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Abstract

Oxide materials offer new possibilities for thermoelectric devices because of their natural abun-
dance, non-toxicity and good performance and therefore they are studied in all their variety,
different materials, different structures, different compositions. Big expectations lie in the use
of thermoelectric thin films since they can be used on a small as well as on a large scale, so the
range of applications is large.

After the first findings with Na,CoOs now the more interesting material is CazgCosOg be-
cause due to the non-volatility of the Na Na,CoOs materials are not stable in air environment
without an extra capping layer.

In this research epitaxial CagCo4QOg thin films have been grown on two different substrates
using pulsed laser deposition. As substrate materials AloO3z and (Lag 3Srg7)(Alp.gsTag.35)O3
(LSAT) are chosen. According to the crystal lattice structure the mismatch between the film and
the AlyO3 substrate should be small, since they both have hexagonal unit cells with relatively
similar lattice parameters. But LSAT has a cubic unit cell, so here there should be a large
mismatch between film and substrate.

The structural properties of the different samples show a lot of differences, so on the LSAT
substrate the diffraction peaks of the thin film are much lower in intensity as compared to those
on the AloO3 substrate. The surface roughness of the thin films on the LSAT substrate is higher
and the grains are smaller comparing them with the films on AlasO3. On top of the substrates
there is a buffer layer formed before the actual CagCo4QOg forms, which is different in thickness
for both substrate materials.

There has been done a temperature variation for the deposition process and a thickness
variation of the thin films. For grown films of 60nm thickness at deposition temperatures from
430 to 850 °C on both substrates there are maxima in the resistivity and the Seebeck coefficient
found for 430, 750, and 850 °C, while for 650 °C there is on both substrates the lowest thermo-
electric performance. The curves of the resistivity and Seebeck coefficients look the same on
both substrates, but on LSAT both values are quite a bit higher than on AlsO3 (92.51V/K and
5mSQcm as the best at 750 °C on AlyO3 and 13.3p4V/K and 21.39mQcm on LSAT).

For thickness variation a range of 10 to 120nm has been used at the best performing tem-
perature of 750 °C. With a film thickness of only 10nm no good thermoelectric performance was
achieved, which is probably due to the buffer layer between substrate and film. For the other
thicknesses there is only slight variation, but on both substrates the film of 90nm thickness has
a somewhat worse performance.

Interestingly all samples that performed worse than the others in their measurement series
showed a shift to the left in the diffraction 20/w analysis.

The Seebeck coefficient and resistivity have also been measured at increasing temperature
and here it has revealed that the films on LSAT show a stable performance up to 700 °C, while
with the Al,Ogz substrate it is stable only up to 600°C. At these temperatures the resistivity
increases abruptly when cooling the sample back down to room temperature.

The thermal conductivity of both film-substrate combinations has been measured in the US,
resulting in 1.2 and 2.1W/mK respectively for Al,O3 and LSAT.

Based on the results obtained in this thesis it is concluded that CagCo4Og thin films can
play an important role in the application of thermoelectric materials.
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1 Introduction

In 1821 Thomas Seebeck discovered that two different materials at different temperatures
brought in contact generate a voltage which is proportional to the temperature difference. The
proportionality factor is called the Seebeck coefficient after the discoverer. This effect was the
beginning of the field of thermoelectricity. Nowadays the use of electricity reaches larger and
larger dimensions. For this reason it is important to find new technologies generating electric
energy for minimum cost and as effective as possible. [1]
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Figure 1.1: Convert waste heat into electrical energy [2]

Motivation In alot of industrial processes and exhaust gases waste heat is produced nowadays
which can be recovered and converted pollution-free into useful electric power by thermoelec-
tric energy conversion. This could help reduce global warming and climate change issues by
maximizing the efficiency of existing energy sources and lower the consumption of fossil fuels.
The best performing materials, however, contain toxic elements such as tellurium or antimony,
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which oxidize easily when exposed to high temperature air. Using thermoelectric oxides, where
nontoxic, naturally abundant, so also cheap elements are involved can enlarge the possible ap-
plication range, although their thermoelectric properties are worse than that of the previously
mentioned elements. Most promising is the application of thermoelectric energy recovery in
automobiles, where a lot of waste heat is produced in the engine coolant or exhaust gas, which
could be used as electrical energy in the car again. Thermoelectric energy conversion could
also improve the efficiency of power plants. A big advantage of thermoelectric devices is also
that they are working independently of any moving parts, so they are easy to maintain and the
solid-state design makes them reliable and silent. Another advantage lies in the small size which
makes them applicable in almost every sector. [3, 4, 5]

State-of-the-art Up to now there has been done a lot of research on thermoelectric materials.
After it had been found that Na,CoOs offers very good thermoelectric properties the attention
has been drawn to CazCo40g because of the high volatility of Na which serves a lot of problems.
Ca is much more stable so it could be used much more efficiently and the sample structure
would be much more stable. There has been done an analysis of the growth of CagCosOg9 on
four different substrates (LaAlO3 (LAO), LSAT, SrTiO3 (STO) and AlyO3) with different film
thicknesses of 40 and 100nm. For LAO and LSAT measurements have been done at both film
thicknesses, while on STO and AlyO3 only 100nm thick films have been analyzed. On LSAT the
Seebeck coefficient decreases with increasing thickness, while the resistivity increases, but on
LAO both, the Seebeck coefficient as well as the resistivity decrease with increasing thickness.
But in these two materials there is also a large difference in the thickness of the buffer layer. [5]
Other aspects of the growth of CagCo4QOg thin films on AlsO3 substrates that have been analyzed
are different growth rates (3-10Hz), temperature (550-750 °C), oxygen pressure (0.05-0.6mbar),
and fluence (1.2-1.9J/cm?). Since not all materials can be grown at high temperatures, this
range is much too small, to give a whole picture of the possibilities of Ca3Co40g9 thin films.
[6, 7, 8, 9] There has also been done a Seebeck coefficient measurement at varying temperature
showing a change in electronic behavior at several temperatures. [10, 11]

This work In this work a strategical analysis of the thermoelectric properties of CazCo4QOg
thin films grown by pulsed laser deposition at different deposition temperatures, in different
thicknesses and comparison of these results for two different substrates has been performed.
The two different substrates are chosen because of their totally different crystal structures.



2 Thermoelectrics

Thermoelectricity describes the interplay between temperature and electricity. It is used in
either the Peltier effect, the Seebeck effect or the Thomson effect. In this thesis the Seebeck
effect will be analyzed on different samples, so in the following section more details about the
physical processes will be given.
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Figure 2.1: Seebeck effect in n-type and p-type material [12]

One end of an either n-type or p-type material is heated, while the temperature at the other
site is maintained at a lower temperature. Initially the carriers (electrons or holes, depending if
it is a n-type or p-type material) move from the hot to the cold side, since they have a larger
moving energy than the ones at the cold side of the conductor, due to the additional heat energy
and an electric field is set up across the material. At some point the potential difference that
is built up this way, is that large that there is a compensation current, bringing ’cold’ electrons
back to the hot side to work against the abundance of electrons at the cold side. These diffusion
currents create the final voltage, determined by V' = S- AT, with AT the temperature difference
between the two sides of the conductor and S the Seebeck coefficient.

Up to now, the best thermoelectric materials are semiconductors, as can be seen in figure
2.2, but why are they so much better than metals?

2.1 Theoretical aspects

To enhance the thermoelectric performance it is important to understand the dependencies of
the three variables on the atomic and electronic structure of the material. Therefore, in the
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Figure 2.2: Thermopower for different materials [13]

following section a theoretical background on all three of them, Seebeck coefficient, electrical
conductivity and thermal conductivity will be provided.

All variables giving a contribution to the figure of merit ZT, the Seebeck coefficient S,
the electrical conductivity o and the electronic thermal conductivity kg are determined by the
Boltzmann transport equation (BTE):

df df dk dr
I AR .
Here t is time, k is the wave vector of the electrons, r is the position vector and f the non-
equilibrium distribution function. The BTE is used to describe the change of a system of
particles which arises due to an external force such as a temperature gradient. This perturbation
of the system causes a redistribution of the position and momentum of the electron system. By
random scattering of the electrons the equilibrium is restored within a relaxation time (7) and
a solution to the BTE can be found. It is then given by the equilibrium distribution function
fo, which at equilibrium obeys the Fermi-Dirac statistics:

1
exp((E — p)/kpT) + 1

with E the energy of the electrons, p the chemical potential (or Fermi level), kg the Boltzmann
constant and T the temperature of the electronic system. [14] Two important characteristics of
the Fermi-Dirac distribution are that far away from the Fermi level there is either a 100% or a
0% chance of finding an electron at this energy level and that its derivative is zero for all values
of E except when E is close to the Fermi level. This means for the actual physical process, that
in the case of any perturbation (e.g. by an electric field or temperature gradient) only electrons
close to the Fermi level react to this disturbance. In other words, only electrons close to the
Fermi level contribute to the electrical conduction (and the Seebeck coefficient).

fo(E) =

(2)
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So to have a high contribution the density of states should be high around the Fermi level,
or for semiconductors, their bandgap should be small enough to allow enough carriers contribute
to electrical conduction.

