-vacuum reductions were performed in a tube style furnace (Protherm, model
PTF 12/75/600). The ideal conditions were determined to be a 1 to 3 mixture of
nitrogen to forming gas for 8 hours at 700C. At e ach step in the process, the bulk
densities of the pellets were calculated using the Archimedes method.

Before and after the reduction process, the crystalline phases in the material
were identified using an X-ray diffractometer (Empyriean Cu LFF-HR DK31925)
using Cu K radiation to compare the amount of Cu present before and after
reduction. 2 - scans from 30 to 80 degrees were preformed to capture the peaks
of interest for the materials present. Based on the X-ray results, select samples
were prepared for transmission electron microscopy (TEM). Standard TEM
polishing was performed using diamond lapping films (on an Allied High Tech
Multiprep) and then finished using ion milling (on a Flschione Model 1050 TEM mill).
Finally, the samples microstructural characteristics were examined using a TEM

(JEOL 2000FX S/TEM).
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CHAPTER 5

RESULTS AND DISCUSSION

As mentioned previously, this investigation is a first step into Cu doped ZnO
and so the results discussed here are focused on characterizing the composition
and structure of this material using X-ray diffractometry (XRD) and transmission

electron microscopy (TEM).

Section 5.1: Selective reduction of CuO

The first goal of this study was to prove that CuO could be selectively reduced
in a bulk ZnO sample. This was accomplished by XRD and mass loss analysis of
samples processed under a wide range of conditions. Initial tests were performed on
high Cu percentage samples (10 volume percent) so mass losses and x-ray peaks
would be easily verifiable.

After determining the desired partial pressure of oxygen to reduce CuO only,
a vacuum furnace was first used to reduce sample. This proved to be unreliable due
to instrument limitations in maintaining the required vacuum pressure. Next,
different atmospheres of N, and forming gas (FG) were tested. First, pure N, and
pure FG were tested at 1000C for 10 hours. Such a long time was picked to
determine if any kind of equilibrium state could be reached in the samples, which

proved to not be the case. Figure 5.1 shows the XRD results of this test.
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Figure 5.1. XRD plot for samples reduced in pure forming gas and pure
nitrogen atmospheres.

From this it is clear that pure N, proved too weak for reducing CuO
completely to Cu. More importantly, this atmosphere also illustrates a hurdle that
needs to be overcome when reducing CuO. CuO will easily reduce to Cu,O, which
is much more stable than CuO and therefore much more resistant to reduction [19].
In the above plot, nearly all the CuO was converted to Cu,0O, with only small

remnants of the major peaks still visible.
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On the other hand, pure FG is too harsh of an environment as all of the
oxygen was reduced from both ZnO and CuO, ultimately removing 93% of the
sample mass. This does confirm that no Zn remained in the material, meaning any
Zn remaining after reduction evaporated rather than bond with Cu. This shows that
in the final result, the particles remaining in the ZnO bulk will be pure Cu, rather than
a Cu-Zn alloy. This evaporation of Zn appears counter intuitive at first glance, as
one would expect Zn to remain after reduction. However, after consulting a plot of
the vapor pressure of the ZnO system (see Figure 5.2), this cause of this result is

clear.
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Figure 5.2. Plot of the vaporization pressures of the ZnO system at low
partial pressures of oxygen [20].
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This figure shows that at significantly low partial pressures of oxygen, such as
in the forming gas reducing conditions, the vaporization pressure of Zn is
significantly lower than ZnO. Due to the fact that the reductions are performed in an
open system, any Zn that is vaporized from the sample is then swept away from the
sample. This allows more Zn to be vaporized from the sample. And this process
continues until all the Zn is removed from the system.

