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ABSTRACT

Thermoelectric generators (TEG) are solid-state devices that can convert thermal energy
directly into electricity through the Seebeck phenomenon. Over 2.5 quadrillion BTU/year of
energy generated in the US is wasted as a form of heat, which can be reclaimed as electricity using
conformal TEG (cTEG) to power electronic devices, such as loT sensors and other
microelectronics. However, the potential impact of TE technology for power generation is
hindered by the challenges at both materials and device levels, including toxic materials and
manufacturing process. This research aims to explore the possibility of using non-toxic and earth-
abundant oxide-based TEG as energy sources for powering loT sensors and their related
applications in civil infrastructure.

The use of nanostructured oxides in TE applications has attracted much interest due to their
high performance and long-term stability at elevated temperatures. In particular, CuAIO, and
PdBi204 show great potential for high performance p-type TE materials due to their high thermal
stability, simple stoichiometry, and non-toxicity. In this study, the impact of small nanostructure
and dopants on the TE properties of these oxides are systematically investigated. Advanced
characterization techniques are used to examine the structure-process-property relationship of as-
synthesized materials and their related TE performance. CuAIO2 and PdBi>O4 show high Seebeck
coefficient and low thermal conductivity, which are desirable as TE materials. The flat band
structure for these materials leads to high Seebeck coefficient due to large density of state effective
mass. Phonon scattering contributes to low thermal conductivity for these materials. However, it
IS necessary to increase their electrical conductivity to achieve high TE efficiency. To better
analyze the electrical and thermal properties, a generalized TE quality factor (b-factor) was used
to compute the optimized carrier concentration and fermi level for CuAlO2 and PdBi204 to achieve
optimum power factor. Fe has been used in this study as an effective dopant to increase electrical
property while reduce thermal conductivity of CuAlO2 based on previous literatures. The highest
zT value 1.2x102 was achieved for CuAlo sFeo 202 at 750K.

In addition, a scalable fabrication process for cTEG device was also developed in this
research. To overcome current expensive and discrete device fabrication process, a novel roll-to-
roll manufacturing method for cTEG was discussed in detail. The study has further explored the

potential application of using cTEG to power 0T sensors in underground pipeline monitoring
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system. A simulation work has carried out in this study to guide the experimental design and
fabrication of cTEG with a goal of achieving electrical and thermal properties co-optimization.
This research has also resulted in a prototype of cTEG using the proposed scalable manufacturing
method for energy harvesting for civil infrastructure applications. The produced cTEG prototype
with 4 pairs thermocouples in a size of 40x40 mm? reaches a power output of 2.02 uW at AT
=50°C with a load voltage is 32 mV. It can connect with a DC-DC booster to meet the voltage
requirement for powering 10T sensors for underground pipeline monitoring system.

The knowledge gained from this research will advance the understanding of the relationship
between structural, electrical, and thermal properties of oxides materials. Also, it explores a
scalable cTEG fabrication method, which enables many exciting opportunities of using TE

technology for powering 10T sensors in civil infrastructure system.
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1. INTRODUCTION

1.1 Background and Motivations

There is an increasing need for clean and renewable energy to fulfill the world’s high
energy demand. Harvesting waste heat for electricity is one approach to improve sustainability,
which can reduce greenhouse gas emissions. It is evident that thermoelectric (TE) technology is
an important advancement in the renewable energy field. TE materials have the ability to directly
convert heat into electricity for power generation via the Seebeck effect[1]-[3]. It can play a crucial
role in renewable energy production since 60% of the energy produced worldwide is waste as the
form of heat. Additionally, as a solid-state device, TE technology has many attractive features such
as high reliability, environmental friendliness, and no moving parts. Currently, TE devices have
been used as power generators in a remote environment (e.g., space) or autonomous sensors[4],
[5]. Factories, homes, and even the human body can be used as heat sources for thermoelectric
generator (TEG) devices as well. By converting waste heat into electricity, TEG devices can be
used for broader applications such as electricity production in rural areas, enhancement of solar
panels, energy recovery from the exhaust pipes of cars, and even medical applications[6]-[8]. In
civil engineering, TEG devices can be used for providing reliable power source by absorbing waste
heat from power plants[9], chemical factories, and monitoring underground piping system.

Despite recent advances in TE research, the potential impact of TE technology for power
generations is limited. One of the biggest challenges standing in the way of TEG devices is using
suitable materials, which are cost-effective, environmentally friendly, and earth-abundant. Also,
the materials with high power factor, an indicator of a large voltage with high current will be
generated using TEG devices. Current TE materials are toxic, rare-earth, expensive (e.g. Te and
Se) elements, and their low power output. For instance, there are only three major TE material
systems commercially available for from low to high-temperature regime including Bi>Tes (300-
500K)[10], PbTe (500-600K)[11], and SiGe (600-800K)[12]. Their applications, in particularly
Te-based materials, are largely restricted by the toxicity, limited element resources, and material
degradation at high temperatures[13], [14]. Since the 1950s, researchers are dedicated to working
on the improvement of efficiency using TE materials, however, the cost and toxicity are not the

major considerations. As a result, the heavy use of toxic, expensive, and rare earth elements
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occurred in the TE community. And the efficiency of TE materials is still relatively low, which
limits the applications for TE technology. Until the early 1990s, the researchers in this community
re-examined the opportunities for TE technology from a performance standpoint. Two approaches
were used for the next generations of TE material: one using bulk TE materials, and the other using
low-dimensional materials systems[10]. Bi>Tes is potential TE material used for low-temperature
range. SiGe is another TE material for higher temperature range.

The TE materials showed high efficiency, however, the cost and toxicity became
considerations for broader applications. Metal oxides, on the other hand, are promising candidates
to circumvent these challenges due to their earth abundance, low cost, non-toxic, and high thermal
stability[15]. More importantly, their electronic properties can be tuned from insulator behavior to
metallic behavior by manipulating their crystal structures, chemical compositions, and doping
concentrations[16]. These unique materials properties open an exciting opportunity to obtain high
power output in metal oxides. In fact, for TE power generation applications, a material with a high
power factor of materials is even more important than having high efficiency since most waste
heat sources are free (e.g. waste heat from car exhaust, gas engine) and unlimited (e.g. solar
radiations)[17]. To this end, the first part of this thesis is focused on examining the metal oxides
potentials for TE power generation with an emphasis on materials with high power factor.

Another challenge limits TE technology is the device geometry and fabrication process.
Conventional TEG devices are plate-like and rigid, and unable to fully exploit thermal gradients
(AT) from curved or nonplanar surfaces, as most heat sources have non-planar surfaces or spatial
restrictions. The current TE technology suffers from its rigid device structure, low efficiency, and
high cost in both materials and device fabrication processes. Conventional production of TEG
devices is a complicated fabrication process which involves many discrete steps and rigid
substrates. There are six separate steps which start from high energy ball milling commercial ingot,
then compression molding into nano-bulk materials using high temperature and pressure. High-
temperature sintering is the next step to achieve high crystallinity, which will be followed by dicing
and polishing. The nanobulk materials will then be saw-cutting and polishing into p- and n- legs,
which will be then pressed on the ceramic substrates with evaporated metal contacts. This process
is very cumbersome, time, and labor-intensive. As such, the cost of fabrication and package of
TEG devices counts for more than 70% of the cost. Despite the numerous efforts and advancement

in TE materials level, the inefficient device fabrication process has surprisingly not been well
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addressed in the TE community. To this end, the second part of this thesis is focused on developing

conformal TEG (cTEG) device on a roll-to-roll platform with high performance.

1.2 Objectives and Methodology

The goal of this thesis is to synthesize nanostructured oxides thermoelectric materials and
prototype cTEG devices in a niche market in civil infrastructure for energy harvesting. To achieve
this goal, four major research objectives are listed in detail below:

1) Investigate small nanostructure effect on TE materials

In this study, the nanosize effect on thermoelectric materials properties is investigated by
synthesizing nanoparticles using solid state method. The performance of TE material is measured
by power factor (PF) and figure of merit (zT), which depend on three parameters Seebeck
coefficient, electrical conductivity, and thermal conductivity. To obtain high zT that we need TE
material with high Seebeck coefficient, high electrical conductivity, and low thermal conductivity.
However, these three parameters are interdepended as the change of carrier concentration. With
the carrier concentration increases, the electrical and thermal conductivity increases but the
Seebeck coefficient decreases. To overcome this, we need to control the grain size small enough
that it is larger than the electron mean free path and smaller than phonon mean free path. This will
scatter more phonons, which will reduce thermal conductivity without deteriorating electrical
properties. For power generation applications, the TE materials with higher PF make more
contributions. Thus, the effective doping mechanism is necessary to investigate for PF
enhancement.

2) Discover cost and performance effective oxides TE materials

Most recently studies on oxides thermoelectric materials such as ZnO, In.O3, SnO», and
SrTiOsare all used as n-type materials. NaxCoO; and CasCo04Og are the potential p-type materials,
which stoichiometry of the materials are relatively hard to control. Thus, a simple and stable
structure of p-type oxides thermoelectric material is needed for using the TE device for energy
harvesting. Two promising candidates for p-type oxides TE materials are CUAIO2 and PdBiOa.
The nanocrystalline bulk materials were synthesized by the solid-state method pressed by cold
pressing for measurement. Different annealing time for materials synthesis is conducted to get high
purity of nanocrystalline samples. The high-resolution transmission electron microscopy (HRTEM)

and X-ray diffraction (XRD) are used for nanostructure analyzed. Pellets are used for TE properties
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measurement. Seebeck coefficient is measured by home-build Seebeck measurement. Electrical
conductivity and carrier concentration are measured by using a four-point probe method by Hall
equipment. Thermal conductivity is measured by Laser Flash (LFA 467).

3) Design TEG device geometry and structure on its power output

Another import parameter needs to consider for TE technology is the device geometry and
structure design. Although the efficiency of the TE device is important, the power output of the
TE device is more critical as the heat source is unlimited for specific applications. Thus, the power
output indicates how much electricity can be used by converting waste heat. There are several
parameters such as fill factor, leg thickness, and temperature difference have impacts on the power
output of the TE device. In order to obtain maximum power output, the design to TE structure is
important.

4) Prototype conformal TEG device based on a roll-to-roll platform

Nearly all TEG designs are based on the classic Peltier model, in which heat exchange

across alternating pillars of p- and n-type semiconductors drives an electrical current in a
serpentine fashion. Standard Peltier devices are plate-like and rigid, and unable to fully exploit
thermal gradients (AT) from curved or nonplanar surfaces that decay rapidly with distance (~1/d2
assuming free convection). The impact of conformal contact on thermoelectric efficiency is critical
as most of the heat sources have a non-planar surface, therefore a conformal TE device will have
direct contact with heat source resulting good thermal path. Additionally, we will use high
insulating polymers (i.e. Kapton, PDMS) as the substrate and insulating materials fills between p-
n legs to avoid thermal loss. This will provide high efficiency and good mechanical stability to
conformal TE device during the temperature cycle and mechanical bending process. The number
of p-n pairs will be determined by the required power output for specific applications. The length
of p- and n- legs, and the width and thickness of contacts will be determined based on the expected
power output, the temperature gradient, and materials thermoelectric performance for specific

applications.

1.3 Thesis Structure

The thesis is organized as follows:
In Chapter 2, an extensive literature review includes fundamental of TE, oxides TE

materials, TEG device design, and manufacturing process.
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In Chapter 3, major experimental procedures of oxides TE nanomaterials are introduced in
detail, which include material synthesis, structure characterization, and TE performance
characterization. The nanopowders were made by solid-state method followed by cold-pressing
that effectively controls the grain size of nanocrystalline bulk materials. Different synthesis
conditions were conducted to assure accurate measurement of their TE properties by using both
commercial and home-building systems. In addition, strategies about the enhancement of TE
properties are discussed in detail. Such analysis is important to understand what the optimum
concentration that maximized the TE properties of different materials. The theoretical work
effectively guides experimental work.

In Chapter 4, TE device with optimum fill factor, leg thickness, and p-n pairs is design
based on the desired power output at a certain temperature range. A novel roll-to-roll fabrication
of cTEG device used for underground pipeline monitoring system in civil infrastructure is
discussed. A prototype of the cTEG device will be developed at the end. The performance of cTEG
device for power output and voltage will be discussed.

In Chapter 5, the summary of current work and plan for future work is included.
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2. LITERATURE REVIEW

This chapter contains portions of a previously published manuscript: Y. Feng et al., “Metal oxides

for thermoelectric power generation and beyond,” Adv. Compos. Hybrid Mater., vol. 1, no. 1, pp.
114-126, Mar. 2018, doi: 10.1007/s42114-017-0011-4

2.1 Fundamental of Thermoelectric

The quality of materials for TE application is described by a dimensionless parameter
ZT[18], which is defined as the following:

S%g 2.1
/T =—T
K

where S is the Seebeck coefficient, o is the electrical conductivity, k is the thermal conductivity.
In physics, k consists of the electronic part (ke, due to carrier transport) and lattice part (ken, due to
phonon transport). The term S?%c is called the power factor (PF). A high PF indicates that a TE
power generator can achieve a high power output.
This chapter contains portions of a previously published manuscript

Seebeck coefficient (S, in V/K) is an intrinsic materials property, which measures the
thermoelectric voltage induced in response to a temperature difference across the material. S
represents the energy difference between the averaged charge carrier energy versus Fermi energy.
It can be expressed as the following:

kg E.—E A )
S= (D4 *2
—q° " kgT kgT

where Er is the Fermi level, which the dependence to the temperature (T) and the Boltzmann
constant (ks) are made explicit. For Semiconductors, the Seebeck value can be a negative (electron
conduction) or positive value (hole conduction), therefore the absolute value is more important.
For doped semiconductors, the relationship between the Seebeck coefficient and carrier
concentration can be expressed as the following:
3 8n2ky”

3eh?