The electronic structure of a material is shown by its electronic band structure. By mea-
suring the distance between the lowest part of the conduction band and the highest part of the
valence band, the bandgap of the material can be determined. The curvature of each band is
inversely proportional to the effective mass of the charge carriers m* = h?(d2E/dk?)~!. Dif-
ferent bands have a different curvature and thus a different effective mass. To give a complete
description of the complete structure the bands are taken individually and the relevant transport
coefficients for each band are determined. The coefficients of all single bands are then added up
to form the transport coefficients of the material as single band materials. This single band can
than be approximated with a parabolic band. Therefore we have a parabolic dispersion relation
between E and k:

h2 k2 k2 k2
Ean(k) = — | 22 4 ¥ 4 *z 3
ap(k) 2 (m%+m§+m§> ®)

with k; , . the electron wave number and m, , . the effective mass in the corresponding direction.
From this single band model all relevant transport parameters for a certain material can be
calculated. [15]

From the dispersion relation we can calculate the corresponding density of states:

()= 55 (229)" £ = (o @
g 272 h2 y 1ed Mgy

With these equations in mind all relevant parameters can be determined and by having the
understanding of the theory behind the thermoelectric phenomena there can be thought of
possible ways to improve the values of the Seebeck coefficient, the electrical conductivity and
the thermal conductivity.

2.1.1 Seebeck effect

The Seebeck coefficient can be described as the proportionality factor of the temperature dif-
ference and the voltage, but physically it can be seen as the entropy transported with a charge
carrier divided by the carrier’s charge: S = C/q with C the specific heat and ¢ the charge of the
carrier. It is useful to divide the transported energy into two components. The first component
is the change of the net entropy of the material due to the addition of a charge carrier. The
second component is the ratio of the energy transported in the transfer process and the abso-
lute temperature. Thus, the Seebeck coefficient is the sum of contributions associated with the
presence of charge carriers and their motion.

S — Spresence + Stransport (5)

For derivation of the general description of the Seebeck coefficient, an analysis of the first part
contributing to the Seebeck coefficient is sufficient. When there are no interactions of the
electrons within the material, we only need to take the change in entropy due to adding of a
charge carrier into account. In the ideal situation of n fermion charge carriers distributed among
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N degenerate states of an energy band, the energy needed to distribute the carriers equivalently
is

a=—Nkpl[clnc+ (1 —¢)In(1 — ¢)] (6)

with ¢ = n/N is the carrier concentration. When there is a charge carrier added, the entropy
changes, giving us the Seebeck coefficient:

¢S = kpIn[(1—¢)/c] (7)

An alternative form of this simple expression is obtained when the carrier concentration is
expressed in terms of the energy of the electronic energy band, the chemical potential, u, and
the thermal energy, kpT, via the Fermi function so that c=1/exp((E-u)/kpT)+1:

S = (kp/Q)E — p)/kpT (8)

By this, the determinant factor for the Seebeck coefficient is the difference between the average
energy of the carriers, which are responsible for conduction, and the Fermi energy (i.e. chemical
potential). [14, 15, 16]
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Figure 2.3: Bandstructure dependence of thermoelectric energy (top semiconductor, below
metal) [17]
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In the case of a metal the Fermi energy lies on the same level as the conduction band, so the
density of states is symmetric at the Fermi energy and the average conduction energy is close to
the Fermi level. For the semiconductor the Fermi level is below the conduction band, so we have
an asymmetric density of states at the Fermi level and the average conduction energy is higher
than the Fermi level (see figure 2.3). When using this knowledge and equation 8 to determine
the Seebeck coefficient of a material, it is clearly visible that for a larger average conduction
energy the Seebeck coefficient increases. So this is the reason why semiconductors have a higher
Seebeck coefficient than metals and why insulators have a very low Seebeck coefficient.

When increasing the band gap of the semiconductor up to a specific point the average energy
of the conduction electrons decreases, so the Seebeck coefficient also decreases. [17]

Grain boundaries can also have a positive influence on the figure of merit, since they can
act as a filter for charge carriers with low energies, for which the Seebeck coefficient is negative.
This way the contribution of low energy electrons to transport is minimized and the Seebeck
coefficient is increased. This mechanism is called electron grain boundary scattering. Although
the mobility is lowered, the chance of scattering for low energy electrons is increased. [18]

2.1.2 Electrical conductivity

The electrical conductivity, a measure of how freely charge carriers can move through the lattice
crystal of the material, is given by the Drude equation.

(9)

The relaxation time 7 and the mass can here be replaced via the equation for the carrier mobility,
p=et /m, with m, the effective mass and 7 the mean scattering time between collisions, so that

o =neu (10)

2.1.3 Thermal conductivity

After the conduction of electrons now the conduction of heat is investigated. Since the heat
is “transported” on two ways through the material, the thermal conductivity is split into two
parts, an electronic part and a lattice part:

K=Kg+ KL (11)

The electronic part is the contribution of the charge carriers also carrying heat and so by their
movement conducting heat through the material. The lattice part is the contribution of phonons
(lattice vibrations).
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Electronic thermal conductivity Since the electronic thermal conductivity depends on the
ability of the electrons to move freely through the material it makes sense that kg is connected
to the mobility and the number of charge carriers. If electrons can move hardly through the
crystal lattice without scattering, they will also not conduct heat that easily. So the electronic
thermal conductivity is directly interrelated with the electronic conductivity. An increase in
carrier concentration or mobility will increase kg.The electronic thermal conductivity kg can
be determined via the Wiedemann-Franz law:

kg = LoT (12)
With the Lorentz number given as:
2 2
L= % (’"“B> =245 10 SWQK 2 (13)
e

the electronic thermal conductivity can then easily be calculated.

Lattice thermal conductivity Heat is also transported through the atomic lattice by phonons
(lattice vibrations). Essentially the lattice thermal conductivity is given by:

kr = vCLpy (14)

where v is the average phonon velocity, C is the specific heat, and Ly, is the phonon mean free
path. [16]

2.1.4 Figure of merit

As mentioned in the introduction the figure of merit gives the actual thermoelectric performance
of a material, combining all the parameters described above. It is given by

S2a
= TT, (15)

ZT
with S the Seebeck coefficient, o the electrical conductivity and k the thermal conductivity.

According to the relation to reach a high value for the figure of merit the Seebeck coefficient
and the electrical conductivity should reach maximum values and the thermal conductivity
minimum value.

As can be seen in figure 2.4, Seebeck coefficient and electrical conductivity have just an
opposing trend for different carrier concentration. Too reach the maximum figure of merit the
point where both lines intersect has to be chosen. Here it is also visible, that a lowering in
electronic thermal conductivity would also result in a decrease in electrical conductivity and
thereby in a decrease in the figure of merit.

Further, the dependence of the figure of merit on the carrier concentration can be seen.
Due to a high carrier concentration the electric conductivity gets large, but unfortunately the
electron thermal conductivity also does so, and the Seebeck coefficient decreases. So only up to
a specific point in carrier concentration doping would have a positive influence on the figure of
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Figure 2.4: Thermoelectric properties as function of carrier concentration [19]

merit, for too high doping concentrations it gets worse again. The only parameter that could be
improved without a negative influence on the other variables is the lattice thermal conductivity.

Another possibility to increase the thermoelectric performance is to look for a temperature
at which there are several valence bands at the same level (see figure 2.5), so that there are a
number of contributions to the thermoelectric energy. In this case the two valence bands L and
> converge at a temperature of 500K and we have transport contributions from both bands.
20]

2.2 Thermoelectric materials

Modern thermoelectric research is based on Ioffe’s observation in the 1950s [21] that heavily
doped semiconductors made the best thermoelectric materials. He made several restrictions
for the best thermoelectric behavior. The first one states that the degenerate semiconduc-
tors or semimetals with carrier concentrations n~10'-10?° ¢cm™3 make good thermoelectrics
because such n values maximize the power factor. Secondly, semiconductors with a bandgap
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Figure 2.5: Relative energy of valence bands [20]

A~10kpTo make good thermoelectric materials, with Tp the operating temperature. Further,
a high-symmetry crystal structure is favorable as well as having small eletronegativity difference
between the constituent atoms. A low lattice thermal conductivity, as is necessary for a good
thermoelectric performance, is often found in materials consisting of heavy elements. [22]

Established thermoelectric materials (those which are employed in commercial applications)
can be conveniently divided into three groups with each dependent upon the temperature range
of operation. Alloys based on bismuth in combinations with antimony tellurium, and selenium
are referred to as low-temperature materials and can be used at temperatures up to around 450K.
These are the materials universally employed in thermoelectric refrigeration and have no serious
contenders for applications over this temperature regime. The intermediate temperature range
up to around 850K is in the regime of materials based on lead-telluride while thermoelements
employed at the highest temperatures are fabricated from silicon germanium alloys and operate
up to 1300K.