Clearly, a mixture of N, and FG should produce the desired reduction
conditions, where CuO is reduced, but the evaporation of Zn is minimized. Many
mixtures were tested at a variety of reduction times and temperatures, from 100:1 to
1:6 N, to FG, but ultimately more detailed investigations were performed on the two
most promising mixtures: 1:3 and 3:1 N, to FG (smaller ratios were unable to be
tested due to instrument limitations). These gas mixtures were tested against a
large range of temperatures (1000 to 600C) and t imes (3 to 10 hours). These

results are shown in the following figures.
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Figure 5.3. XRD plot showing the reduction in a 3:1 N2:FG atmosphere
at 1000 at 3 hrs and 10 hrs.
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Figure 5.4. XRD plot showing the reduction in a 1:3 N2:FG atmosphere
at 1000 at 3 hrs and 10 hrs.

This test quickly ruled out the 3:1 mixture. Even at the high temperature,
additional reduction does not occur after 5 hours. At this point, the 3:1 gas mixture
was abandoned, and focus was placed on the 1:3 gas mixture.

While 1000<C is too high of a temperature, causing significant reduction and
evaporation of ZnO from the sample, the longer reduction time is apparently needed
for the system to completely reduce the CuO present. Therefore, this long time was

maintained, and lower temperatures were tested, as seen in the following figures.
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Figure 5.5. XRD plot showing the reduction in a 1: 3 N,:FG atmosphere
for 10 hours at temperatures from 600 to 1000<C.
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Figure 5.6. XRD plot showing reduction in a 1:3 N2:FG atmosphere at
700<C for various times.

Figure 5.5 shows that insignificant reduction improvements took place at
lower temperatures, maintaining a full reduction of CuO to Cu. However, as the ZnO
peaks illustrate, significant amounts of ZnO was lost at higher temperatures, while
leveling off between 800C and 700<C. Figure 5.6 sh ows that no significant

improvement was seen after 8 hours. Therefore, the final reduction conditions for
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the selective reduction of CuO were determined to be a 1:3 mixture of N, to forming

gas at 700<C for 8 hours.

Section 5.2: TEM characterization

Prior to TEM characterization, the density of the samples needed to be
improved. Even a small amount of CuO proved to have a large negative effect on
the densification of ZnO, reducing the final theoretical density of the sample pellets
by approximately 10% for the smallest Cu volume percentage and up to 20% at
higher Cu volume percentages. Using pre-reacted powders, high-energy shaker
milling, and higher sintering temperatures, theoretical densities for the final reduced
samples of approximately 85% were achieved, and an improvement of
approximately 15% for the worst cases. While not fully densfied, these densities
were sufficient for TEM analysis. Any further analysis outside of the scope of this
study may require higher sample densities, which could be achieved using more
advanced processing technigues, such as isostatic pressing.

Pellets with compositions ranging from 0.25% to 10% Cu by volume were
prepared for TEM analysis. The process used to create these pellets is outlined in
Chapter 4, and were reduced using the parameters discussed in the previous
section. During the polishing stage, large amounts of Cu were observed
accumulating outside the ZnO grains for volume percents starting at 5%. Due to this
undesirable condition, three compositions were selected for further preparation and

analysis: 5%, 1%, and 0.25% Cu by volume.
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First, the 5% sample was analyzed. Representative images of this sample

are shown in the following group of figures.

Figure 5.7. These images show the typical particle distribution. (a)
shows was taken in the middle of a ZnO grain, while (b) shows a
nearby grain boundary
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Figure 5.8. These images which highlight the particles present within a
grain. (a) and (b) are bright and dark field images respectively at low
magnification. (c) and (d) are the same regions, but at higher
magnification.

These images show the typical distribution of particles in these samples. The

first thing to notice is that the particles are evenly distributed throughout the material.
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Figures 5.7a and 5.7b show that the particles do not congregate on grain boundaries
or clump together. At the higher magnification, the shape of the particles is clear.
The patrticles form either rods or spheres (which may be rods viewed on-axis) with a
length between 100 and 200 nm and width or diameter of approximately 30 nm.
This size and shape is fairly regular throughout. In Figure 5.8, many light spots are
present, and appear to be roughly in the shape of the surrounding particles, and do
not appear in the dark field images. These spots are believed to be holes left in the
material when a copper oxide particle is reduced to Cu metal. The transition from
CuO to Cu is accompanied by a density reduction of approximately 56%. This is
shown by the particles which have light spots forming around them which are
roughly half filled. The empty holes could correspond to where Cu had diffused to
other Cu particles, which potentially explains why there are particles with no voids
beginning around them.