2.3

m*T(%)z/s
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where kg is the Boltzmann constant, e is the carrier charge, h is Planck’s constant, m" is the
effective mass of the charger carrier, and n is the carrier concentration. As can be seen, the lower
carrier concentration is desirable for materials to reach a high Seebeck coefficient.

Electrical conductivity (o) describes the ease of a material conducting charge carrier
transport, which is defined as:

o =neu 2.4

where n is the carrier concentration, e is the carrier charge, and p is the mobility. To reach high
electrical conductivity, a high carrier concentration is desirable, however, it often degenerates the
Seebeck coefficient of materials as governed by equation [3]. Therefore, an optimized carrier
concentration of TE materials is often found at 10*° -10?* cm=[19]. The electrical conductivity of
an ideal TE materials is usually on the order of 10% (S/cm), however, the electrical conductivity of
metal oxides is often lower, on the order of 10-10? (S/cm). Thus, the investigation of effective
doping mechanism on improving electrical conductivity without degenerating Seebeck is crucial
to enable their applications in TE power generation and related fields.

Thermal conductivity (k), on the other hand, is the parameter that describes how efficiently
a material can conduct heat. In the case of semiconductors, the total thermal conductivity (x;)
consists of contributions from both electron and phonon transport, defined as following:

Kr = K¢ T K; 2.5

where k., and k; are, respectively, the electron and lattice thermal conductivity. k; is known as the
most important mechanism for heat conduction in semiconductors at temperatures close to room
temperature, which normally accounts for 90% contributions in wide bandgap materials.

For good TE materials, a typical value of thermal conductivity is kr < 2 W/mK[20]. Low
thermal conductivity can be seen intuitively as an important parameter to maintain a certain
temperature gradient across the junctions, which is essential for reaching high ZT in a material
system[21]. Otherwise, the temperature gradient would quickly turn into equilibrium and cancels
materials TE effect. Therefore, recent efforts in TE materials research have been heavily focused
on reducing thermal conductivity to achieve high ZT using various strategies, such as nano-
structuring, phonon rattling, and band structuring as reported in previous studies[22]-[24]. To this

end, most previous review articles focus on examining various mechanisms to achieve low thermal
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conductivity of materials. Very few literatures have discussed mechanisms to reach high power
output of TE materials[25], and none of them focused on metal oxides.

In this study, we have systematically examined effective strategies to achieve high power
output for potential applications in TE power generation. Much attention is paid to examining the
effective dopants of various metal oxides to achieve high electrical conductivity without degrading
Seebeck value or vice versa. As such, this review article will pave the road to the development of
cost-effective, earth-abundant, and high-performance metal oxides for TE power generation and other

thermal-electrical related applications.

2.2 Oxides Thermoelectric Materials

(copyright: This work is part of the publication)

There is a promising opportunity for metal oxides used as TE materials because of their
non-toxicity, cost-effective, and high thermal stability compared to conventional TE materials[26].
Also, by altering their crystal structures and chemical compositions, electronic properties can be
manipulated from insulator to metallic conductor behavior, which leads to a higher power
factor[27]. Waste heat sources are often free and unlimited, so materials with high power factor
are more important than the figure of merit for many TE power generation applications[28]. The
following sections review the TE properties of the most common n- and p-type of metal oxides

materials.

2.2.1 ZnO-based

The direct band gap of Zinc oxide (ZnO) is reported as 3.37 eV, which also shows large
exciton binding energy of 60 meV[29]. It is a promising candidate for n-type TE material used in
high-temperature energy harvesting[30], [31]. The study showed the PF of bulk ZnO to be about
0.75x10*W/mK?2 at carrier concentration (n~10"1" cm) at room temperature. The high PF can be
attributed to the high crystal quality, which resulted in a favorable Seebeck coefficient (~478
uV/K)[32].

Although pure ZnO already has high Seebeck coefficient, significant enhancement of TE
power factor and Seebeck coefficient is reported with Ga[33] and In-Al[34] doping. As shown in

Figure 2.1, the maximum power factor value of 12.5x10% W/mK? at 1273 K observed in
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Zno.985Gap 0150 Yields zTmax 0f 0.25. Sean et al[34] reported that (ZnO)Alo.0zlnoo2 exhibited the
best TE properties with a PF of 22.1x10* W/mK? at 975 K. From this study, an electrical
conductivity of 5.88x10% S/cm and Seebeck coefficient of —220 pV/K has been reported. The PF

is three times greater than that of the film without In dopants.
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Figure 2.1 Temperature dependence of TE properties of ZnO

P-type doping of ZnO has been found to be very difficult. Ideally, group-1 (Li and Na),
group V (N, P, As, Sb and Bi), and group IB (Cu and Ag) elements could be p-type dopants.
However, it is still very challenging due to the stability and reliability of p-type ZnO[35].

2.2.2 SnO2-based

Tin Oxide (SnO>) is a wide band gap (3.6eV) semiconductor that crystallizes in a rutile-
type structure[36]. Due to its electrical and optical properties, SnO. and impurity-doped SnO- are
mainly used as an electrode for dye-sensitized solar cell[36], electrochromic devices[37], a
catalyst in chemical reactions[38], a varistor[39], and gas sensor[40].

Rubenis et al.[41] reported that the TE properties of Sn1.xSbxO2 (x=0, 0.01, 0.03, 0.05)
synthesized by spark plasma sintering and subsequently air-annealing at 1173K. The addition of
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Sh20s increased the carrier concentration of SnO.. Thus, the Seebeck coefficient decreased but the
electrical conductivity increased up to a maximum of 5.5 times at Sb doping level of x=0.03. The
Sno.99Sho.0102 sample has the highest PF value of 4.5x10* W/mK?Zat 1073 K.

Figure 2.2 shows that Sno.saSho.03Zno.0302 reaches the maximum PF of 2.13x10* W/mK?
at 1060 K, which is 126% higher than that of the undoped sample. The electrical conductivity
increases is due to the carrier concentration caused by an increase in Sh-doping and density of Zn-
doping[42]. Moreover, Bi-doped Sno.97Sbo.01Zno.01Bi0.0102 sample has reached the maximum PF
of 4.8x10*W/mK?Zat 1060 K. Yanagiya et al.[43] reported that Bi increased electrical conductivity
by increasing the number of free electron in SnO, where Bi behaves as a donor. Also, the addition
CuO of Sb-doped SnO; increased the PF at high temperature (T >1000 K). The substitution of Cu
for Sn decreased carrier concentration because Cu is divalent but Sn is quadrivalent. As a result,
the Seebeck coefficient increased. Also, the addition of the CuO has significantly improved the
relative density of SnO. ceramics[44]. As such, the electrical conductivity increased with the
increased carrier mobility. The Cu and Sb co-doped Sno.gsCuo.01Sbo.0102 reached the highest PF
value of 7x10* W/mK? at 1073 K. However, Ti and Sb co-doped Sni-xyTiyShxO, samples had
lower PF values due to the electrical conductivity decreases with adding more TiO». Because TiO>
dissolved in SnO> that caused the reduction of the mobility, resulting in a decrease of the electrical

conductivity[45].
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Figure 2.2 Power factor values of doped SnO. with various dopants as a function of
temperature.

2.2.3 In203-based

Indium oxide (In2Oz) is a semiconductor with band gap of 3.6 eV[46], which has recently
gained interest as a promising candidate for high-temperature TE applications due to its high
stability at air. It has been shown that electrical properties of In,Oz can be drastically changed by
doping with Sn[47], Mo[48], Zr[49], Ti[50], and W[51].

Figure 2.3 shows that In1.92(ZnCe)o.0s03 nanostructured ceramic exhibits the highest PF of
8.36x10* W/mK? at 1050 K[52]. This is due to the influence of nanostructuring and point defects
on TE properties of In,O3 system. Point defect hinders the atomic-scale scattering and improves
the carrier concentration thereby increasing PF. Utilizing spark plasma sintering process, co-doped
polycrystalline In,O3 ceramics were fabricated by Liu et al.[53] They have achieved high electrical
conductivity and Seebeck coefficient, which resulted in PF of 4.53x10* W/mK? at 1070 K for

In1.96C00.0403. Later, Liu et al.[54] prepared single-element Ga-doped In2O3 ceramics by spark
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plasma sintering to explore their TE properties at high temperatures. The slight change in Seebeck
coefficient and a significant enhancement of electrical conductivity (~ 400 S/cm) at 973 K were
caused by an increase of carrier concentration through doping Ga, which achieved highest PF of
9.6x10* W/mK?2 in In1.90Gao.1003 at 973 K.
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Figure 2.3 Power factor values of doped In2O3 with various dopants as a function of
temperature.

224 SrTiOs

Strontium titanate (SrTiOs)-based perovskite oxide materials have shown potential
applications as n-type TE materials at low temperature[55]. Nag et al. reported that at high doping
concentration (n~10%' cm®) and its high electron mobility (10 cm?V-!s* to 100 cm?V-1s?) lead to
good electrical conductivity[56]. Also, the study showed the large effective mass (m*~21
mo)[57], [58] caused by the material’s d-band nature and conduction band degeneracy[59], [60].
Additionally, introducing oxygen vacancies or substitutional doping of Sr?* or Ti*" sites with
higher valence elements will change the electrical conductivity of SrTiOsz from insulating to
metallic behavior[58], [61], [62].

Figure 2.4 shows that Sro.gsLao 05 TiO3 reaches a maximum PF of 28x10™* W/mK? at 320 K
and carrier density of 0.2-2x10%! cm[60], a value comparable to the PF of the most commonly
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used low temperature TE material, BiTes. This performance arises from the high Seebeck
coefficient (~350 pV/K), which is due to high degeneracy of the conduction band and the high
energy-dependent scattering rate. The rare earth elements Sm, Dy, and Y have smaller ionic radii
+, which reduce lattice parameter[63]. The La and Dy co-doped Lao.csDy0.12SrogTiO3 has a lower
PF owing to the decreased electrical conductivity. The decrease in conductivity which comes from

the reduced carrier mobility due to the formation of the second phase (Dy-Ti>0O7) during the doping
mechanism[64].
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Figure 2.4 Temperature dependence of TE properties of SrxTiOs

2.2.5 NaxCoO:

NaxCoO: has a hexagonal layered crystal structure formed by alternating sodium ion (Na*)
and CoO: planes along the c axis. The structure of this material gives phonons and electrons
different transport paths[65]. Electrons and holes pass through the CoO: layer during p-type
conduction, whereas the disordered Na* layer provides the channel for phonon movement. Thus,
this type of layered structure will simultaneously provide high electrical conductivity and low
thermal conductivity, which is referred to as “phonon glass electron crystal” behavior[44], an ideal

combination for TE applications. Therefore, it has been recognized that p-type alkali cobalt oxides
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as highly promising oxide TE materials[66]. The study reported polycrystalline NagssCoO>
exhibited a high PF of 14x10* W/mK? at 300 K[67].

The effects of different dopants and doping levels have been widely investigated for
NaxCoO.. Figure 2.5 shows a summary of the effects of various dopants on PF. Ag doping can
increase both the electrical conductivity and Seebeck coefficient of NaxCoOg, resulting in a high
PF value. It was expected the increase in electrical conductivity since Ag is a metal-phase dopant.
However, it is not clear that the mechanism of the enhancement of the Seebeck coefficient. One
possibility could be caused by the uniformity of Ag doping throughout the sample[68]. With 10%
Ag doping, NaxCoO- reached a PF of 18.92x10*W/mK? at ~ 1100 K with a doping concentration
of ~102t cm™[68].
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Figure 2.5 Temperature dependence of TE properties of NaxCoO-

2.2.6 Ca3zCo0409

CazCo409 is also a promising p-type oxide because of good electrical properties[69], [70].
CazCo409 has stacked crystal structure that CoO2 and Ca.CoOQs layers alternating along the ¢ axis.
The CoO: planes are mainly responsible for electrical conduction, and the Ca,CoOs interlayers

transfer heat by phonons. Un-doped polycrystalline CasCo0409 shows a room temperature Seebeck
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coefficient of 150 uV/K, electrical conductivity of 80 S/cm, and PF of 1.5x10* W/mK?.[71]
However, using nobles metals such as Ag as a dopant at the Ca cationic atom site can both increase
thermopower and electrical transport properties, which lead to increased PF values[72]. This can
be attributed to more improvement for the Fermi level (Ef) than the valence band energy (Ev) of
the crystal materials, which resulting from substituting Ag* for Ca?* in CasxAgxC0409 (0 < X <
0.3)[73]. For TE materials, the Seebeck coefficient is proportional to the difference between the
Fermi level and valence band energy (Er - Ev), which indicates that Ag-doping in CasCo4Og can
increase the Seebeck coefficient. The PF of CazCo04O9 is much smaller than that of NaxCoO: at
300K, but CazCo409 is being more commonly used in TE applications. It is more stable with
different compositional changes[74].