Although the above mentioned materials still remain the cornerstone for commercial ap-
plications in thermoelectric generation and refrigeration, significant advances have been made
in synthesizing new materials and fabricating material structures with improved thermoelectric
performance. Efforts have focused on improving the figure of merit by reducing the lattice
thermal conductivity. Two research avenues are currently being pursued. One is a search for a
so-called phonon-glass electron-crystal, in which it is proposed that crystal structures containing
weakly bound atoms or molecules that rattle within an atomic cage should conduct heat like a
glass, but conduct electricity like a crystal. Candidate materials receiving considerable attention
are the filled skutterudites and the clathrates. [23]

During the past decade material scientists have been optimistic in the belief that low-
dimensional structures such as quantum wells, quantum wires, quantum dots and superlattices

10
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Figure 2.6: Comparison of various thermoelectric materials [22]

will provide a route for achieving a significantly improved thermoelectric figure of merit.

2.2.1 Phonon-glass, Electron-crystal

G.A. Slack and several other researchers [24, 25, 26, 27| defined the chemical characteris-
tics of candidates for a good thermoelectric material as a narrow bandgap in semiconductors
(E;=10kpgT or 0.25eV), high-mobility carriers (u=2000cm?/Vs) and minimized thermal conduc-
tivity. As mentioned before ZT depends via the Seebeck coefficient and the electronic conduc-
tivity strongly on the doping level and the chemical composition and can therefore be enhanced
by optimizing these two factors. In complex materials this optimization process can pose a large
problem since there are several degrees of freedom possible. The best thermoelectric material
therefore “would behave as a ‘phonon-glass/electron-crystal’ (PGEC); that is, it would have
the electronic properties of a crystalline material and the thermal properties of an amorphous
or glass-like material” [28]. Therefore the mean free paths of the phonons would be as short
as possible, that is they are scattered a lot and since phonons are responsible for the thermal
conduction, these atomic structures would conduct heat like glass, only for a very low amount.
The mean free paths of the electrons on the other hand would be as long as possible, so there
would be almost no scattering, as it is the case in a crystalline material, and we would have
ideal conditions for electronic conductivity. So there are minimized thermal conductivity and
maximized electronic conductivity, leading to a maximized figure of merit.

11
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According to Slack, a maximum figure of merit ZT=4 may be achieved at room temperature
if the lattice thermal conductivity of the used material is lowest with approximately 0.25W /(mK)
and the carrier mobility is 1800cm?/(Vs). This value has been observed for several materials, so
the logical consequence was to search for improvements in the lattice thermal conductivity. Since
a decrease in the lattice thermal conductivity makes the electronic thermal conductivity more
important, there are only materials with a low enough electronic thermal conductivity taken
into account; otherwise this contribution would let increase the total thermal conductivity.
It has been figured out, that with materials where the lattice thermal conductivity amounts
approximately 60-80% of the total thermal conductivity the highest figure of merit could be
reached. The smallest possible value for the thermal conductivity is achieved if the mean free
path and the phonon wavelength are of the same order.

The quintessence of the phonon-glass, electron-crystal theory is a weakly bound atom in the
material, which is located in a larger atomic cage. It will undergo large vibrations which are
not influenced by the surrounding atoms and it is therefore called a ’rattler’ or Einstein oscil-
lator. Rattlers interact randomly with the lattice phonons and by this result in intense phonon
scattering. Depending on the concentration, mass fraction and frequency of these rattlers, the
thermal conductivity can be decreased. [13]

2.3 Devices

The usual form in which thermoelectric devices are designed is a pair of thermoelectric materials,
one p-type and one n-type. These two materials are connected at one end, which will be the
positive voltage for one material and negative for the other, such that the voltage difference
at the other end of the module is the sum of the two thermovoltages. The modules can be
connected in series to increase the voltage. An alternative design is called an unileg module
using only one type of thermoelectric material (either p-type or n-type). [29]

Refrigeration Mode Power-Generation Mode

Figure 2.7: Making use of the Seebeck effect and the Peltier effect [28]

12
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Thermoelectric devices are used either for cooling (Refrigeration mode) or generating a
voltage from waste heat (Power generation mode). One possible way to do this is a closed loop
with a n-type and a p-type thermoelectric material, where either a current is applied and via
the Peltier effect converted to create a temperature gradient along the material or the Seebeck
effect is used to transform thermal energy directly into electrical energy (see figure 2.7). Since
this conversion of thermal to electric energy is a solid-state process, where no moving parts are
involved, it has a longterm stability.

The efficiency of this process, nrg, is given with an equation including the figure of merit
and the temperatures of the hot and cold side.

V14+2ZT -1
Nre =Nc '\ —F/——= 71 | >
VI+ZT + 72
Here nc is the Carnot efficiency, given by (Ty-T¢)/Tyx and Te and Ty are cold and hot

temperature respectively, so obviously also the temperature difference has to be as high as
possible.

(16)
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Figure 2.8: Conversion efficiency as function of temperature and Carnot efficiency [15]

The efficiency for different ZT values (see figure 2.8) does not only depend on the figure of
merit, but on the values for the hot and cold temperature as well. For a given temperature range
there is even a maximum figure of merit, resulting in the highest possible conversion efficiency.

1]

13






3 Oxide Materials

Cobalt-oxide-based layer-structured cystals including Na, CoOz, CazgCo4QOg, and their derivative
compounds have been developed as p-type materials having fairly high thermoelectric perfor-
mance, and the maximum ZT value generated from this compound group has to date reached
unity or larger. Additionally, modulated layer cobalt oxides have been found promising as p-type
materials. In contrast, the n-type oxide materials so far proposed, such as ZnO:Al and ZnsInsOg,
only show rather low figures-of-merit (ZT < 1) and remain to be further improved, or other-
wise novel oxide materials have to be explored. STO, and its derivative layered compounds,
(SrO)(SrTiO3),, (m=integer), have recently been shown to exhibit promising high thermoelec-
tric performance.
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3.0 p-lype polycry 3.0
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Figure 3.1: Progress in thermoelectric oxide materials [22]

Challenges to create novel oxide thermoelectrics have been motivated recently and extensive
investigations from various viewpoints of materials design are being carried out. It is especially
difficult to control an electronic system and a phonon system simultaneously in a single crys-
talline field. A complex crystal composed of more than two nanoblocks with different composi-
tions and structural symmetries is considered to be effective to control electron transport and
phonon transport separately and hence enhance the total conversion efficiency. Nanostructure
control through nanoblock integration would be a promising route for developing novel oxide
thermoelectrics. [30]
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CHAPTER 3. OXIDE MATERIALS

3.1 Layered Cobaltates

The layered cobaltates are a family of materials consisting of metallic cobalt oxide planes with
insulating planes in between. Most materials have the crystal structure ACoQOs, where A can be
an element such as Na, Ca, La or even a combination of more than one element such as Bi and
Sr. Originally these layered cobaltates were investigated as candidate high T« superconductors.
Surprisingly, it was discovered that Na,CoQ, single crystals exhibited a large Seebeck coefficient
(1001 V/K, 300 K) while maintaining a low resistivity, (200 pf2cm; 300K) [17]. Add to this a
lower than expected thermal conductivity [18] and it is clear that these discoveries sparked
interest in the thermoelectric properties of the layered cobaltates. The structure of CazCos0qg
is shown in figure 3.2. The origin of the high Seebeck coefficient and the low conductivity will
be explained in more detail in subsection 2.

The promising thermoelectric properties of cobaltates have lead to the discovery of several
high-ZT materials, most notably BiaSroCo20, (zT = 1.1 at 973 K) [19] and Na,CoO; (zT =
1.5 at 800 K) [20]. As no scarce or toxic elements are used in these materials they can provide a
viable route towards the use of thermoelectric power generation for the recovery of waste heat.