Accumulated copper that appeared to be present after polishing was not
visible after ion milling, which due to the fairly high porosity was anticipated. Much
like the small Cu particles were milled out, the larger accumulations would have
fallen free as the pores were grown during milling. With more rigorous powder
processing, these copper grains could be possibly be eliminated.

Next, the 1% samples were evaluated. Images from these samples are

shown in the following figures:
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Figure 5.9. Again showing the regular distribution and shape of Cu
particles at a low magnification.

Figure 5.10. (a) and (b) are bright and dark field images respectively at
higher magnification.
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Once again, the even distribution of particles is present. Interestingly, the
number, size, and shape of the particles appear very similar to that of the 5%
sample if slightly reduced. This could be due to a saturation of Cu or CuO within the
ZnO grains which caused the precipitation of excess Cu outside of the ZnO as seen
in the 5% samples. This even distribution and common particle shape would for
providing regular phonon scattering sites for decreasing thermal conductivity

Finally, the 0.25% samples were imaged and the results are seen in the

following figures:
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Figure 5.11. These images still show regularly spaced particles, but
are more sparsely and unevenly distributed. (a) and (b) show low and
high magnification images of typical particle groups, where (c) and (d)
show bright field and dark field images of these particles in better detail.

These figures show rather intriguing differences from what was seen in the

previous samples. While the general rod-like shape of the particle remains and the
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rough distribution is similar, they are much narrower than previous samples. The
distribution of particles is also less regular than in the higher percent samples. This
is to be expected due to the lower copper content in these samples and processing

artifacts.

Section 5.3: Preliminary thermal property measureme  nts

Some preliminary results were able to be obtained with the help of Dr. Patrick
Hopkins at the University of Virginia. Sample of the same compositions investigated
in TEM (0.25%, 1%, and 5%) were polished and sent for thermoreflectance
measurements in order to determine their thermal conductivities.

Despite the porosity of the samples (~85% for each) the measurements
performed by Dr. Hopkins included statistical modeling to determine the conductivity
of the crystals only. This allows for a direct comparison to the thermal conductivities
of pure, bulk ZnO (~52 W/m/K) as a reference point.

The results obtained were: 42.6+15.4 W/m/K, 17.3+6.1 W/m/K, and 14.8+5.6
W/m/K for the 0.25%, 1%, and 5% samples respectively. These results are plotted

in Figure 5.13.
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Figure 5.12. Plot of thermal conductivity of bulk ZnO-Cu samples at a
variety of volume percents of Cu

From this figure we can see that a significant reduction in thermal
conductivity was obtained. Additionally, when compared to Figure 3.6, we see
the expected curve shape of the smaller nanoparticle size (<150nm), showing
that the reduction in conductivity is being influenced by the addition of the Cu

nanoparticles.
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CHAPTER 6

CONCLUDING REMARKS

From this study, we concluded that the production of a hano-composite of
Zno and Cu metal is possible using the selective reduction of CuO. Through careful
control of the processing and reducing conditions and sample compositions, nano-
structures within the material are spontaneously created without the need for direct
material processing. Preliminary results show that a reduction in thermal
conductivity is achieved, and the reduction is shown to improve with increasing
volume percentage of Cu particles.

Further measurements should be done to confirm these thermal property
enhancements, as well as to determine the effect on the other terms in the figure-of-
merit equation: electrical conductivity and Seebeck coefficient. Future study in this
area could investigate the effect of using doped ZnO which would enhance the

electrical conductivity of the matrix.
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