Figure 2.6 shows the effects of doping CasC04O9 with different transition metal elements.
The PF increases with temperature for all of the dopants[75], [76]. Substituting transition elements
(i.e. Fe, Bi, Mn, Ba, Ga) for Ca or Co is also effective in increasing the PF of Ca3zC040s. The Fe-
doped CazCo409 has a significant increase in PF from 2.3x10* W/mK? to 6.10x10* W/mK? at
~1000 K as shown in the figure. This is due to the substitution of Fe ions for Co ions in the CoO>
layers changes the electronic structure and increases the electronic correlations. Thus, Fe is an

effective dopant, which increases both Seebeck coefficient and electrical conductivity[76].
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Table 2.1 Thermoelectric properties of metal oxides measured at 800K by different dopants, S is

for Seebeck Coefficient, o is for electrical conductivity, and PF is for power factor.
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S| G k PF
Material Dopants Ref.
(uV/K) (S/lcm) (W/mK) (10*W/mK?)
Al 163 839 12 22.29 [77]
ZnO Al, Ga 173 611 6.2 18.29 [78]
Dy 55 80 - 0.24 [79]
Sb 150 190 115 4.28 [19]
Cu, Sb 70 100 7 0.49 [44]
Sn0O: Ti, Sb 65 100 2.1 0.42 [80]
Sb, Zn 150 15 - 0.34 [42]
Sh, Zn, Bi 125 290 - 453 [81]
Ga 150 375 0.25 8.44 [82]
In203 Co 203 65 - 2.68 [53]
Zn, Ge 126 428 3.2 6.79 [52]
Y 1495 271.9 1.72 6.08 [83]
Nd 150.0 280.8 1.43 6.32 [83]
Sr 156.2 276 1.37 6.73 [83]
NaxCoO2 Sm 145.4 271.8 1.38 5.75 [83]
K 140.0 313 1.35 6.13 [83]
Yb 139.0 268 1.47 5.18 [83]
Ag 205.2 392.1 1.34 16.51 [84]
Bi 166.7 145.76 - 4.05 [85]
CasC0402 Fe 234.7 88.41 1.92 4.87 [76]
Ga 173.6 114.17 1.52 3.44 [86]
La 210 250 5.5 11.03 [87]
Sm 223 126 - 6.27 [87]
SrTiO3 Gd 206 130 - 5.52 [87]
Dy 200 140 - 5.60 [87]
La, Dy 159 420 3.46 10.62 [88]




2.3 Conformal Thermoelectric Devices Powered 10T Sensors for Civil Infrastructure
Applications

As the demand of Internet of Things (1oT) with integrated wireless sensor networks (WSNSs)
increases, the sources of powering these sensors are a vital important issue to be addressed. The
most common power source is using batteries in the industry. However, it requires extra labor and
cost for replacement and maintenance, which will hinder the broader applications for 10T sensors.
In order to overcome the limitations of batteries, researchers have explored several novel methods
using renewable energy as power sources. While due to the traditional renewable energy sources
working conditions and cost, they are not always desirable for WSNs and portable electronics. On
the other hand, TEG devices have the advantages of their low maintenance, no moving parts, and
easy to be installed. Thus, thermoelectric power generation technique draws more attention as a
reliable energy source. As the temperature difference varies from human body to underground
piping system, TEG devices are customized with different design. This section is to
comprehensively review the research that have been conducted on TEG devices for powering loT
sensors in civil infrastructure applications with different design approaches and manufacturing

processes.

2.3.1 Design Approaches

Based on the layout of TE legs on the flexible substrate and heat flow directions through
the device, there are three design approaches of TEGs:

a) Lateral/lateral: TEGs with lateral heat flow, lateral TE legs arrangement (Figure 2.7a).

b) Vertical/lateral: TEGs with vertical heat flow, lateral TE legs arrangement (Figure 2.7b)

c) Vertical/vertical: TEGs with vertical heat flow, vertical TE legs arrangement (Figure
2.7¢).

The first TEG design uses a lateral TE legs arrangement to convert a lateral heat flow.
Printing or deposition technology are common methods for device fabrication. TE legs are printed
or deposited on the flexible substrate surface. The device parameters can be controlled by using
computer assisted software. In this design, the thickness and length of each TE legs can be
manipulated, which allows creating thinner and longer TE legs compared to other types. It provides

flexibility for device fabrications based on different applications. What’s more, using lengthy TE
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legs lead to the thermal resistance increases, which results in a temperature gradient increasing.
As a result, a power output voltage is enhancing.

The second TEG design has an advantageous vertical heat flow may be achieved with
lateral arrangement of TE legs. The lateral TE legs can be fabricated by using printing or
deposition methods, which is earlier compared to conventional TEG device fabrication. By folding
the lateral TE legs, it can achieve the heat flow is vertical. The vertical heat flow was achieved by
integration of microcavities in the substrate under the TE legs. This device design can save time
and cost on the device fabrication and achieve better performance as conventional TEG devices.

The last TEG design, i.e. vertical TEG, is made of TE legs fabricated vertically between
the heat source and the heat sink. Thus, the heat is flowing vertically along the device. The device
structure is conventional TEG device in the market. As the conventional fabrication method
requires intensive labor, a novel fabrication technology is needed to used for this design with thick

enough TE legs with high power output voltage.
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Figure 2.7 Design approaches for flexible TEGs. (a) lateral/lateral (b)vertical/lateral (c)
vertical/vertical. (Reproduce from Ref. [89])

2.3.2 Fabrication Technologies

Conventional TEG device fabrication methods are focused on rigid device design;
however, these methods are not the most suitable for flexible TEG devices. Research has been
conducted on the fabrication methods for flexible TEGs since 2001[90]. There are several different
fabrication techniques on flexible TEG, such as lift-off process[91], [92], flash evaporation
method[93], [94], photolithography and etching technique[89], [95], [96], thermal
evaporation[97],  nano-materials[98]-[101],  sputtering  technique[102]-[104],  screen
printing[105]-[109], dispenser printing[110]-[113], and inkjet printing[114]-[117]. Among all
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these methods, printing technologies are the most common techniques for flexible TEG device
fabrication. Thus, this session focuses on screen, dispenser, and inkjet printing.
a) Screen printing

The screen printing is a process where the ink is forced through a mesh screen onto a
surface. The pattern is defined by a mask or stencil. A blade or squeegee is used to fill the mesh
apertures with the ink in a pattern across the screen[118], shown in Figure 2.8 (a). The
advantageous for using screen printing for TEG fabrication is to achieve sufficient thickness. The
viscosity of the ink can be up to several thousand cP, which provides the flexibility for TE ink
synthesis by using different binders. Also, screen printing can be applied in a roll-to-roll process,
which is easier for large scale fabrication.

However, there are still challenges in screen printing technology. As we discussed, screen
printing can be achieved sufficient TE material thickness. It requires the ink with adequate
viscosity to stand and takes longer time to dry. Another problem arises for the resolution of printed
patterns. During the printing process, the volatile solvents in the ink could be dried on the screen-
printing mask, which will deteriorate the resolution. Thus, it needs to synthesize TE ink with low
vapor pressure formulations to avoid this problem.

Multiple groups have fabricated TEG module with screen printing using hybrid inorganic-
organic inks. Navone et. al has developed (Bi,Sh)2(Te,Se)s-based thermoelectric modules by a
screen-printing process. A 100 um thickness films of n-type Bi>Seo3Te27 and p-type BiosSbisTes
were fabricated. The screen-printing process followed by the laser annealing for both rigid and
flexible substrates. The microstructural and electrical properties of screen printed films of
Bi>SeosTe27 and BiosShisTes were investigated. Under 100 pulses laser sintering process, the
films were crack free. The electrical conductivity of film that contains both Bi>SeosTe.7 and
BiosSbhisTes was 800 S/m and Seebeck coefficient was 160 pV/K. The Seebeck coefficient
decreased with the pulses number up to 80, where it stabilized at 90 uV/K[105].

A wearable TEG fabricated on a glass fabric by screen-printing process was studied by
Kim et. al[109]. The device was thin (~500 um), lightweight (~0.13 g/cm), and flexible. In order
to improve the flexibility, the Cu film embedded in PDMS using the Ni peel-off method. The
power output density of 0.38 mW/cm™ at a temperature different of 50K. The flexible TE device

can be repeated bending for 120 cycles without any damage on the device performance.
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The binder is one of the factors that affected ink performance. Cao et. al studied the effect
of two binder systems (A ang B), contacts and post-process for screen printed BiygTez 2 and ShoTes
based flexible thermocouples. Binder A is an 4,4’-1sopropylidenediphenol-epichlorohydrin based
epoxy (3M) and binder B is an epichlorohydrin-polyglycol based epoxy (Dow Chemical). The
optimized combination of materials and processes for TEG was BiigTes2 with binder B, ShoTes
with binder A, SbTe as electrical contact with cold isostatic pressing assembly process. The
BiTe/SbTe based TEG with binder B and SbTe contact electrodes generated an open circuit voltage
of 32mV at a temperature different of 20°C[119].

The studies on improving electrical properties of ink gained much interest in the screen
printing community as well. By adding excess tellurium powder in the process chamber
significantly improved carrier mobility by increasing the average scattering time of the carrier on
the film. Kim et. al studied the TE properties of Sh>Tesz thick film with excess power and a
subsequent annealing process. The maximum zT was achieved tat 0.32 at room temperature[120].

A similar result was found for screen printed Bi,Tes thick film with optimized annealing
process. The results showed the printed Bi>Tes thick film annealed at 500°C for 15 min in Bi and
Te powders ambient, a power factor of 2.1 mW/mK? was achieved and a thermal conductivity of
1.0 W/mK. The resulted zT value of 0.61 at room temperature was achieved[121].

Other than telluride-based ink, Rudez et. al studied oxide-based ink using screen printing
for TE device fabrication. Both CazCosO9and (ZnO)sIn20zink prepared by conventional methods.
The inks were printed on aluminum substrate with post treatment. The highest electrical
conductivity and Seebeck coefficient were 73 S/cm and 156 uV/K for CazC04Oq. The highest
electrical conductivity and Seebeck coefficient were 1.4 S/cm and -176 pV/K for
(Zn0)s5In03[122].

Table 2.2 shows the comparison results for TE properties of inks by using screen printing

process as below.
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Table 2.2 Comparison of TE Properties of Materials and Device Fabricated via Screen Printing
(S is for Seebeck Coefficient, o is for electrical conductivity)

. [S] c k PF
Materials zT Ref.
(LV/K) (S/m) (W/mK) (MW/mK2)
BixSeosTez7 123 3150 - 47.66 - [105]
BiosShisTes 123 780 - 11.8 - [105]
Bi,Tes 140 55,000 1 - 0.32 [109]
Sh,Tes 99 130,000 1.25 - 0.29 [109]
Sh,Tes/binder A 134.38 2600 - 141 - [119]
Bi1gTes2/binder B 103.67 19,920 - 215 - [119]
7,2000-
ShyTes 90-100 0.9-1.1 - 0.32 [120]
120,000
Bi,Tes 137.5 2600 0.9-1.1 2100 0.61 [121]
CazC0409 156 7400 - 1.6x10* - [122]
(Zn0)sInz03 176 139 - 1.4x10 - [122]

b) Inkjet printing

Inkjet printing is a type of computer-controlled printing that convert digital image/pattern
by driving droplets of ink on to the substrate. It is a solution-based, non-contact, and mask-less
deposition process in which materials are deposited at high speed and resolution by defined
patterns[123], shown in Figure 2.8 (b). The advantageous of inkjet printing is the precise pattern
designed by computer. Also, the substrate can be heated up, which helps the ink evaporate during
printing process that improves the resolution of the ink.

Despite the widespread use of inkjet printing technology for portable electronics, there are
still some challenges that hinder its applications. The printable ink viscosity is only up to 20cP,
which has stricter requirement for choice of binder and synthesis methods. The nozzle clogging
is one of the common problems for inkjet printing, thus the nanomaterial and binder need to be
fully mixed and stable at room temperature before printing. Compared to screen printing
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technology, it is hard to achieve thicker TE legs by using inkjet printing. Also, it may take longer
time for inkjet printing process as it can be reached higher resolution.

Several studies demonstrated the feasibility of using inkjet printing for TEG device
fabrication. Lu et. al was the first group demonstrated using inkjet printing for thin film TEG in
2014. The p-type SbisBiosTes nanoparticles and n-type BizTe27Segs nhanoparticles were
synthesized by reacting Bi and Sb or Te and Se based on stoichiometric ratio. Solsperse 46000
was the only dispersing agent that had the ability to achieve both chemical and colloidal stability
for the nanoparticles. The printed film that prepared by Sbh1 sBio.s Tes nanoparticles showed a power
factor of 77 pW/mK? at a temperature of 75°C, and the BizTe27Seo s film was 183 uW/mK? [114].