3.2 C&300409

Among the p-type oxide thermoelectrics, Na,CoOs and CagCosOg are some of the most promis-
ing materials. According to literature they both offer high room temperature (RT) thermopower,
but also a low resistivity of only several mQcm, resulting in a power factor of ~ 50uWK~?cm~!
and 13pWK~2cm™!, respectively. But when working with these oxide materials, there occurs
a problem with the Na,CoOs, due to the volatility of the sodium in air. So without some
capping layer on top of the material the chemical structure would change with time and the
thermoelectric performance would degrade. This is why in this research there has been chosen
to investigate the properties of CazCo40g, which is stable in air environment.

CazCo40g is a layered material, consisting of a CagoCoO3 distorted triple rocksalt-like layer
(RS), which is sandwiched between two hexagonal CoOs cadmium iodide-like layers, building
a misfit structure, since the lattice parameters of the two subsystems do not agree along all
axes (see figure 3.2). The common lattice values are given with a=4.8339A, ¢=10.8436A and
£=98.14°, but along the b-axis, we have b;=2.8238A for the CoO, sublattice and by=4.5582A
for the CayCoOj3 sublattice. The thermoelectric properties of bulk CazCo,0g at room temper-
ature are p=12mQcm and S=125uV /K.

CazCoy40y is a semiconductor with a bandgap of 0.018¢V as can be seen in figure 3.3. [31]

The CoO4 subsystem is responsible for the electrical conductivity and the high thermoelec-
tric transport, while the rocksalt subsystem is acting as a charge reservoir. The structure of the
CoO2 layer remains nearly unchanged while the thermoelectric power of the different layered
cobaltate compounds increases as the thickness of the insulating rocksalt layer increases from
100V /K at 300K in Ly to 140uV/K at 300K in Pb and Ca doped (BizSr204), CoOs. There-
fore the insulating rocksalt layer must play a crucial role in the high thermoelectric power of
these misfit-layered compounds. Among the different layered cobaltate systems, the CazgCo4Og
stands out as the only system containing one cation with nominally different oxidation states,
namely Co?* in the rocksalt buffer layers (CagCoO3) and Co**t in the octahedral CoOs layers,
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Figure 3.2: Crystal Structure of CagCosOyg [8, 22]

which makes it an ideal system for studying effects such as charge transfer, orbital ordering, and
spin-state transitions on the material’s thermoelectric behavior. [10] There is significant hole
transfer from the rocksalt CoO to the hexagonal CoOq layers. This hole transfer increases the
mobile hole concentration and breaks the electron-hole symmetry in the CoOs layers, thereby
enabling the high thermoelectric power in the strongly correlated CoOs subsystem. The CoOq
subsystem is subject to compressive strain in the a-axis direction, and several studies have
shown that increasing the compressive strain will further increase the thermoelectric power. In
the CoOs layers there is a higher concentration of mobile holes, which could explain the p-type
thermoelectric behavior of the CoOg2 layers. The CoO layer in the rocksalt CasCoOj3 layer is
positively charged, while the hexagonal CoOs layer is negatively charged. By preserving the
overall charge neutrality of both layers, holes are now transferred from the CoO to the CoOq
layer, resulting in the high concentration of mobile holes measured in the CoOs layer. Such a
hole transfer is essential for the thermoelectric effect since it not only provides the necessary
mobile charge carriers, but the existence of a half-filled band (or the existence of particle-hole
symmetry) will result in a zero thermoelectric power (Seebeck coefficient). The hole transfer will
thus remove the orbital degeneracy, thereby explaining the nonzero thermopower in CazCo40g.
[11] Two different kinds of Co sites that exist in CazCosOg play completely different roles in its
thermoelectric behavior, namely to provide charge carriers to the CoOs layer and to conduct
holes along the CoOs layer. The hole transfer from the rocksalt subsystem to the CoOq layer
and the increase in the mobile hole-state concentration in the CoOs layer, suggest that the hole
doping of the CoO4 layers results in an increased density of mobile hole states, which is essential
in breaking the particle-hole symmetry of the half-filled Co-band thereby allowing a nonzero
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Figure 3.3: Calculated band structures of CazCosOg [31]
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3.3. THIN FILMS

thermoelectric power. From this it can be concluded that the transport properties of the CoO4
layers are governed by itinerant holes. So the hole transfer in CazCo40Og plays a crucial role in
understanding the atomic-scale mechanisms that govern the high thermoelectric properties in
these misfit layered materials. [15]

3.3 Thin films

The atomic structure of CagCoyqQOg thin films is significantly different compared to polycrystalline
samples, which has a considerable effect on the thermoelectric properties. A combination of
the lattice and symmetry mismatch with the substrate, combined with non-equilibrium growth
kinetics, determines the CagCo4QOg thin film structure. The hexagonal CoO» layers of CazCo4Oq
are particularly difficult to stabilize at the initial growth stage on cubic substrates, and as a
result a buffer layer of cubic CagCoOg3 can be observed near the substrate [5]. Further, a large
number of CoOs stacking faults is observed near this buffer layer, which is attributed to the
weak interlayer attraction between the layers. The formation of the CoOs stacking faults has
significant impact on the Seebeck coefficient, acting as phonon scattering sites, and a moderate
enhancement in the Seebeck coefficients values on thinner, more disordered films can observed.
There seem to be several ways to further increase the thermoelectric properties of CagCo4QOg:
while the substrate induced strain does not directly affect the Seebeck coefficient or lattice
parameters of CazCosQOg, the creation of CoOs stacking does. Therefore, controlled synthesis of
Co0Oq stacking faults within CagCo4Og thin films appears to be one method of increasing the
Seebeck coefficient without negatively affecting the electrical conductivity. [7]

In contrast to the general bulk material of CazCo4QOg, thin films can be tuned by strain,
growing the film on different structured substrates and variation of the growth conditions (tem-
perature, rate, air environment, growth process)
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4 Sample fabrication and characterization

In the following paragraph all techniques that have been used for fabrication and analysis of the
here presented samples are described. It is divided in two main parts, the fabrication and the
characterization, which is again subdivided into structural and electrical properties. All samples
have been grown by pulsed laser deposition. The surfaces have been analyzed by atomic force
microscopy and their crystal structure by X-ray diffraction. The thin film structure has been
investigated by scanning electron microscopy. Afterwards the electronic properties of the samples
have been investigated, this means we measured the resistivity and Seebeck coefficient at room
temperature as well as at increasing temperature.

4.1 Pulsed laser deposition

The most applicable growth technique for oxide thin films is pulsed laser deposition (PLD). A
high energetic laser pulse ablates material from a target to grow on a single crystal substrate.
The energy density of the laser can be tuned using a lens outside the system, and the growth
of the material can be tuned by changing the temperature of the substrate or the pressure/gas
composition in the system. A mask placed into the laser beam outside the system helps to keep
the spot on the target homogeneous. The ablated material forms a plasma plume in front of the
target and moves towards the substrate due to a pressure gradient. Reaching the surface of the
substrate there is some thermally-activated diffusion between substrate and plasma material,
resulting in a thin film of ablated material forming on the substrate.

The substrate on which the thin film is to be grown is fixed on a heater block, via which the
deposition temperature is controlled. In the system with a given distance this setup is placed just
in front of the target, since there the plasma plume will be the most homogeneous when reaching
the substrate. The target is mounted in a target stage which can hold up to 5 different targets
and by rotating it films of different components can be grown within one deposition process.
When coming into the system the laser beam hits the chosen target under an angle of 45° (see
complete setup in figure 4.1). To not only use the target at single points during a deposition
process, it is scanned 7mm along the horizontal direction, keeping the targets surface more
homogeneous and making it also easier to re-prepare the target for new depositions. Previously
to the actual deposition process, there is some material ablated from the target to avoid getting
impurities in the film.

Besides the above mentioned parameters laser fluence and laser spot size are important
parameters to tune the deposition process. In combination with the good values the supersat-
uration during the deposition pulse as well as subsequently relaxation and kinetic properties of
the plasma reaching the substrate can be regulated.

The here presented thin films have been grown with a KrF excimer laser (Lambda Physik
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Figure 4.1: Schematic overview of a typical pulsed laser deposition setup [32]

LPX 210) with a wavelength of 248nm and a pulse width of ~25ns. The laser repetition rate as
well as the pulse energy are adjustable in a given range of 1 to 100Hz and 0 to 1J, respectively.
The laser beam is focused onto the target using a lens with a focal length of about 453mm. The
previously mentioned changing of the pressure inside the system in the range of 1-10~%mbar to
3-10~'mbar is possible due to two valves and a mass flow (0-40ml/min). For this thesis only
oxygen gas was used in the background pressure. The deposition temperature can be chosen in
a range up to 900 °C, measured with a K-type thermocouple. The actual deposition conditions
are summed up in table 1.

After the deposition the so grown sample was cooled down to room temperature at a rate of
10°C/min in atmospheric oxygen environment (Po,=1bar).

Because of the pulsed nature of the pulsed laser deposition process, adsorption and diffusion
of the arriving species can occur at two different time scales. During one single pulse, ~ 3-10'3 ion
species arrive at the substrate. The typical overall growth rate is 0.2nm/s which is comparable
to other deposition techniques, such as molecular-beam epitaxy. However, the material is only
deposited during the short plasma pulse durations (which are typically 500us), leading to much
higher species density during the actual deposition. The high density causes a high nucleation
density. Because the mean diffusion time exceeds the plasma pulse duration, adatoms diffuse
across the surface and find their optimal positions in between the plasma pulses. The high
nucleation density and the possibility for diffusion during growth favor layer-by-layer growth.
The interplay of the supersaturation and subsequent relaxation determines the growth properties
and can be tuned by adjusting the growth parameters.
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4.2. SPUTTERING GOLD CONTACTS

Material Al O3 LSAT
Laser Fluence [J/cm?] 4 4
Pulse Energy [mJ] 48 48
Laser Repetition Rate [Hz] 1 1
Mask Position [mm] 803 803
Mask Size [mm?] 55.9 55.9
Spot Size [mm?] 1.08 1.08
Lens Position [mm)] 531 531
Target-Substrate Distance [mm] 506 506
Process Pressure [mbar] Pp,=0.01 Pp,=0.01
Temperature [°C| 430, 600, 650, 700, 750, 800, 850 | 430, 650, 750, 850
Film Thickness [nm] 10, 30, 60, 90, 120 10, 30, 60, 90, 120

Table 1: Deposition parameters for CagCosOg

4.2 Sputtering gold contacts

For better electrical contact to the CagCosOg thin film metal contacts are sputtered on the
corners of the sample before resistance and Seebeck coefficient measurements. During sputtering
Argon ions are accelerated to the metal target and when hitting its surface, atoms from the
target are removed which then land on the sample forming a metal layer. The Argon ions are
accelerated due to a bias applied to the target. Since the vacuum chamber is kept at constant
Argon pressure of 10~2mbar on their way to the target the Argon ions ionize even more argon
atoms resulting in a constant stream onto the target, so also a constant stream of metal atoms
to the sample.

For our purpose we only need gold contacts at the corners of the sample, so before loading
the sample into the chamber a mask is mounted onto the sample with kapton tape covering
the surface except for the corners. To make a good contact between the gold contact and the
CazCo40g thin film, first there is a (10nm) thin layer of titanium sputtered on the film. On
top of that a 100nm thick gold layer is then deposited onto the corners of the sample (see figure
4.2).

Figure 4.2: Gold contacts on the sample after sputtering
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4.3 Structural characterization

The as prepared samples were analyzed regarding their surface properties, crystal structure
and epitaxial structure by atomic force microscopy, X-ray diffraction and scanning electron
microscopy respectively. In the following chapter the general working principles and and ways
of analysis will be explained.

4.3.1 Atomic force microscopy

The first analysis of the samples is done by atomic force microscopy (AFM), a technique to
investigate the surface characteristics of a sample. A sharp tip follows the topography of the
sample and by this images the structure of the surface. The setups that have been used for all
measurements in this research are a Veeco Dimension Icon AFM and a Veeco Multimode SPM.
In all measurements tapping mode (TM) has been used and they all have been performed at
room temperature and ex-situ. In this mode the tip is brought close to the surface (10-100A)
and until it feels a repelling force from the sample. At this position the tip oscillates above the
sample with a frequency between 100 to 400kHz. Since the force at the tip has to stay constant,
the tip moves up and down above the sample according to changes in the topography, thereby
changing the vibrational amplitude. From these variations the surface of the sample can be
imaged (see figure 4.3) and the roughness of the surface can be measured.

" _FRONT ATOM

Figure 4.3: With a constant force between tip and surface the tip traces exactly the surface
topography following trajectory B

In figure 4.4 typical surface structures of AloO3 and LSAT can be seen. The AlyO3 substrate
was annealed for 1 hour at a temperature of 1050 °C, the LSAT substrate for 10 hours at that
same temperature. Terraces on both substrates are clearly visible, although on LSAT they are
less defined than on AlsOg. For AlsOg they are about 0.25nm high and about 50nm large, while
for LSAT they are only 0.1nm high but 500nm large. By this we get a first indication about
the miscut angle and the crystal direction of the sample, and thin film growth can be started.
When the thin film is deposited the surface of the sample is scanned again and the surfaces of
the substrate and the thin film can be compared.
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(a) Al,Oj3 substrate (1x1pum?) (b) LSAT substrate (2x2um?)

Figure 4.4: Substrates after annealing

4.3.2 X-ray diffraction

The crystal structure of the samples has been analyzed by X-ray diffraction (XRD). The incoming
X-ray beam is adjusted on the center of the thin film and then the X-ray source as well as the
detector can be rotated around the sample (see also figure 4.5). With this setup not only

crystallographic measurements can be done but also optical measurements, e.g. to determine
the thickness of the thin film.

Detector

- Crystal

Figure 4.5: Schematic overview of a typical X-ray diffraction setup [33]

The mostly done measurement with XRD is the 26/w scan. In this scan the 26 angle is
scanned and the w angle is adjusted to exactly half of the scanning angle, so w=0. For optical
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measurements the detector is only rotated at low angles to make use of the reflectivity of the
sample. The beam is aligned on the optical surface of the sample (20=0.4°, w=0.2°) and then
the actual scan is performed between 20 = 0 to 8°. For a typical scan result see figure 4.6.
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Figure 4.6: Reflectivity measurement of CazCo4Og thin film sample to determine the film
thickness

The fringes appear due to the different refractive indices of the thin film and the substrate,
which is also visible because the film is that thin. When analyzing the angles at which we see
the fringes the film thickness can be determined.

The second scanning type is the 20/w measurement at larger angles (10 to 110°), after
alignment of the beam on a substrate peak, since these are much more intense than the film
peaks due to the much larger thickness. From this scan we get information about the crystal
structure of the sample. This can be easily explained with the help of Bragg’s law, the basic
working principle of XRD:

n\ = 2dsiné (17)

Here A is the wavelength of the X-rays, d is the spacing between the crystal planes and 6 the
angle between the sample and the incoming X-ray beam. Thus, according to Bragg’s law we
see peaks in the 20/w scan whenever the wavelength matches twice the distance between two
crystallographic planes. Due to the periodicity of the crystal structure of the thin film and the
substrate, these peaks should be equidistant for the thin film and the substrate respectively. A
typical scan of the CazCo4QOg thin film is shown in figure 4.7.

The first visible film peak in this spectrum is the (002) peak of the thin film at 20~16°. Since
this scanning technique is an out-of-plane measurement, using Bragg’s law we get an indication
of the out-of-plane lattice parameter of the grown film (d~11A), which is in consistence with
the data from literature (10.8A).

Another possible scan of the sample is an in-plane map scan, meaning a ¢-scan with a
complete rotation of w at each ¢-value. to do this scan the X-ray beam has to be aligned on
a plane with additional in-plane component, for this thesis for the map scan of the substrate
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Figure 4.7: Typical 260/w measurement of CazCosQOg thin film sample on AlyO3

the (104) plane has been used and for the film the (112) plane. The measured peaks are an
indication for the direction of the in-plane crystal axis.

All XRD measurements presented in this thesis have been done on a Bruker D8 and a
Panalytical diffractometer with a Ka-1 radiation source and a wavelength of 1.54A.

4.3.3 Scanning electron microscopy

To analyze the growth structure of thin films scanning electron microscopy (SEM) has been
done on a Zeiss-1550 HRSEM, operating between 0.3 and 20kV. This energy high tension has
to be chosen high enough to provide a good image, but at the same time low enough to prevent
charging of the sample.

Backscattered

Detector

Secondary /
\

Sample

Figure 4.8: Optics of a general SEM
The structure of the surface of the sample gets visible by an interaction of the electrons in
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the sample with an high-energy electron beam of about 10A in diameter (in figure 4.8 shown
in blue), which is scanning the surface. The incoming electrons transfer energy inelastically to
the electrons at the sample’s surface, and by this these so-called secondary electrons get emitted
from the sample onto a detector. At the same time elastically backscattered electrons are also
detected and can be used for electron back-scatter diffraction (EBSD). For the purpose SEM has
been used in this thesis, EBSD has not been used, since the optical resolution of this technique is
too low to observe the expected characteristics. The working distance of the detector is between
4 to 10mm.

The different aspects to be investigated by SEM are the sample uniformity, thickness uni-
formity, columnar structure and possible grain boundaries.