Hoong et. al studied TE properties of ZnO and ZnFe;O4 thin film printed by inkjet printing
method. Through controlling the ratio of dopant added and heat treatment temperature, the better
performance of printed thin film achieved. ZnO with Al doped at 0.04 reached highest electrical
conductivity of 114.1 S/cm with Seebeck coefficient of 49.43 uV/K[124].

Organic TE materials 1,1,2,2,-ethenetetrathiolate(ett)-metal coordination polymers
poly[Ax(M-ett)] (A=Na, K; M=Ni, Cu) have shown better TE properties. The polymer composites
ink prepared by ball milling process with PVDF. A flexible TEG device with 6 thermocouples was
fabricated by inkjet printing and generated a power output voltage of 15mV for temperature
difference of 25 °C. The maximum power output was 45 nW for a load resistance of 5 kQ[115].

Table 2.3 shows the comparison results for TE properties of inks by using inkjet printing

process as below.
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Table 2.3 Comparison of TE Properties of Materials and Device Fabricated via Inkjet Printing (S
is for Seebeck Coefficient, ¢ is for electrical conductivity)

Materials Sl ° : P zT Ref.
(LV/K) (S/m) (W/mK) (MW/mK2)
SbysBiosTes 17745 2000 - 77 - [114]
Bi,Te27Seos 139+2 6000 - 183 - [114]
Zno 49.43 11410 - - - [124]
ZnFe;04 31.66 - - - - [124]
Poly[Cuy(Cu-
ett)]/PVDF/DMS 53+2 550+100 - 1.6 - [115]
@)
Poly[Kx(Ni-
ett)]/PVDF/DMS 6010 520+50 - 1.8 - [115]
o]
C) Dispenser printing

The dispenser printing refers to filament-extrusion-based deposition pattern generation
techniques. The dispenser printer consists of a three-axis stage, a pneumatically controlled syringe
head and a heated vacuum chuck stage[125], shown in Figure 2.8 (c). The advantageous for
dispenser printing is possible for 3D structures for TE legs with careful control of rheological
behavior, ink composition, and printing parameters. Also, it can reach higher density for TE inks,
which also reduce the drying-induced shrinkage after post annealing. For dispenser printing of sol-
gel and colloidal ceramic inks, it has been demonstrated for printing features down to 250 nm and
200 pm, respectively[126].

As the bulk rheological behaviors of ink are sensitive to particle size, concentration, and
the aggregation due to the internal attractive forces, it has limitations on microscale concentrated
ink design. The control of ink properties and printing parameters are important for 3D structures,
which need to take longer time for prototype development.

Chen et. al fabricated planar TEG using dispenser-printing with thick film. The zT of n-
type BixTes-epoxy composite was 0.18 and p-type Sh,Tez-epoxy was 0.19. A 50-couple TEG
device with 5 mm x 640 um x 90 um printed dimensions was manufactured on a flexible polyimide
substrate. The device generated a power output of 10.5 pW and 171.6 mV for a temperature
difference of 20K, which resulted a power density of 75 pW/cm?[125].
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A novel process for preparing TEG with thick film dispenser printing technique was
studied by Madan et. al. The microstructural, electrical, and thermal properties of n-type Bi.Tes
and p-type Sbh2Tes were investigated. Also, the effects of annealing time on the TE properties of
printed film were examined. The maximum zT achieved at 0.41 under annealing temperature of
350°C for 12h for p-type SboTesz composite films. The maximum zT achieved at 0.16 under
annealing temperature of 350°C for 36h for n-type Bi,Tesz composite films[112].

Another approach for TEG device fabrication by dispenser printing integrated with a
polymer mold was demonstrated. The inorganic-epoxy inks were synthesized with n-type Bi>Tes
and p-type BiosSb1sTes nanoparticles. The annealing temperature for the printed TE device was
250°C inargon. The zT for n-type Bi>Tes and p-type BiosSbisTeswere 0.0126 and 0.0615 at room
temperature, respectively[127].

Table 2.4shows the comparison results for TE properties of inks by using screen printing

process as below.

Table 2.4 Comparison of TE Properties of Materials and Device Fabricated via Dispenser
Printing (S is for Seebeck Coefficient, o is for electrical conductivity)

Materials S ? “ P zT Ref.
(LV/K) (S/m) (W/mK) (MW/mK?)

ShoTes 170 4000 0.24 120 0.19 [125]
BizTes 160 3000 0.24 110 0.18 [125]
BizTes 275 1700 0.24 150 0.16 [112]
ShyTes 152 31500 0.54 840 0.46 [112]
BigsShisTes 272 1440 0.52 1.07x10* 0.0615 [127]
Bi,Tes 159 800 0.48 0.2x10* 0.0126 [127]
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Figure 2.8 (a) Diagram of screen printing. (Reproduce from Ref. [118]). (b) schematic of
continuous inkjet printing. (reproduced from Ref. [123]). (¢ ) Schematic of dispenser printing
(Reproduce from Ref. [125])

2.3.3 Civil Infrastructure Applications

The safety of civil infrastructure is one of the most important aspects for public health.
Using WSNSs for measuring corrosion, temperature, flow, and stresses will provide critical data for
enhanced safety maintenance. Self-powered WSNs combined with TEGs can be used where
heating sources like heat pipe, bridge, and buildings. Kim et. Al 2018[128] fabricated a large area
flexible TEG capable of harvesting energy from the heat of a heat pipe. As shown in Figure, the
flexible TEG integrated with a flexible heat sink was shaped and tested around an aluminum heat
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pipe. In order to simulate the heat generated from a hot fluid, a thin adhesive heater was attached
to the inner wall of the pipe. To compensate the increase spreading thermal resistance, a highly
orientated graphite sheet was used as the thermal interface materials between the flexible TEG and

flexible heat sink, as shown in Figure 2.9.
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Figure 2.9 (a) Front, (b) side and (c) top view of the front side of the self-powered WSN driven by
flexible thermoelectric generator (f-TEG). A schematic drawing of the cross-section of the
combined heat pipe/f-TEG/heatsink is shown. (Reproduce from ref. 116)

The study shows that a 140x113mm? f-TEG generated 272 mW of energy from a heat pipe
at a temperature of 70°C. A self-powered WSN system with the capability of remote monitoring
of the heat pipe temperature, ambient temperature, humidity, CO, and volatile organic compound
concentrations via LoRa communication. The distances that self-powered WSN system can

wirelessly transmit the data are as long as 500m. [116]
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Another group also studied flexible TEG for powering wireless sensors on the heat
pipe.[129] The TEGs in this work were screen printed from commercial silver ink as p-type
material and in-house formulated nickel pastes as n-type material, shown in Figure 2.10. The
measured device is vertically installed on a pipe. The output voltage is then connected with a
commercial DC-DC converter (LTC 3108) to charge a super capacitor. The charged capacitor can
power the WSNs to transmit information to the end user successfully.

Under the optimized internal resistances and device design, this TEG device with 420
junctions can produce 308 uW of power at AT= 127K, which is sufficient to power a temperature

sensing circuit with wireless communication capabilities.
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Figure 2.10 Flexible TEG on heat pipe for WSN application. (Reproduce from ref. 117)
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3. OXIDES THERMOELECTRIC MATERIALS SYNTHESISI AND
CHARACTERIZATION

This chapter contains portions of a previously published manuscript Y. Feng et al., “Temperature
dependent thermoelectric properties of cuprous delafossite oxides,” Composites Part B:
Engineering, vol. 156, pp. 108-112, Jan. 2019, doi.org/10.1016/j.compositesb.2018.08.070

3.1 Copper Aluminum Oxide-CuAlO2

In 1997, Kawazoe et al. reported the p-type conductivity of transparent thin film CuAIO>
as 1 S/cm at room temperature[130]. Also, the previous study shows CuAIlO: has a relatively large
electronic bandgap (~3.4 eV) and flat band structure[131]. Moreover, Hao et al. has conducted a
computational-driven TE materials search and identified CuAlO2 is a promising p-type
candidate[26]. CuAIO2 has a layered, delafossite structure that can be considered a natural
superlattice, which is more stable and easy for synthesis[132]. Superlattice structures show a lot
of promise for TE materials[133]-[135]. Other layered oxide materials used for TE, such as
NaCo204[65], and SrTiO3[74] have demonstrated relatively large zTs. However, temperature
dependent thermoelectric transport properties of CuAlO: have not been fully exploited in existing
literatures.

To fill this knowledge gap, we have conducted a systematic study of TE properties of
CUuAlIO2 with the function of temperatures from 300K to 780K. Solid-state synthesis of CuAIO;
created a material with a nanostructured grain size, which affects electrical and thermal
conductivity. Cold-pressed pellets kept powder maintained the grain size during the annealing
process. Annealing temperature and time were optimized for microstructure, which will
significantly affect thermoelectric properties[136]. The effects of different annealing times for

CUuAlIO2, on resulting microstructure, and related thermoelectric properties of CuAIO, were studied.

3.1.1 Materials Synthesis

High purity CuO and Al>Os were stoichiometrically mixed with alcohol, and ball milled
for six hours using 3mm Yyittria stabilized zirconia grinding media at a 40:1 ratio. The resulting
powder was dried in an oven at 363K, then pressed into pellets with 13 mm diameter and 1.5 mm

thick at 394K under 8 Tons for 30 minutes. The pressed pellets were annealed at 1373K for five
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hours, eight hours and 12 hours, respectively, in a combination of nitrogen and ambient

environments. All samples were furnace cooled.

3.1.2 Sample Characterization

The crystal structure and purity of the samples were analyzed via powder X-ray diffraction
(XRD) using a Panalytical Empyrean Powder X-ray Diffractometer at 40kV, 40 mA with Bragg-
Brentano mode with Cu Ka radiation. The diffraction patterns were collected from 10-80° for five
times. The average crystalline size of the powders was calculated according to Scherrer’s equation.
A high-resolution transmission electron microscope (FEI Tecnai F20ST) was used to investigate
the crystal structure of annealed powders. Seebeck coefficient was determined through a home-
built measurement system that applies a temperature gradient through the sample and measures
the resulting voltage output as described elsewhere[137][138]. The Seebeck coefficient was
calculated from the slope of temperature vs voltage. Electrical conductivity was directly measured
by the four-probe hall measurement system (Ecopia AHT55T5). The thermal conductivity was
determined using the transient time-dominant method from the thermal diffusivity and specific
heat measured by laser flash method (LFA 467, NETZSCH, Germany). All the thermoelectric

properties were measured from 300K to 780K in a nitrogen environment.

3.1.3 Crystal Structure

Figure 3.1 shows the results of powder x-ray diffraction patterns for CuAlO2 powder with
varying annealing times at 1373K. It can be seen that higher purity of CuAlO, powder was
obtained annealing at 1373K for 12 hours, due to the complete reaction between CuO and AlOs.
The main reactions for the formation of CUAIO; are:

Cu0 + Al,05 - Cudl,0, 3.1

CuAl,0, + Cu0 — 2CuAl0, + 1/2 0, 3.2

There will be a formation of CuAl>O4 at annealing temperature between 1173K and 1273K.

The following reactions will result in impurities of CUAIO;:
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CuAlO, + 0, - 1/2 CuAl,0, + 1/2 Cu0 3.3
CuAl,0, - CuAlO, + 1/2 Al,0; + 1/4 0, 3.4
As shown in XRD pattern with CuO and Al,O3 peaks. The crystalline structure of the

annealed CuAIO; bodies is rhombohedral, R3m, a = 2.8567 A and ¢ = 16.943 A (JCPDS Card
File: 00-035-1401).

X-ray Intensity (arb.unit)

I Q& ~ Ul 12h
M 1 M 1 i 1 " 1 M 1 1 M
10 20 30 40 50 60 70 80

Diffraction Angle (20/ deg)

Figure 3.1 The XRD patterns of CUAIO, powder with different annealing time at 1373K

Further investigation on the microstructure of annealed CuAlO2 powder is done by using a
high-resolution transmission electron microscope (HRTEM). Clear lattice fringes of CuUAIO> is
observed as shown in Figure 3.2 (a), which indicates a high quality of crystal structure.
Furthermore, using a Fast Fourier Transform (FFT) image obtained by Digital Micrograph
software the d-spacing of the lattice orientation was calculated. The d-spacing of the lattice fringes
(Figure 3.2 b) was found to be 2.47 A, which corresponded to the reported d-value (2.4474 A) of
(1011) plane of r-CuAlO, (JCPDS Card File: 00-035-1401). The FFT image as shown in Figure
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3.2 (c) indicates the rhombohedral structure. The HRTEM results are confirmed with an XRD

pattern of the crystalline structure of r-CuAlO;.