The presented SEM pictures have been taken at a current of 70pA, an electron high tension
of 1.40kV and a working distance of about 3-4mm.

4.4 Electronic properties analysis

The samples, which have been analyzed as described above were then tested for their thermo-
electric behavior. This has been done at room temperature as well as increasing temperature
for some selected samples. The different setups for these measurements are described in the
following sections.

4.4.1 Resistivity at room temperature

The electrical resistivity of the samples is measured with the van der Pauw method, which
allows to determine the resistivity of an arbitrarily shaped sample. Measuring the resistance in
both horizontal and vertical direction across the sample (see figure 4.9 we get R4=V43/I12 and
Rp=V14/Ia3.

Figure 4.9: Resistance measurement at room temperature
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From this the van der Pauw equation can be solved to determine the sheet resistance of the
sample (Rg):

_aBa _qlB

e "Fs fe "Fs =1 (18)

The resistivity of a flat sample can be easily calculated through: p=Rgd, with d the thickness
of the thin film.

4.4.2 Seebeck coefficient at room temperature

To measure the Seebeck coefficient of the CazCosOg samples, a setup with two thermocouples is
used. One of the thermocouples is heated , while the other one stays cold, so that a temperature
gradient across the sample arises, which results in an induced voltage (see figure 4.10). A
reference for this voltage is made with a junction kept at 0 °C, to be able to determine the actual
temperature difference between the two thermocouples out of the voltage difference between V;
and Va (see figure 4.11). Since the alumel lead which is used to measure the induced voltage
also gives a contribution to the Seebeck coefficient, this value (+18.51V/K) always has to be
subtracted from the determined Seebeck coefficient.
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Figure 4.10: Setup for measuring the Seebeck coefficient at room temperature
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Figure 4.11: Wire setup for Seebeck measurements
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Figure 4.12: Measured Seebeck data with linear fit

The equipment that is used in this setup are three HP34401a digital multimeters to measure
the three voltages (Vi, Vo and Vgeepeck ), two peltier elements for temperature control and a
Keithley 2400 sourcemeter to power them. With a LabView program the peltier elements are
brought to several temperature differences (one is heated, the other one cooled) and at 6 different
temperature differences the induced voltage is measured. With this setup both measurements,
temperature and induced voltage are done at exactly the same point, so we really do know
the circumstances of our measurements. Since both measurements are done at exactly the
same moment we don’t need to wait for some stabilization time that the system is in thermal
equilibrium. The error margin for all measurements is 5% of the measured value. This has
been determined by doing a measurement of the Seebeck coefficient of a BisTes sample, which
is known in literature [34]. By comparing these values the measured data differed from the
literature value by ~5%.

4.4.3 Resistivity and Seebeck coefficient at high temperatures

To measure the thermoelectric properties of the sample at high temperatures, it is positioned
between two electrodes. One of them is connected to a heater, and the whole setup is surrounded
by another furnace. This furnace heats the sample to the desired temperature and when that is
reached the heater in the electrode creates a previously determined temperature gradient on the
sample. At the front there are two thermocouples on the sample’s surface which then measure
the two temperatures at the hot and cold side of the sample respectively (see 4.13).
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At the same time the resistivity is measured with a four-point measurement. A constant
current (here 0.1mA has been used) is applied at both ends of the sample and measuring the
resulting change in voltage between the two thermocouples we can determine the electrical
resistance. The calculation of the resistivity is done within the program. Unfortunately the
program can only take a sample thickness of several mm, so the final result has to be corrected
for nm.

upper electrode block

Measure temperature Constant current
T1and T2 (dV,dE) power supply

lower electrode block

current electrodes Sample

primary furnace

secondary heater

(a) Schematic overview of the setup for the high temperature measurements

(b) Mounted sample with thermocouples

Figure 4.13: Setup for high temperature Seebeck coefficient and resistivity measurements [35]

The temperature variation has been done between 50 and 600 °C with steps of 25°C in an
environment of 0.1bar Os and 1bar He. The used temperature gradient was 50 °C, the applied
current 0.1mA and per temperature step there were five measurements done.
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5 Results and Discussion

5.1 Working plan

As earlier mentioned there have been grown thin films of Caz0409 on a substrate by pulsed laser
deposition. To improve the electronic performance of the thin films the deposition conditions
have been changed. In the following section the influence of the deposition temperature on the
structure of the thin film and the electronic properties is presented.

Since not only the deposition conditions but also the fitting of the film on the substrate
may influence the final electronic performance the films have been deposited on two substrates
with different crystal structures, AlyO3 (sapphire) (0001) and LSAT (001). While AlyO3 has a
hexagonal structure with the lattice parameters a=4.785A and ¢=12.991A, the LSAT crystal
is shaped cubic with a lattice parameter a=3.868A. Both materials are electrical insulating, so
that there is no net contribution to the Seebeck coefficient or resistivity when measuring at the
surface of the thin film. A possible disadvantage of the use of an Al,Og substrate may be its
high thermal conductivity.

When looking at the above mentioned crystal structure of CazgCo4Og (see section 3.2) in the
first instance one could expect that with its hexagonal crystal structure of the CoOs layer it will
fit well on the as well hexagonally shaped crystal structure of AlsOgs, with lattice parameters
close to each other. So it is interesting how the performance will change when the CazCo40qg
thin film is deposited on LSAT with a not fitting cubic crystal structure.

The differences of the surfaces of the two substrates have been shown in section 4.3.1 (see
figure 4.4).

For all room temperature measurements 5x5mm? substrates have been used, but for high
temperature measurements there have been grown additional samples on 10x5mm? substrates.

5.2 Variation in deposition temperature

Several 60nm-samples have been grown on AlyOs substrates at different temperatures between
430°C and 850°C. This range has been chosen because of previously measured data of samples
where the deposition conditions as pressure, laser fluence and pulse rate had been improved
to the best possible results. For the most interesting temperatures the films have also been
deposited on LSAT substrates.
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5.2.1 Structural characterization

After the deposition the terraces on both substrate materials (see figure 4.4) are not visible
anymore, but there are grains on the surface of the sample (see figure 5.1), whose sizes vary
for the different deposition temperatures. The roughness of the surface of the complete sample
is increased compared to the substrate and varies over the whole deposition temperature range
between 1 to 15nm for the films grown on AloO3 and between 5 to 20nm for those grown on LSAT.
The grains look completely different for the films on the two different substrates as expected

(a) CazCo40g thin film on Al,O3 substrate (b) CazCo40g thin film on LSAT substrate
Figure 5.1: Sample surface after deposition [3x3um?|

according to the fitting of CazCosQOg crystal structure on the substrates crystal structure.

The surface of the thin film grown on LSAT looks completely different than the one of the
film grown on AlsOs. The grains are more elongated and smaller and by this the surface of films
grown on LSAT is rougher than on AlyO3.

For all samples the XRD 26/w scan has been done over a 26-range of 10 to 110°. The scan
shows only peaks belonging to the deposited material and the substrate, so it can be concluded
that the grown CagCO40g films are of good crystal quality. There are no peaks belonging to
secondary phases which may have occurred during growth or other unexpected peaks not fitting
to the crystal structure of the grown material. The even peaks are much more sharp than the
uneven which are only visible for temperatures > 750°C. Since due to the crystal lattice the
(002) peak of the film is the highest in intensity for all grown samples on AloO3 there is zoomed
in on this peak to analyze the structure of the samples grown at different temperatures.

The (002) peaks of the samples grown at 650 °C and 700 °C are shifted to the left, indicating a
larger crystal lattice and a slightly different composition of the thin film. There could be a lower
amount of oxygen in the film, or the ratio of the Ca and the Co in the film is different. For the
film grown at 430 °C there is no peak at all visible, increasing the deposition temperature also
the film peaks increase, but for temperatures larger than 750 °C the intensity decreases again.
The film peaks of the films grown on LSAT are much lower than the above shown peaks of the
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Figure 5.2: 26 diffraction peaks on AlsOg for different deposition temperatures
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Figure 5.3: 26 diffraction peaks on AlsO3 for different temperatures zoom in at CagCo4Og

(002)

films on AlyOs3, so here only the zoom-in on the highest film-peak is shown. The lower intensity
is due to the fact, that the hexagonal crystal structure of the film fits much less on the cubic
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Figure 5.4: 26 diffraction peaks on LSAT for different temperatures zoom in at CagCosOg (002)

lattice of LSAT than on the as well hexagonal AlyOs5.

5.2.2 Investigation of electronic properties

The Seebeck coefficients and resistivity values of the different samples on AloO3 and LSAT are
shown in figure 5.5. Beginning with the curve of the thin film on AlyO3 substrate it can be seen,
that there is no clear trend for increasing or decreasing temperature. At a deposition temperature
of 650 °C the Seebeck coefficient reaches its minimum value of 5.54V/K and the resistivity its
maximum value of 402.1m{cm. Going just 100 °C higher in deposition temperature we reach
the maximum in Seebeck coefficient and the minimum in resistivity for the same film thickness of
60nm (92.51V /K and 5.0m{cm respectively). Increasing the temperature to 800 °C the Seebeck
coefficient decreases and going even higher to 850 °C it increases again (65.2pV /K at 800 °C and
77.5uV /K at 850°C). The resistivity behaves in analogy to that, i.e. after the minimum value
at 750 °C it increases for 800 °C and decreases again for 850 °C. The most interesting part lies
at the left side of the graph, not only at high deposition temperatures a high Seebeck coefficient
and a low resistivity can be reached, but also at 430 °C both values are in the same region as
compared to 850°C. This might be an indication that not only the crystallinity determines the
thermoelectric behavior, since the XRD showed no peak.

Since there are four interesting points in the curve of the thin film grown on AloO3 (430, 650,
750 and 850°C) for these values there have also been done samples on LSAT substrates. When
comparing the values of these values it is obvious that resistivity as well as Seebeck coefficient
are for all samples higher compared to Al;O3. But the trend of the measured data is the same

36



5.2. VARIATION IN DEPOSITION TEMPERATURE

200

7004

600

resistivity [mcem)

400+

3004

| ]

CaCo,0, on ALO,
Ca,Co,0, on LSAT
comparison data on ALO
comparison data on LSAT

140

120

100

20

&0

40

200

Seebeck coefficient [LW/K]

100 =

400 500 E00 700 200 500 400 500 600 700 200 500

deposition temperature [°C] deposition temperature [°C]

Figure 5.5: Seebeck coefficient and resistivity for different deposition temperatures on AloO3
and LSAT

for both substrate materials, The best values are achieved with the samples grown at 750°C
(92.54V /K and 5mQcm for AlpO3 and 134.3uV/K and 21.4mQcm for LSAT) and the worst with
those grown at 650°C (5.51V/K and 402.1m{Qcm for Al,O3 and 42.24,V/K and 457.4m{cm
for LSAT). But at the minimum and the maximum growth temperature of 430 and 850 °C there
are again reached acceptable values for resistivity as well as Seebeck coefficient on AlsO3 and
LSAT.

For both the extrema, so the samples of 750 °C and 650 °C there have been done comparison
samples at exactly the same conditions and they all delivered the same results, confirming the
first obtained data was no error in measurement or that something had gone wrong during the
deposition.

5.2.3 Discussion

When comparing the above presented results for different samples on AloO3 substrates, with
as prepared samples on LSAT substrates, we get very similar shaped curves. But the overall
Seebeck coefficient as well as the overall resistivity are higher for all samples on LSAT compared
to these on AlO3. It is remarkable that all samples that showed a shift to the right in the XRD
data have a worse electronic performance compared to those without a shift. While the sample
grown at 430 °C does not even show a film peak, it still shows a very good electronic behavior.
All film peaks of samples grown on AlsOg have a higher intensity than of those grown on LSAT.

For the maximum Seebeck coefficient of the LSAT sample at 750 °C, as well as of the Al,Og
sample at 750 °C and the minimum Seebeck coefficient of the one on Al,O3 at 650 °C, there have
been done a comparison sample at exactly the same conditions, which gave comparable results,
indicating the correctness of the data.

While Zhou et al [18] reported an increasing Seebeck coefficient with increasing grain size
and a decreasing resistivity, this has only been found for the variation in substrate material,
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but not for the deposition temperature variation. For well-performing thermoelectric materials
a high Seebeck coefficient going along with a low resistivity, as has been found here, is just what
is needed. Although the Seebeck value of LSAT samples was much higher than that of AloO3
samples, taking the even higher resistivity in account the Power factor for the AloOs samples
was still larger.

5.3 Variation of film thickness

After the different measurements for varying deposition temperatures it yielded that at 750 °C
the best results can be reached. At this temperature there has been done a thickness variation
between 10 to 120nm. Since in literature there is a buffer layer mentioned, which grows on the
substrate for several nm before the actual material thin film is grown and which may impede
the moving electrons for very thin films, resulting in a very high resistivity and low Seebeck
coefficient, there have been done additional measurements for the structural characterization.
The 90nm thick film has not only been analyzed by AFM and 20/w measurement with XRD,
but also with a ¢/w map scan and some SEM characterization.

5.3.1 Structural characterization

AFM characterization (not shown here) indicates a clear trend in the roughness variation for
different film thicknesses. While the actual RMS value increases only slightly from 1 to 23nm
for all films grown on AlyOjs, this happens parallel to the increase in film thickness, so for the
thinnest film with 10nm there is the lowest roughness of 0.8nm and the thickest film of 120nm
has a RMS value of 23.2nm. Just as with the deposition temperature variation the roughness
of films grown on LSAT is higher than of those grown on Al;O3. Here the RMS covers a range
of 3.7nm to 30.1nm.
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Figure 5.6: 26 diffraction peaks for different film thicknesses zoom in at CazCosOg (002)
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In the XRD data the highest film peak is again the (002) peak of CazCo4QOg, so in turn
there is zoomed in on that to analyze the different samples. The curve of the sample with 90nm
film thickness is clearly shifted to the left, just as seen in the previous paragraph with the curves
of the samples grown at 650 and 700°C. In this data series the film of 10nm thickness shows
no peak at all. With increasing thickness also the peak intensity increases, but just as with the
temperature limit of 750 °C, here the peak intensity decreases again for films thicker than 60nm.

Also we see higher peaks, meaning more intensity, for the films on the AloOg substrates as
compared to those on the LSAT substrates.

Intensity [arb. units]
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Figure 5.7: ¢/w map scan of CazCosOyg thin film and Al,O3 substrate

To check the in-plane crystal properties of the thin film, there has been done a map scan of the
90nm-sample on AlyOs. In the map scan it is clearly visible, that the film is grown epitaxially
since we see twelve peaks (twice the six-fold symmetry of CazCosOg) with equal distances
(30°) and intensities. From the hexagonal crystal structure of CazCosO9 a six-fold symmetry
is expected, but since there are two different ways of fitting on the substrate for the film, both
with a relative angle of 15°, due to this we see twelve peaks, each with a distance of 30°.

Also they fit just in the middle of the peaks of the AloO3 substrate (each 120° apart) as can
be seen in figure 5.7. The scan on the substrate has been done in the (104) direction and on the
film in the (112) direction, since there were the best visible peaks.

For the sample with the CagCo4QOg film on LSAT substrate the map scan has not been done,
because the peaks in the 26/w scan were already much lower and so would not have been visible
in the ¢ scan, since the film peaks on the AloO3 substrate are already very low compared to the
substrate peaks.

The SEM measurement shows clear layers of the 90nm thick film on the AlsO3 substrate

(see figure 5.8). But there are also parts visible where the growth direction is rotated by 90°.
The expected buffer layer is hardly visible, since it is very thin (of about several nm). On LSAT
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on the other hand, there is a clear buffer layer, since this one is much thicker than the one on
Al,Os3, as already had been expected from the literature. This much thicker buffer layer may
be an indication for a much higher resistivity of the samples grown on LSAT.

EHT = 140 kV Signal A = HE-SE2 Date :27 May 2013 offs
WD = 3.7mm Photo No. = 9534 Time :13:25:39
Mag = 107.85 KX | Probe = 70 pA 703 el = SAMPLET MOl Tnsiute or Nematochnotoay

(a) CazCo40g thin film on AlyO3 substrate (corner above shows zoom-in)

WD = 36 mm Photo No. = 9538 Time :13:28:30
Mag = 105.80 KX

EHT = 140 kV Signal A = InLens Date 27 May 2013 M ESA-]-

| Probe =
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Institute for

(b) CazCo40g thin film on LSAT substrate

Figure 5.8: SEM picture of CagCo4QOg thin films
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5.3. VARIATION OF FILM THICKNESS

Since the grains in the samples on AlyO3 are much larger than in those on LSAT, again a larger
resistivity can be expected for LSAT. The surface of the sample is very well visible as well and
confirms the larger roughness of samples grown on LSAT compared to those on AlsOs.