Figure 3.2 (a)The HRTEM image of CuAIO2 powder annealing at 1373K; (b) HRTEM image of
an individual grain and (c) FFT pattern

3.1.4 Thermoelectric Properties

Thermoelectric properties strongly depend on the microstructure of the materials. Figure
3.3 shows the temperature-dependent Seebeck coefficient of CuAlO2 powder annealing at 1373K
for 12 hours. The Seebeck coefficient shows a positive sign over the measured temperature range
indicating p-type conductor behavior, which is due to the behavior of hole majority carriers. The
Seebeck coefficient increases with the increase of temperature and the highest Seebeck coefficient
reaches 665uV/K at 780K. No bipolar effect was observed due to the large band gap of CuAlO;
(~ 3.4eV) [131]. Lu et.al reported the Seebeck coefficient value as 460 uV/K at 780K for CuAIO>
pellets prepared by SPS method[139], which is lower due to the crystal defects i.e., impurity. Also,
the grain size will grow during SPS pressing, which leads to more complicated electron scattering
mechanisms. This will affect the electrical properties of materials. However, the overall values of
Seebeck coefficient for CuAIO2 samples are relatively high.
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Figure 3.3 Temperature-dependent Seebeck coefficient of CuAIO, powder annealing at 1373K
for 12h

Seebeck coefficient is an intrinsic material property, which measures the thermoelectric
voltage induced in response to a temperature difference across the material. High effective mass
of the charge carriers will lead to high Seebeck coefficient. The high hole effective mass will
increase the density of states at an energy E in the valence band as shown below:

m;‘,\/m 3.5

Gy(E) = ——5—, ES<E,

For semiconductors, the relationship among Seebeck coefficient, effective mass, and
carrier concentration can be expressed below:
8m2ki T \2/3 3.6
-Gt )
3eh? 3n

where kg is the Boltzmann constant, e is the carrier charge, h is Planck’s constant, m” is the
effective mass of the charger carrier, and n is the carrier concentration. Seebeck coefficient reflects

the average entropy transported per charge carrier and thus decreases with the increasing carrier
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as shown in equation (3). Thus, high effective mass and low carrier concentration of the materials

are desirable to reach high Seebeck coefficient as shown here.
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Figure 3.4 Temperature-dependent electrical conductivity of CUAIO, powder annealing at
1373K for 12h

The Seebeck coefficient is directly related to the density of states, whereas the electrical
conductivity can be limited by electronic and morphological defects[140]. Figure 3.4 shows the
electrical conductivity increases with the temperature increase, which indicates semiconductor
behavior. With the increasing temperature, thermal energy excites free electrons from the valence
band to the conduction band resulting in increased electrical conductivity. The highest electrical
conductivity reached is 17 S/m at 780K. For p-type transparent conductivity oxides (TCOs), those
bands are very flat due to the localized oxygen p-type nature of the valence band[141]. P-type
TCOs have high hole effective mass. Thus, it is very challenging to reach high electrical
conductivity for CuAlO,.

The relationship between electrical conductivity and effective mass is shown below:

ne?t 3.7

m*

o =
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As can be seen that high effective mass will result in low mobility, thus the electrical
conductivity decreases. To reach high electrical conductivity, higher carrier concentration and
lower effective mass are desirable, however it often degenerates the Seebeck coefficient of
materials. Thus, the investigation of an effective doping mechanism for improving electrical
conductivity without degenerating the Seebeck coefficient is crucial to increasing electrical

properties of p-type TCOs materials for applications of thermoelectric power generation.
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Figure 3.5 Temperature-dependent thermal conductivity of CuAIO2 powder annealing at 1373K
for 12h

For thermoelectric applications, thermal conductivity (k) is a very important parameter as
it determines the efficiency of heat flow through materials and system. Figure 3.5 shows the
temperature dependent thermal conductivity of the CuAIO, annealing at 1373K for 12 hours. The
value of thermal conductivity is 2.134 W/mK at 780K. The trend of thermal conductivity increases
and then decreases with the temperature increase.

The total thermal conductivity (k;) consists of contributions from both electron and

phonon transport, defined as following:
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Kt = Ko + K; 3.8

where k. and k; are respectively, the electron and lattice thermal conductivity. k; is known as the
most important mechanism for heat conduction in semiconductors at temperatures close to room
temperature, which normally accounts for 90% contributions in wide bandgap materials.

At lower temperatures the thermal conductivity of CuAlO: is low. Energy and phonon
vibrations increase with a temperature increase, which results in an increase of group velocity that
enhances thermal conductivity. However, with the temperature increases, more phonon scattering
is observed from point defect scattering contributions due to mass disorder and bond length
disorder at higher temperature, and phonon-phonon Umklapp scattering. These phenomena
typically lead to a decreased thermal conductivity with the temperature increased as we observed
in this study. Thus, one way to decrease the lattice thermal conductivity is to decouple electron
and phonon transport using nano-structures to scatter phonons more effectively than electrons,
which decreases thermal conductivity without significantly disrupting the electrical conductivity.
To achieve this goal, we used the cold pressing method to maintain the small nano-grain size (~
80 nm) of the ball milled powder, which reduces lattice thermal conductivity without

compromising electrical properties as shown in this work.
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Figure 3.6 Power factor and Figure of Merit of CuAIO2 powder
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The power factor (PF=Sc?), which is calculated from the data in Figure 3.3 and Figure 3.4,
represents the electrical performance of thermoelectric materials, as shown in Figure 3.6. The
power factor increases as the temperature increases up to 780K. The value of the power factor at
780K for CuAlO, samples is 0.78 x10° W/mK?. The value of the power factor is indicative of a
thermoelectric materials ability to generate electricity, which increases with the temperature.

The quality of materials for TE applications is described by a dimensionless figure of merit,
zT. The calculated zT values are shown in Figure 3.6. Both electrical and thermal properties will
affect materials figure of merit. There are two strategies to improve CuAlO; zT: (1) to improve
the power factor, which requires optimized dopants for CuAlO; that increases both electrical
conductivity and Seebeck coefficient; (2) to reduce the thermal conductivity by using small-
nanostructure-size (SNS) limit[26] that requires optimum nanostructure size a is larger than
electron mean free path but smaller than phonon mean free path, which results in the increase of
phonon scattering without deteriorating electron transport. Thus, lattice thermal conductivity will

decrease, and electrical conductivity will maintain high values to reach a high zT.

3.1.5 Conclusions

In this work, we have investigated the temperature dependent thermoelectric properties of
CUuAlIO2 with a focus on optimization of annealing process for improved thermoelectric properties.
Both XRD patterns and HRTEM results show high purity and a rhombohedral structure of CUAIO>
powder obtained when annealed at 1373K for 12 hours. The annealing time is one of the key
factors for the formation of 3R delafossite phase in CuAIO2. The resulting nanocrystalline CuAIO>
has been characterized both electrical and thermal properties. The value of the Seebeck coefficient
is positive over the measured temperature range, which shows p-type behavior, and it increases
with the increase of temperature. The electrical conductivity increases as the temperature increases,
indicating semiconductor behavior. The high Seebeck coefficient and relatively low electrical
conductivity are due to the high effective mass of the charge holes in CuAIO2. Small nano grains
in our samples have led to scattering more phonons without deteriorating electrons, which results
in low thermal conductivity. The figure of merit is reached at 0.27x107 at 780K.

CUAIO: is a desirable material for mid-high temperature range due to the stability and high

Seebeck coefficient, which has a square effect on the power factor. However, the low electrical
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conductivity limits the broader applications in the thermoelectric field. Thus, an effective doping

mechanism for r-CuAIlO: is necessary for future work.

3.2 Palladium Bismuth Oxide-PdBi>O4

Bi>Os is the one of common constituents in thick film materials that used for manufacturing
high performance electronic ceramics[142]. The interaction of Pd and Bi20s is very important for
enhancement of electrical properties, which obtained much interest in oxides TE materials studies.
Bettahar et.al reported the electrical conductivity of PdBi,O4 that exhibited relatively high
conductivity (6~10 S/cm) and low activation energies (~0.02 eV)[143]. As for most oxides TE
materials, the high lattice thermal conductivity and low electrical conductivity have significantly
limited their applications to date.

He et. al predicted PdBi2O4 to be a highly efficient hole-doped TE material with low lattice
thermal conductivity and high power factor by using first-principles calculations[144]. As a result,
Bi®* 6s2 long pair electrons show strong anharmonicity, which leads to low lattice thermal
conductivity. The flat-and-dispersive valence band structure with high degeneracy indicates a
large power factor (high Seebeck coefficient and high electrical conductivity).

To confirm the theoretical study, we have systematically conducted TE properties of
PdBi204 with a function of temperature from 300K-773K. The microstructural, electrical, and
thermal properties of the material were investigated. We also compare the theoretical results with
experimental results to explore the feasibility of using PdBi>O4 as p-type TE material.

3.2.1 Sample Characterization

A high-resolution transmission electron microscope (FEI Tecnai F20ST) was used to
investigate the crystal structure of annealed powders. The Seebeck coefficient was determined
through a home-built measurement system that applies a temperature gradient through the sample
and measures the resulting voltage output as described elsewhere[137][138]. The Seebeck
coefficient was calculated from the slope of temperature vs voltage. Electrical conductivity was
directly measured by the four-probe hall measurement system (Ecopia AHT55T5). The thermal
conductivity was determined using the transient time-dominant method from the thermal
diffusivity and specific heat measured by laser flash method (LFA 467, NETZSCH, Germany).
All the thermoelectric properties were measured from 300K to 700K in a nitrogen environment.
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3.2.2 Crystal Structure

Figure 3.7 shows the crystal structure of PdBi2Os. PdBi204 has a tetragonal crystal structure,
P4/ncc (No. 130). Pd?* is connected with two neighboring BiOg octahedra neighbors. Along the ¢
axis two neighbors are edge-sharing and along the ab plane by corner-sharing. The BiOg octahedra
shows strong asymmetric distortion, which indicates strong anharmonicity. HRTEM shows the

size of nanoparticles is around 80 nm with clear crystalline.

Figure 3.7 Crystal structure and HRTEM image of PdBi>O4
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3.2.3 Thermoelectric Properties

The comparison between experimental and theoretical results on the temperature-
dependent Seebeck coefficient of PdBi2O4 is shown in Figure 3.8. With the temperature ranges
from 300K to 770K, the Seebeck coefficient has a positive sign that shows p-type behavior. Both
experimental and theoretical results show the increasing trend, where a maximum Seebeck
coefficient of 1000 pV/K at 700K is reached at a carrier concentration of 5E16 cm™. The high
Seebeck coefficient is due to the low carrier concentration of the material. Also, the band structure
of PdBi20s is relatively flat in the ab plane[144]. A flat band affords a high density of states, which
indicates a high effective mass of the material. Based on the equation, high effective mass and low
carrier concentration result in a high Seebeck coefficient. With increasing carrier concentration,
the Seebeck coefficient drops as shown in the comparison data in Figure 3.4.
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Figure 3.8 Seebeck coefficient of PdBi.O4 experimental result vs. theoretical result
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Figure 3.9 shows the temperature dependent electrical conductivity of the material. With
increasing temperature, the electrical conductivity increases showing semiconductor behavior. At
temperatures around 700K, the electrical conductivity reaches 3.06 S/m. This is an undoped
material that leads to a low carrier concentration.

The relationship between electrical conductivity and effective mass is shown in Equation
3.7. As can be seen, a high effective mass will result in low mobility, thus the electrical

conductivity decreases.
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Figure 3.9 Temperature-dependent electrical conductivity of PdBi>O4

Thermal conductivity of PdBi.O4 shows a trend of increasing and then decreasing with
increases temperature, shown in Figure 3.10. At lower temperatures the thermal conductivity of
PdBi20a4is low. Energy and phonon vibrations increase with a temperature increase, which results
in an increase of group velocity that enhances thermal conductivity. However, as the temperature
keeps increasing, more phonon scattering is observed from point defect scattering contributions,

due to mass disorder and bond length disorder at higher temperature, and phonon-phonon Umklapp
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scattering. These phenomena typically lead to decreased thermal conductivity with increasing
temperatures as we observed in the figure. Theoretical work shows the decreasing trend with low
lattice thermal conductivity. Due to the large anharmonicity caused by asymmetric distortion of
BiOs octahedral, more phonons are scattered that significantly reduce thermal conductivity.
Compared to the most common TE oxide material NaxCoOz5 (~19 W/mK)[145], the lattice
thermal conductivity of PdBi»O4 is almost two orders of magnitude lower.

The power factor and zT values are shown in Figure 3.11. Effective dopants are needed,
such as Pb, for improving electrical properties of PdBi>O4 used as TE materials[146]. Although
the current values are low, the structure of the material shows promise for use as a high

performance p-type TE material.
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Figure 3.10 Temperature dependent thermal conductivity of PdBi>O4 experimental result vs.
theoretical result
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Figure 3.11 Temperature-dependent power factor and zT of PdBi.O4

3.2.4 Conclusions

In this work, we have investigated the temperature dependent thermoelectric properties of
PdBi204 with a focus on the relationship between crystal structure and thermoelectric properties.
The value of the Seebeck coefficient is positive over the measured temperature range, which shows
p-type behavior, and it increases with the increase of temperature. The electrical conductivity
increases as the temperature increases, indicating semiconductor behavior. The high density of
states leads to a large Seebeck coefficient, however, the lower mobility and carrier concentration
results in low electrical conductivity. The power factor based on Seebeck coefficient and electrical
conductivity is reached at 3x10°® W/mK? at 700K. Small nano grains in our samples have led to
more phonon-phonon scattering without deteriorating electron transport, which results in low
thermal conductivity.

PdBi2O4 has potential as a TE material if optimized dopants can be found. Also, the
structure of this material has a high impact on its properties. Further investigations are needed for
exploration of PdBi-O4 TE applications.
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3.3 Strategies for Enhancement of Oxides Thermoelectric Properties

As discussed in previous two sessions, the current zT value for both oxides materials is still
lower than expected. To reach to optimized zT, we need to know the doping/carrier concentration.
A generalized b-factor approach[147], [148], using the experimentally measured Seebeck,
electrical and thermal conductivities, carrier concentrations, and assuming a power law scattering

exponent, r, given by Equation 3.9

IE)=1[(E-E)/k,T] 39

and a “total” b-factor given as,

T 3.10
blot © ﬁ(kB/q)2

An estimation for the doping/carrier concentration and fermi level that it’s necessary to
maximize zT for each sample (all samples in theory “should” fall on the same curve, however
experimental realities prohibit this). The results are shown in Figure 3.12 and Figure 3.13, we
assume acoustic deformation potential (ADP) scattering mechanism for all samples, r = 0.

All the experimental data (red circles) for CUAIO: at different temperature are left of the
universal curve (dotted dashed line through blue circles), the blue circles represent maximum zT
of the materials. The samples are under doped. The optimum fermi level ranges between 0.65 kT
below and -0.5 KT above the valence band edge. The effective mass of CUAIO: is reported m*=2.6
mo[149]. The calculated optimum carrier concentrations range from 8.1E+17 cm= to 3.1E+18 cm’
3 from temperature 300K-770K. The next step for improve zT for CUAIO: is looking for optimized
dopants such as Fe;O:s.

Similar trend is observed in Figure 3.13, all samples are under doped. The optimum fermi
level ranges from 0.65 KT to -0.50 kT. To get the optimized carrier concentration, we need effective
mass of PdBi»O4, which currently is not available since not many groups work on this. Further

studies on this material will be needed for thermoelectric applications.
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Figure 3.12 The experimental zT values (red circles) versus the total b-factor for ADP scattering
at temperature 300K-770K for CuAlO.. The optimum zT curve is shown as a dotted-dashed line
in both plots, with the optimum zT value for each sample shown with blue circle on the optimum
ZT curve. The dashed line for each sample corresponds to the zT value if only the Fermi level is
varied.
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Figure 3.13 The experimental zT values (red circles) versus the total b-factor for ADP scattering
at temperature 300K-700K for PdBi204
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3.4 Fe doped Copper Aluminum Oxide-CuAlixFexO2

Doping is one of the effective approaches for improving the TE efficiency of CuAlO>
alloys by enhancing its electronic properties or reducing lattice thermal conductivity via additions
of the point defects[150]-[153]. Several studies have investigated using different dopants to
further enhance the TE properties of CuAlO: alloys. CuAIO2 with partially Mg doping presented
an improved electrical conductivity and lower thermal conductivity before the formation of highly
insulating spinel phases. However, it was hard to control the doping level using solid-state methods
such as hot pressing and pulsed electric current sintering techniques[154]. Sakulkalavek et. al
reported an enhancement on electrical conductivity of p-type CuAlO2 by Ag20 addition caused by
the increased carrier density[155]. As the interdependence of electrical and thermal conductivity,
high electrical conductivity will lead to a increase of thermal conductivity. However, large value
of thermal conductivity limited the broader application in thermoelectric. The Ca substitution in
CuAl1xCaxO2 up to x=0.1 showed an increased power factor contributes from both electrical
conductivity and Seebeck coefficient[156]. Lack of the thermal conductivity study remains an
uncertainty to conclude the effectiveness using Ca dopant. Another study on Cr substitution has
been predicted to increase the density of states at the top of the valence band through DFT
simulations, which showed the promise on electronic properties improvement[157]. Co-doping of
two different substituents was also investigated to further increase the electrical conductivity. It
was found that the power factor was substantially improved by the addition of both Ag and Zn that
reaches a value of 1.26 x 10* Wm™K-2 1060K [158]. The result is similar to the study on the effects
of Fe addition. Park et al. reported that Fe addition up to x = 0.1 significantly increased power
factor because of significant increase in electrical conductivity. The highest value measured was
1.1 x 10* W/mK?for x = 0.1 at 1140K[159]. Also, several other studies on Fe doping showed the
feasibility in the enhancement of power factor caused by increased carrier density[160]-[162].
However, most were only studied on materials synthesis and electronic transport properties. The
systematical study on both electrical and thermal properties of Fe-doped CuAlOz s still missing in
this area.

Thus, we have conducted experiment of TE properties of Fe-doped CuAlO, with the
function of temperatures from 300K to 780K. Using similar materials synthesis method as CUAIO;
to produce CuFexAl1xO2 (x=0.05, 0.1, 0.2). The effects of different annealing temperature and

time for CuFexAl1xO2 on resulting microstructure, and related thermoelectric properties were
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studied. Also, we used b-factor results as a guidance to compare optimized carrier concentration

for achieving maximum power factor.

3.4.1 Materials Synthesis

Fe-doped samples of CuAlixFexO2 (x=0.05, 0.1, and 0.2) were stoichiometrically mixed
using Al.Os, CuO, and Fe>Os powder with alcohol using solid-state method by ball milling. The
ball milled blurry were dried at 100°C overnight then annealed at different temperature and
duration in air. The resultant powders were cold pressed into pellets with 13mm diameter and 2mm

thickness.

3.4.2 Sample Characterization

The phase composition of as-annealed powders was analyzed via powder X-ray diffraction
(XRD; Panalytical Empyrean) using Cu Ka radiation with Bragg-Brentano mode at 40kV and
40mA. The microstructure of as-annealed powders was investigated by a scanning electron
microscope (SEM; FEI Nova NanoSEM). The elements dispersion of the CuAlo.gFeo.1O2 sample
was observed by energy dispersive X-ray spectrometer (EDS).

The details of temperature dependent Seebeck coefficient was determined through a home-
built measurement system in a vacuum chamber as described in our previous publications[163],
[164]. The S was calculated from the slope of temperature vs voltage. Temperature dependent
electrical conductivity was directly measured by hall effect using Van der Pauw method (Ecopia
AHTS5TS). The thermal conductivity was calculated via x = pC,D, where C,is the measured
specific heat and D is the measured thermal diffusivity by laser flash method (LFA 467, NETZSCH,
Germany) using transient time-dominant method. All the TE properties were measured from 300K
to 780K in a nitrogen environment. The uncertainty of each measured transport property is about
5%.
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Figure 3.14. XRD patterns of phase composition and crystal structure study for CuAl:xFexO, powders.
(a) CuAlixFexO, under different annealing temperature and time; (b) stoichiometric CuAli..FexO-
powders annealed under 1060°C for 20h in air.
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The experiments on different annealing temperature and time have been conducted in
order to determine the optimized growth conditions for CuAli.xFexO2 samples. The crystallinity
of as-annealed CuAlogFeo.1O2 powders is investigated by XRD. All the samples are
polycrystalline as patterns shown in Figure 1 (a). The main peaks in samples could be indexed to
rhombohedral phase (Space group of R3m). The measured lattice parameters are in good
agreement with the computational results for this material[159]. Monoclinic baddeleyite (ZrO>)
is detected as a unique zirconia phase in all composite samples, in accordance with the phase
diagrams. Annealing at 1060°C for 12 hours leads to the raw materials are not fully reacted, on
the other hand, annealing at 1150°C for 20 hours results in secondary phase in the samples, as
shown in Figure 3.14 (a) back and blue line, respectively. High phase purity of the sample is
obtained by annealing the materials at 1060°C for 20 hours in air, as shown in red line, Figure
3.14 (a).

The different Fe doped CuAlixFexO. powders have been synthesized followed the
stoichiometric equation as shown below. The powders with different Fe doping concentration
have been annealed at 1060°C for 20h in air for enhanced phase purity. The resulted XRD
patterns are shown in Figure 3.14 (b). All the main peaks agree well with the rhombohedral
structure that indicated high phase purity. The width of XRD peaks decreases with the increase
of Fe doping concentration. This is due to the grain size grows as the addition of Fe>O3. The
optimized Fe doping concentration will be determined by measuring materials thermoelectric

properties.

CuO + (1 — x)/2 Al,05 + x/2 Fe,05 - CuAl,_,Fe,0, +1/40, 3.1
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Figure 3.15. SEM micrographs of stoichiometric CuAli.xFexO2 powders annealed under 1060°C
for 20h in air (a) CuAlo.gsFeo.0502; (b) CuAlogFeo10z; (c) CuAlosFeo202; (d) EDS element maps
for as-annealed CuAlo.gFeo.102 powder.

Figure 3.15 shows SEM micrographs of powder sample CuAli.xFexO2. The grain size
increases from 0.8 um to 2.5 um as the amount of Fe in the CuAlixFexO2 samples increases.
When x=0.2, the grain size is much larger compared to others as shown in Figure 3.15 (c), which
agrees with the XRD results as discussed above. There are few small particles attached on the
surface of CuAli.xFexO2 powders that are ZrO> residuals during ball milling process as observed
in SEM images. It is also observed ZrO; peak in XRD results. The phase composition of annealed
CuAlogFeo.102 powder was analyzed by SEM/EDS, as shown in Figure 3.15(d). The element
mapping of the sample shows uniformly distributed in the annealed powders, presented high

phase purity of the samples. The atomic ratio for Cu: Al: O = 1:1:4.
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3.4.3 Thermoelectric Properties
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Figure 3.16 Temperature dependent (a) electrical conductivity (o) and (b) mobility () of
CuAl1xFex02 (x=0.05, 0.1, and 0.2)

The electronic transport properties of pressed pellets have been conducted by Hall
measurement using four-point probe method. Temperature dependent electrical conductivity and
mobility results of CuAIO2 with different Fe doping concentration are shown in Figure 3.16 (a).
Overall, electrical conductivity increases with the increase of temperature showing semiconductor
behavior. With the increasing temperature thermal energy excites more free electrons hopping
from the valence band to the conduction band resulting in the enhanced electrical conductivity.
Compared to the electrical conductivity of undoped CuAIlO; is about 17 S/m at 780K[164], Fe
doping CuAlOz shows nearly three times higher value ~45 S/m at same temperature. The addition
of Fe dopant effectively increases free electrons that enhances the carrier concentration, which
contributes to the higher electrical conductivity. It is notable to see that Fe doping composition at
0.1 is the optimized doping concentration that reach high electrical conductivity over the
temperature. This may be due to the higher value of the mobility as shown in Figure 3.16 (b). The
relationship between electrical conductivity and mobility is shown in Equation 2.4.

With the addition of Fe up to x=0.1, the increase of the density makes a more significant
contributions in the reduction of scattering process that enhances the mobility. To understand the
different scattering mechanisms, the scattering factor can be obtained from the relationship

between hall mobility and temperature, as shown below:
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pooc T=3/2+T 3.12

In Figure 3.16 (b), temperature dependent mobility for CuAl..xFexO2 shows a rough trend of
u~T 1° over the entire temperature range. This indicates that acoustic deformation potential
scattering (ADP) with r= 0 has dominated scattering mechanism. However, the electrical
conductivity of CuAlogFeo202 is lower. This is due to the fact that Fe2Oz has low electrical
conductivity. The addition of Fe content is greater than 0.2, the overall electrical conductivity will
decrease due to the low mobility.
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Figure 3.17 Temperature dependent (a) Seebeck coefficient (S) and (b) power factor (PF) of
CuAl1xFex02 (x=0.05, 0.1, and 0.2)

Due to the interdependence nature of all TE parameters (S, o, k), high electrical conductivity
does not guarantee better TE performance as the Seebeck coefficient may be deteriorated. Figure
3.17 shows the temperature-dependent Seebeck coefficient of CuAl;xFexO2 (x=0.05, 0.1, and 0.2).
The sign of the Seebeck coefficient is positive, indicating majority carriers are holes and present
p-type behavior. The Seebeck coefficient values of CuAlixFexO2 (x=0.05, 0.1, and 0.2) increases
with the increasing temperature and then decreases. In general, the value of the Seebeck coefficient
decreases due to the increase of carrier density.[165] An increase of carrier concentration leads to
an increase in electrical conductivity, but a decrease in Seebeck coefficient. The relationship
between the Seebeck coefficient as a function of carrier concentration and scattering factor is
shown as:

S~r—Inn 3.13
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where r is the scattering factor and n is the carrier concentration.

The increasing carrier concentration by doping Fe enhances the electrical conductivity but
simultaneously deteriorates the Seebeck coefficient. The Seebeck coefficient value of
CuAlogFeo102 is higher than CuAlogFeo202 and CuAlggsFeo0s02 below 500K due to the low
carrier concentration (n =5x10'® cm “3). In addition the value of the Seebeck coefficient for
CuAlgsFeo 202 is higher above 500K owing to a large amount of second phase Fe;O3 formed in
high temperature with a large Seebeck coefficient.

The PF is found to increase with increasing temperature, as shown in Figure 3.17(b). For
power generation applications where the heat source is unlimited, PF of the TE materials may be
more important parameter than the zT. CuAlosFeo202 shows highest PF value of 11 pW/mK? at
700K, which is one order magnitude higher than undoped CuAlO; in previous study[164]. Adding
Fe dopants increases electrical conductivity without degrading Seebeck coefficient too much that
contributes to high PF of CuAlosFeo202. High purity of the samples and annealing process as we

discussed above are critical steps to ensure the high electrical performance of the TE materials.
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Figure 3.18 Temperature dependent (a) thermal conductivity (k) and (b) figure of merit (zT) of
CuAl1xFexO2 (x=0.05, 0.1, and 0.2)

One of the strategies to enhance the efficiency of TE materials is to minimize thermal

conductivity. Total thermal conductivity (k) consists of the contributions from both electron and

phonon transport, defined as follow:
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Kt = K¢ + K; 3.14

where electronic contribution can be approximately estimated by ke = LoT = neuLT, L is the
Lorenz factor (2.45 x 1078 J2 K C2) and lattice contribution k. Owing to a low «e, «r largely
comes from the lattice contributions for bulk semiconductor materials.

Temperature dependent total thermal conductivity of CuAli.xFexO2 (x=0.05, 0.1, and 0.2)
is shown in Figure 3.18(a). For different Fe concentration, samples show similar trend on
temperature dependent thermal conductivity. At low temperature, the thermal conductivity
increases due to the group velocity enhancement caused by lattice vibrations. At higher
temperature, more scattering occurs as phonon-phonon Umklapp scattering may dominate process.
It shows the decrease trend of thermal conductivity. With the Fe incorporation increasing, lattice
thermal conductivity reduces over the entire temperature range. As the mass difference exists
between Al and Fe, the phonon scattering can be intensified by the alloys and defects. Thus,
CuAlogFeo.202 presents the lowest thermal conductivity ~0.776W/mK at 773K. This value is much
lower than conventional thermoelectric material such as BiSbTe.[166] This ultra-low thermal
conductivity shows the feasibility for CuAlosFeo.202 using as p-type thermoelectric material.

The zT values for CuAl1.xFexO2 (x=0.05, 0.1, and 0.2) are shown in Figure 3.18 (b). It is
found that zT increases with the temperature increasing. Because Fe doping can enhance the power
factor and lower thermal conductivity of CuAIO, the sample CuAlogFeo 202 has the maximum zT
value of 1.2x102 at 750K. This value is one order magnitude improvement than that of undoped
CuAlO: reported previously.[164] Further strategies for the zT enhancement: (1) using simulation
tool to predict the optimized doping concentration for CuAlixFexO. as the guidance for
experiments. The predicted power factor can be used as a baseline to compare; (2) further control
nanostructure of the sample to ensure the thermal conductivity will remain as low as possible.
Thus, higher zT will be reached by optimizing carrier concentration with high power factor and

low thermal conductivity.

3.4.4 Conclusions

In this work, thermoelectric properties of Fe doped CuAIlO; are systematically investigated.
Both XRD patterns and SEM/EDS results reveal that high purity and uniformly distributed CuAl1-
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xFexO2 samples with a rhombohedral structure obtained when annealed at 1060°C for 20 hours in
air. The addition of Fe is x=0.2 has improved power factor contributes from high Seebeck
coefficient. Also, it results in an ultra-low thermal conductivity of 0.776W/mK at 773K due to the
enhanced phonon scattering mechanism. As a result, the highest zT value 1.2x1072 was attained
for CuAlogFeo20, at 750K. Fe doping method was effective for enhancing thermoelectric
properties of CuAlOs.
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4. CONFORMAL THERMOELECTRIC DEVICE DESIGN AND
FABRICATION

This chapter contains portions of a previously NSF report with project title: Developing a self-
powered pipeline sensing and monitoring system. Federal grant number: 1919191.

4.1 Thermoelectric Device Design
4.1.1 Co-optimization of TEG Device Electro-thermal Properties

The TEG device performance (power output and efficiency) relies on the materials zT
enhancement also works as a system that affected by heat transfer from heat source to heat sink. It
works as the whole energy conversion system that need to be electrically and thermally optimized.
Yazawa et. al has developed electro-thermal co-optimized TEG modeling that can be used as a
guideline for this study [167]. There are two ways to look into the performance of TEG, either
maximum output power or highest efficiency. This depends on different applications, such as for
power generations where the heat source is continuous and unlimited, the maximum power output
is more important than efficiency. On the other hand, higher efficiency is important for cooling as
it needs convert more heat into the electricity. For modeling optimization, the highest output
corresponds to the highest power delivered to a load. The highest efficiency corresponds to the
highest ratio of electrical power delivered to load to the amount of heat flux from the hot reservoir
to the cold reservoir.

As the electrical and thermal properties are interdependent, it is important to analyze the
electrical current flow and heat flow simultaneously. The system diagram that includes both

thermal resistance and electrical circuit as shown in Figure 4.1.
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Figure 4.1 Electro-thermal resistance network model. The green block represents the
thermoelectric material (leg) and the upper and lower side of the region represent the electrical and
thermal contacts. Y, and . are the thermal resistances for the heat transfer on the hot side and
cold side, respectively. gn is the heat flux supplied by the hot reservoir at temperature Ts (fixed).
gc is heat flux which flows into the cold reservoir is reduced from gn depending on the energy
conversion efficiency [168].

The equations at two nodes are based on the energy conservation, Tn and T are the
temperatures at the hot side and the cold side of the thermoelectric legs.

4.1
qn = S(Th —T.) + SIT, — I?R/2

4.2
e = S(Th —T.) + SIT, + I?R/2

where, f is the thermal conductivity, S is the Seebeck coefficient, | is the electrical current, and R
is the thermoelectrical internal (electrical) resistance. Both hot and cold junctions dissipate half of
the total power as the Joule heating happens in TE leg. The out power delivered to the load per
unit area of the heat source w [W/m?] is found as[167]:

moS? 4.3
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where, w = q; — q. by energy conservation, o is the electrical conductivity of the leg, and m is
the ratio of the internal resistance to the external load resistance, i.e., R, = mR.
The maximum power output as a function of Tsand Ta can be calculated as[167]:

mZ B 4.4
- T. —T.)2
Y 2@+ m)? dop (Ts = Ta)

where a = (T, — T,)/( Ty, — T.), dopt is the optimum leg length. If the TE legs are thin and long,
it can hold a large temperature different. However, the electrical resistance increases for long legs

and the power output will decrease. Thus, there is an optimized leg length that yield a maximum

power output, where the ratio of internal and external resistance m = /1 + zT .[168]

4.1.2 Design Parameters Optimization

In general, the TEG conversion efficiency is the essential measure of performance.
However, for power generation application where the waste heat is unlimited, it is rather important
to maximize the power output for device performance. Thus, we focus on using cTEG for
underground pipeline monitoring system in this study. Figure 4.2 shows the diagram of using TEG
for powering underground steam pipe The conformal TEG was wrapped around the exterior of a

steam pipe. The steam temperature is fixed at 200°C and the ambient temperature is 27 °C.

- -

L7 *\Surrounding
i htc, S T,=27°C

/ \

4 \
/ \
! \
[} i
|
I 1
1 !
\\ /
\ TEG /

* Air /

\\ i Steam pipe TEG

______

Figure 4.2. Diagram of the TEG powered underground steam pipe in cross-section view and the
overview of the structure. (Reproduce from NSF report).
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As we discussed in the previous section, the optimized power output can be determined by
optimum leg thickness and fill factor. The fill factor F refers to the ratio of the active TE material
area to the total device area, which represents as:

N X Aeg 4.5
T s
where N is the pairs of TE legs, A4,., is the area of TE legs, and Ay, is the total area of TE module

substrate.

The simulated optimum fill factor and power output versus leg lengths are shown in Figure
4.3. The cold side is not connected with heat sink in this result. The fill factor and leg length show
linear relationship under optimized power output condition. For flexibility of the cTEG in this
application, we set a maximum module thickness of 5 mm as the threshold, which indicates that
the maximum fabricated the leg length is 5 mm. The fill factor is 0.061 when the leg length is 5mm
as shown in Figure 4.3. The power output increases and then reaches threshold with the increase
of leg length. Under certain range of the fill factor, the longer leg length, the larger power output
can be generated from the device. However, the longer leg length of the thermal elements, the
larger resistance of the device with higher fill factor. Thus, the power output reaches maximum
results as shown in green curve.
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Figure 4.3. Power output and optimum fill factor as the functions of leg length with no heat transfer
enhancement on the cold side (Reproduce from NSF report).
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Figure 4.4 shows the comparison simulated results for power output under different leg
length. With optimum leg length as shown in blue curve, the power output increases with the
enhancement of the fill factor. The maximum power output can be reached up to 48 W/m? with a
pin-fin enhancement of cTEG. However, if we fixed a leg length of 5mm, the power output
increases and then decreases with the increase of the fill factor. The peak power output is 35.6
W/m? with a pin-fin enhancement of cTEG. The fill factor is 7.15%. On the hand, without treated
surface of cTEG, the maximum power output is 27.4 W/m? with fill factor of 6.1% as shown in
green dotted curve. From manufacturing standpoint, it is very challenging to maintain electrical
and thermal contacts under small fill factor. Thus, this simulated results only provide the baseline
for cTEG prototype development and the fill factor will be adjusted based on real manufacturing
process that will be discussed in the next section.
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Figure 4.4. Power output as function of fill factor for the cases of fixed leg length (5mm) and
variable leg length optimum for the maximum power output. The dotted curves show untreated

surface (heat transfer coefficient of htc = 13.2 W/m?K), and the solid curve shows the case with a
pin-fin enhancement (heat transfer coefficient of htc = 17.4 W/m?K) (Reproduce from NSF report).
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4.1.3 Market Analysis for Thermoelectric Device

In district energy plants pressurized steam ranging from 230-370°C is sent into the pipeline
distribution system for long distance energy transmission[169]. Depending on the thickness of
insulation, close to 15- 20% of heat[170] is lost which can be directly converted into electricity
using solid-state TE devices via the Seebeck effect[171]. Also, due to the lack of reliable power
sources, district energy plants do not currently have the means to continuously monitor the
pressurized steam in pipelines. This has resulted in many incidents causing severe injuries and
extensive property damage. For instance, there was a steam pipe explosion on Fifth Avenue,
Manhattan, one of the busiest districts in NYC, thousands of people were evacuated from 49
nearby buildings and also subway systems were disrupted[172]. Another one happened in
downtown Baltimore, a steam pipe exploded that caused five injuries and damaged city
infrastructures[173].

These accidents are avoidable if cost-effective continuously monitoring technology is
available. The technology can be extended to the oil & gas industry where the ability to deploy
CTEG powered sensors in remote or difficult-to-access pipelines (e.g. underground and in remote
locations) will greatly reduce the costs associated with pipeline monitoring and maintenance. This
technology is vital to ensure the safety, security, and productivity of our nation’s infrastructure
operations.

As shown in Table 1, the U.S. has 6000 district energy systems operating over 50,000 miles
of steam pipelines[174]. Also, cTEG technology can be easily extended to other pipeline
monitoring and service industries such as HVAC in commercial and residential buildings, etc.

Table 4.1 The total length of underground pipes in both markets

Total underground pipeline | oil & gas pipeline o ]
) ) steam plant pipeline (mile)
(miles) (miles)

United States 1,654,214 1,596,214 58,000
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4.2 Conformal Thermoelectric Device Fabrication
4.2.1 Concept for Roll-to-roll Prototype Development

Conventional TE devices are plate-like and rigid, and unable to fully exploit thermal
gradients (AT) from curved or nonplanar surfaces, as most heat sources have non-planar surfaces
or spatial restrictions. To overcome the challenge described above, the last part of my thesis is to
develop a conformal thermoelectric generator (CTEG) using several micro-deposition processes
on a roll-to-roll platform, Figure 4.5.

The specific activities include: (1) depositing top metal contact layers using screen printing
techniques; (2) creating micro-porous channels on polymer substrates using pulsed laser irradiation
system; (3 & 4) filling of micro-channels with p- and n-type TE materials using pipet dispensing
systems or similar technique for nanoparticles depositions; (5) sintering p- and n-type TE materials
using pulsed laser or microwave for in-situ crystallization with minimal thermal damage, followed
by (6) screen printing the top layer metal contacts to achieve high power output of cTEG as power
sources for sensors.

Additionally, using highly insulating polymers (i.e., PDMS, polyamide, etc.) as the
substrate and insulating materials between p-n legs, helps to avoid thermal losses. This novel
device design will provide high efficiency and good mechanical stability to cTEG during the
temperature cycle and mechanical bending process. The number of p-n pairs will be determined
by the required power output for specific applications. The length of p- and n- legs, and the width
and thickness of contacts will be determined based on the expected power output, the temperature

gradient, and the material’s thermoelectric performance for specific applications.
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Figure 4.5 Schematic of the proposed roll-to-roll production line of a conformal thermoelectric
generator (CTEG) as described in this project.

4.2.2 Prototype Development

Figure 4.6 (a) shows the simplified fabrication process of cTEG prototype development.
The cTEG fabricated using conventional TE legs with flexible substrate and PDMS as filling
materials. To achieve electrical connections, the flexible printed circuit board (FPCBs) were
attached to the top and bottom of cTEG. The silver pattern is printed on the FPCBs by using Inkjet
printer with different fill factor design as the metal interconnector between the TE legs. By pouring
PDMS into the mold and curing 2 hours at 80°C to serve as insulating materials. The fabricated
TEG included 40 pairs n- and p-type legs on a 40 mmx40 mm area. Figure 4.6 (b) shows the
fabricated cTEG and its flexibility.
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Figure 4.6 Fabrication process and cTEG prototype (a) simplified fabrication process of cTEG; (b)
images of cTEG prototype

4.2.3 Device Measurement Setup

The chillers generate water flows to control the cold and hot side temperatures within
+0.1°C accuracy (Fisher Scientific ISOTEMP 250LCU) [168]. The cold side is mostly fixed to 5
°C during this experiment. The hot side increases from 5°C up to 55°C. The flow meters
(FTB333D, Omega Engineering) measure the water flows from chiller to testing bed with +6%
accuracy for 0.2-2 mL/min range. The amount of the heat extracted is considerably small compared
the main heat flow. The overall view of setup as shown in Figure 4.7 (a).

Figure 4.7 (b) shows the side view of sample stage where TE module is placed between
copper plates. The thermal interface grease (OMEGA THERM 201) is used on top and bottom
sides of TE module to have a better contact. Due to the connections between TE legs, the measured

TE modules contains 4 pairs of the TE legs in a 40mm x40mm area.
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Figure 4.7 (a) overall view of test setup with two water flow controlled by chillers, (b) sample
stage for TEG device

4.2.4 Results and Discussion

The chiller controls the temperature on the outside of TEG module. Due to the heat loss from
heat reservoirs to cTEG module, the temperature on bottom and top sides of cTEG module drops.
In order to better understand temperature range that on cTEG module, we use Finite Element
Method (FEM) for temperature simulation.

Figure 4.8 shows the thermal model of cTEG with copper heat on top and bottom sides.
The module contains 4 pairs of TE legs with a size of 1 mm x 1mm x 3.5 mm. The uniform heat
transfer coefficient is set to 240 W/m2K and mean water temperature Tm not=53.3 °C and
Tm cold=6.7 °C. The result shows a uniform distribution of heat on the substrate and the

temperature drops from hot to cold side.
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Figure 4.8 FEM simulation for temperature profile for cTEG with copper heat channels on top
and bottom sides. Left: Full assembly thermal results with 4 pairs of Bi>Tesz legs (1 mm x 1mm
x 3.5 mm) in the module. Right: Tempeature profile excluding PDMS gas filler and top (hot) side
substrate

As we discussed in previous session on electro-thermal co-optimization of TEG device, it
IS necessary to match the load resistance with internal resistance of the TEG module. The initial
measured internal resistance of the cTEG at room temperature was 77Q. It was mainly attributed
by resistance of printed metal contact and silver paste. As previously discussed, the optimum
power output can be achieved when the load resistance matches to the internal resistance with the
electro-thermal interaction factor v/1 + zT. In the experiment, the optimum load resistance can be
found by manually change the load resistance under the stable heat flow across the device.

The power output w at the load resistor is defined as[168]:

— RL V 2 46
(RL + Rint)2 ¢

w
where V. is the open circuit voltage from the TE module. Figure 4.9 shows the measured power
output of the cTEG for AT=5°C against various load resistances. The power output of the cTEG
increases with the load resistance increases. As the load resistance is near the internal resistance
of cTEG, the power output reaches maximum value and then decreases when the load resistance
is larger than internal resistance. This corresponds to the simulation results discussed in section

4.1. Thus, a series of experiment was repeatedly conducted for obtaining optimum power output
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by changing load resistance. At AT=5°C, the optimized load resistance is found as 56.6Q. The

measured internal resistance at same temperature difference for TE module is 60.1Q.
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Figure 4.9 Power output vs load resistance at AT=5°C.

Figure 4.10 shows the measured load voltage and power output of cTEG against the
temperature difference between the top and bottom sides of the cTEG. The maximum power output
at the matched load resistance were measured at various values of AT. The power output of TE
module increases with the increase of AT, and the power output value was 2.02 pW at AT =50°C.

Compared to another work[113], the maximum power output density was 1.26 mW/m? at AT=50
°C, as shown in Figure 4.10 (b). At low temperature difference, the power output density is similar
between this study and another one. However, we only use 4 pairs of TE legs compared 16 TE
legs from another study. Theoretically, the more TE legs we pack in the module, the better power

output and voltage will be achieved at certain range of the fill factor.
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Figure 4.10 (a) Power output vs temperature difference for cTEG module with 4 pairs TE legs in
a Cold side is fixed to 5°C. (b) Comparison of power output density vs temperature difference.

The load voltage is also an important parameter to examine for device performance. Using
CTEG for powering sensors needs to meet the voltage requirement for electronics that can boost
up for powering. In order to compare the load voltage with expected load voltage Vi,qq exp S

represent:

Vicad,exp = mM/(1 +m) X Ny X (S X AT) 4.7

where m = +/1 + zT is the ratio of load resistance with internal resistance, Njeg is the number of
TE elements, AT is the temperature across the cTEG module. Figure 4.11 shows the relationship
between measured load voltage and expected load voltage. The simulation results are perfectly
matched with experimental results. The fitting curve shows linear function with R?=99.86%,
which indicates the measured load voltage is obtained at optimum load resistance at each
temperature range. The maximum load voltage is reached at 32mW at 50°C. To meet the voltage
requirement for electronic devices, cTEG can connect with a DC-DC booster as a reliable power

source.
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Figure 4.11 Experimental results vs simulation results on load voltage

4.25 Conclusions

In this session, a novel roll-to-roll cTEG device fabrication method is proposed. The proposed
CcTEG comprises TE materials that are inserted in to a PDMS film. The cTEG can be scalable
fabricated using roll-to-roll production combined with printing technology. The prototype
development is based on the electro-thermal co-optimization results for fill factor and leg
thickness. A 4 pairs of the TE legs (Immx1mm x3.5mm) on a 40mm x 40mm x4mm Kapton
substrate is produced. The comparison between simulation results and experimental results both
on thermal and electrical properties of cTEG. The device generated a maximum power output of
2.02 pW at AT =50°C. The experimental load voltage is perfectly fitted simulated results that
reached a 32mV at AT =50°C. The preliminary results of cTEG prototype shows a promising

trend for using roll-to-roll production of cTEG as energy sources for powering sensors.
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5. SUMMARY AND FUTURE WORK

5.1 Summary of Current work

This thesis has systematically investigated the TE properties of oxides materials and the
feasibility of fabricating cTEG on a roll-to-roll platform for powering IoT sensors and their related
applications in civil infrastructure. The major research activities have focused on oxides TE
materials synthesis (particularly CuAlO, and PdBi204) and structure-process-property analysis,
CTEG device design, and manufacturing methods. We have been trying to answer the question: Is
oxide-based TE technology suitable as energy sources for powering loT sensors in civil
infrastructure? This question has answered positivity through a combined theoretical and
experimental study of cTEG devices at both materials and device levels.

This study contains two major parts started with synthesis and analysis of oxides TE
materials in Chapter 3. The CuAlIO; and PdBi20O4 based materials have been systematically studied
with regards to their structural, electrical, and thermal properties. The aim was to fill the existing
knowledge gap of oxide based TE materials and try to expand the TE materials beyond
conventionally bismuth telluride-based materials, which are toxic and expensive. The oxides
nanomaterials were synthesized using a standard solid-state method. The preliminary results
indicated the CuAIOz and PdBi204 can be promising candidates for TE applications due to their
high Seebeck coefficient and low thermal conductivity. However, it is essential to enhance their
low electrical conductivity to further increase their zT value. In the existing literature, the studies
on transport properties and TE behaviors have still not been addressed thoroughly; and thus,
detailed work needs to be taken in these areas. CuAlO and PdBi>O4 show high Seebeck coefficient
as the band structure is relatively flat indicating larger density of state effective mass. On the other
hand, through the study on process-structure-property relations, CuAIO, and PdBi>O4 show low
thermal conductivity due to natural layered structure. This structure increases phonon scattering
that could cause low thermal conductivity as of 0.776 W/mK at 773K for CuAlosFeo20..
Therefore, it is critical to use proper material synthesis techniques with an optimized annealing
process and cold pressing to control the particle size in nanoscale. However, due to the natural
localizations of holes, the p-type conduction of oxides is very low that causes low electrical

conductivity of CuAlO:. In order to enhance their electrical conductivity, the key is to increase
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carrier concentration or mobility. Due to the inter-dependence among Seebeck coefficient,
electrical and thermal conductivity, high carrier concentration often causes high electrical
conductivity, low Seebeck coefficient, and high thermal conductivity. Therefore, a systematical
study to discover new strategies of enhancing TE properties of CUAIO2 and PdBi>O4 is needed.
The temperature dependent TE properties also needs to be explored in order to obtain further study
on electron and phonon transport. To achieve this goal, this study has utilized a generalized b-
factor simulation approach to optimize the TE properties of CuAlO, and PdBi.O4 and guide the
experimental process. It provided a clear direction on the enhancement of TE properties for current
undoped oxides materials. Based on b-factor results, the optimum fermi level should range
between 0.55 KT and 0.65 KT above the valence band edge for CuAIO2. To achieve optimum power
factor, the optimized carrier concentration was kept at 9.75x10% cm=at room temperature. In order
to further enhance the TE properties of CUAIO2, Fe was selected as an effective dopant to increase
electrical conductivity while decrease thermal conductivity. The highest zT value 1.2x1072 was
attained for CuAlosFeo20. at 750K. The small zT is predominately due to the low electrical
conductivity. Compared to other materials, CuAlo.gFeo.202 still shows the promises of being using
as p-type TE material with low cost and earth abundant elements.

This research also investigated cTEG device design and fabrication process in Chapter 4.
The conventional TEG fabrication method is mostly designed as rigid device for flat surfaces.
However, lots of applications call for TEG with planar surfaces. The underground pipeline
monitoring system and human body are just few examples of many. As such, there is a strong need
for developing low cost and high durability cTEG with a scalable production process. This study
has proposed a novel roll-to-roll fabrication process using unconventional method and printing
technique for cTEG manufacturing. The final goal of this study is to explore the potentials of using
CTEG to power 0T sensors for underground pipeline monitoring system in civil infrastructure
systems. The cTEG electro-thermal co-optimization results indicated the optimized fill factor is
7% with leg thickness set to be 5mm that provided the direction for prototype development. The
feasibility of using cTEG device as energy sources for powering sensors was assessed by
conducting a series of experiments from device design to prototype development. According to
the results, the maximum power output for a cTEG with 4 pairs thermocouples in a 40x40 mm?
was found to be 2.02 uW at AT =50°C with a load voltage is 32 mV. In contrast, the power output
of comparable cTEG devices in current literatures were often reported in the order of nW scale.
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The as-produced cTEG module can definitely work as an energy bank to power 10T sensors for
underground pipeline monitoring and wearable electronics through a DC-DC booster.

The current work would pave the road for enabling TE technology as energy sources for
loT sensors in civil infrastructure. It also provides a potential solution to fabricate cTEG in a large

scale using cost-effective method and eco-friendly materials, such as CUAIO..

5.2 Future Work

Using TEG device for energy harvesting in civil infrastructure applications is in its infancy,
there is still a long way to achieve engineering applications in the real world. The current study
has developed a cTEG prototype to proof of concept, and there is a need for further study on large-
scale device fabrication. Developing a cost-effective manufacturing method by roll-to-roll
production will open up more opportunities to enable TE technology as power sources for 10T
sensors. Also, the efficiency of TEG device is still lower than other conventional heat recovery
methods, such as heat engines with Rankine cycle, and Brayton cycle etc. It is important to point
out that the performance of heat sinks and heat exchangers plays an important role for improving
overall TEG system efficiency. As TE technology is a customized technique for different
applications, it takes more efforts and time to design and fabricate the device in order to satisfy
each requirement. To this end, artificial intelligent (Al) technology can help to determine
optimized conditions for TE technology by using big data analysis. For example, Al technology
can choose the suitable TE materials and design for specific applications for different heat flow
and temperature conditions. Al technology can also assist the device fabrication process to save
labors and time. More importantly, TE technology is not only limited to be used as power sources,
it can also be used as sensors for monitoring environmental conditions (temperature sensors, gas
sensors, etc). With Al-guided design and fabrication process, TE technology may play a critical
role in many applications, including energy harvesting and environmental sensing for civil

engineering field.
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