5.3.2 Investigation of electronic properties

Just as in temperature variation the curves for both substrates behave the same, and again, in
all cases the values of the LSAT samples are higher than those of Al,Osg, resistivity, as well as
Seebeck coefficient. In figure 5.9 we can see, that for different film thicknesses between 10 and
120nm, there is a clear decreasing trend for the resistivity. For the thicker films (60 to 120nm)
the resistivity is in the same range for all the three sample per substrate material. On Al,Oj3
the resistivity reaches its best value with the 60nm thick film (~5m€cm), while on LSAT the
best value is achieved with the sample with the 90nm thick film (~9mQcm). Then it increases
again up to 13mQ2cm for the 120nm thick film on AloO3z and 20m2cm on LSAT. When making
the film 30nm thick there is an abrupt increase in resistivity up to 51mQcm and 88m{cm for
both substrate materials respectively. For the 10nm thin film the resistivity reaches on both
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Figure 5.9: Seebeck coefficient and resistivity for different film thicknesses on AloO3 and LSAT

substrate materials such a high resistivity that is was not possible to make good contact for
the Seebeck coefficient measurement (~1.2Qcm for the AlyO3 substrate and ~7Qcm for LSAT).
While the resistivity of the 30nm thick films was still somewhat higher than for the thicker
films, the Seebeck coefficient is for all samples that could be measured in the same range per
substrate material. But on both substrates there is a clear dip for the 90nm thick film. On the
Al503 substrate the Seebeck coefficient lies in the range between 92.5uV /K with the 60nm thick
film and 1024V /K with the 30nm thick film, but the 90nm thick film only reaches a Seebeck
coefficient of 78V /K. With the LSAT substrate this dip at 90nm is even better visible. Here
the Seebeck coefficients of the 30, 60 and 120nm thick films lie all in the range of 134.3uV/K
for 60nm and 141.554V/K for 120nm, but at 90nm it only reaches 120.8uV /K.
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5.3.3 Discussion

Again the maximum value for the Seebeck coefficient (here 134.3V/K) is reached with the
sample grown at 750 °C, which even increases for thicknesses of 30 as well as 120nm compared
to that of 60nm. The dip in the curve for different film thicknesses at 90nm is visible on Al5O3
as well as on LSAT. Further for both substrate materials the resistivity increases to more than
1Qcm.

For thin films of 10nm thickness, the resistivity is too high, to measure the Seebeck coefficient
with the available equipment. This is expected to be due to the buffer layer, which consists of
insulating Ca,CoOq according to literature [5].

5.4 Investigation of electronic properties at high temperatures

High-temperature thermoelectric measurements for samples grown on AlsOg at 430°C, 750°C
and 850 °C have been done and they revealed that also in a broad temperature range the ther-
moelectric attributes of the 750 °C sample give the best results. For comparison the sample on
LSAT has also been measured.
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Figure 5.10: Change in Seebeck coefficient and resistivity with increasing temperature

As can be seen in figure 5.10 when increasing the temperature the resistivity of the sample
decreases, while the Seebeck coefficient increases. When going back in temperature though, one
would expect the numbers to go back to their initial value, but while the Seebeck coefficient does
so, the resistivity values always end higher than they started. Only for the first measurements
up to 150°C, also the resistivity was stable. Up to 450°C environment temperature graph
shows increasing resistivity curves per measurement series. At that point when cooling down
the sample the resistivity follows a lower curve back to room temperature, so that the resistivity
at room temperature after heating up to a temperature of 550 °C and cooling down again is
almost as low as at the initial samples starting value. In the last measurement series up to a
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Figure 5.11: When the resistivity gets unstable for samples on AloO3 and LSAT

temperature of 600°C the sample gets unstable, since during cooling down there is a sudden

increase in resistivity.

On LSAT the resistivity shows a stable variation with increasing temperature, meaning that
it reaches back its initial value after cooling down. Here the big jump in resistivity only happens
at a temperature of 700°C (see figure 5.11).

The Seebeck coeflicient increases for both substrate materials with increasing temperature,
but after cooling down it gets back to its initial value for the LSAT as well as AloO3 substrate.
Also it stays stable at the abrupt increase in resistivity at high temperature.
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6 Conclusion and Recommendation

6.1 Conclusion

Structural engineering of different CazCo4QOg thin films on two different substrates has been
done. The films have been grown at temperatures between 430 and 850 °C and with thicknesses
of 10 to 120nm.

When varying the deposition temperature the best results have been achieved with the
sample grown at 750 °C, for the AlsOg substrate as well as the LSAT substrate. The Seebeck
coefficient of the sample is higher for all films grown on LSAT compared to those grown on AlsOg,
but since the resistivity is also higher, when taking both parameters together, the thermoelectric
power S2/p, used to determine the final ZT, is higher for samples grown on AlOs.

For the thickness variation thin films of 10nm thickness did not deliver any Seebeck coeffi-
cient, but for films of 30 to 120nm thickness the thermoelectric properties are all in the same
range, except for the film of 90nm thickness. Here for both materials, there is a small decrease
in thermoelectric performance, meaning a lower Seebeck coefficient and a higher resistivity.
But when combining Seebeck coefficient and resistivity still the sample grown at 750 °C with a
thickness of 60nm gives the best result.

Material Al,O3 | LSAT
Seebeck coefficient [pV/K] | 92.5 | 134.4
resistivity [m§lcm)] 5 214

Table 2: Best results of 60nm thick CagCo4QOg film grown at 750 °C

6.2 Outlook to future research

As a final measurement the thermal conductivity of the here prepared samples has been measured
at the University of Illinois (US). But since all electronic characterization described above has
been done in-plane and the thermal conductivity has been measured out of plane we cannot
combine it to determine the final ZT.

From literature [36] values of the in-plane thermal conductivity for single crystal and bulk
Ca3zCo40g, and the out-of-plane thermal conductivity for the bulk material are known, so this
can be compared. The thermal conductivity of the here prepared samples has been 1.2W/mK
for a 100nm thick film on Al;O3 and 2.1W/mK for a 100nm thick film on LSAT, all measured
at room temperature.
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The single crystal and bulk values from literature at room temperature are in-plane 3.5
and 3.2W/mK respectively and out-of-plane for the bulk material ~2W/mK. With increasing
temperature the in-plane thermal conductivity decreases so it will be interesting to see how far
the already lower thermal conductivity at room temperature on the AloO3 substrate decreases
below the single crystal and bulk value.

First measurements of the same as prepared thin films on STO substrates have been done
and revealed a high Seebeck coefficient of 132.1uV /K, so in the range of the results on LSAT,
but also a very high resistivity (44m{cm).

Since doping a material can improve its thermoelectric performance for some amount, an-
other analysis could be done with the use of doped thin films, replacing either some of the Co
or some of the Ca.

Nanostructures give a good thermoelectric performance, so the thin films presented here,
could be combined with other materials thin films, such as Na,CoOs to build superlattices.
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Appendix

% Resistivity calculation

clear all % Clear memory
clc % Clear command window
delta = 0.0005; % Error limit, initialized to O

error = 0; % Error detection
iterations = 100; % Number of iterations

[file,path]=uigetfile(’*.*’,’Choose data file’); % Load data file. First two columns
M=load(file); % should contain Ra and Rb. Additional columns no problem

for j=1:length(M)
Ra = M(j,1);
Rb = M(j,2);

diff
i =

z(1)

delta+l; % Initialization: diff is set above delta to enter
; % the while loop. z(1) is calculated and counter i
(2%log(2))/(pi*(Ra+Rb)); % is set to 2

N

while and(i<iterations,not(diff<delta)) 7 As long as error criterion not met and not
% last iteration:

y(1)=1/(exp(pi*z(i-1)*Ra))+1/(exp(pi*z(i-1)*Rb));

z(1)=(z(i-1))-(((1-y (1)) /pi)/ ((Ra/(exp(pi*z(i-1)*Ra))+(Rb/ (exp(pi*z(i-1)*Rb))))));

diff=((z(i)-z(i-1))/z(1));

i=i+1;

end

Rsc(j)=1/z(i-1);

if not(i<iterations) % If error criterion not met
error=1;

end

end

if error==1 ) Displays message if (no) errors occured
disp(’Warning! More iterations required!’)

else

disp(’Resistivity calculated successfully’)
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end

[file,path]=uiputfile(’*.*’,’Choose output file name’); % Save data. First two columns
R = [M(:,1) M(:,2) Rsc’]; % are Ra and Rb, third column contains Rsc

R = [Rsc’];

save(file,’R’,’-ascii’);

56



Abbreviations

AFM
BTE
EBSD
Ule;
NTE

RE
KL,
kp

LAO
LSAT

PGEC
PLD

XRD
ZT

Atomic Force Microscopy
Boltzmann Transport Equation
Electron Back-Scatter Diffraction
Carnot efficiency
thermoelectric efficiency
reduced Planck constant
thermal conductivity

electronic thermal conductivity
lattice thermal conductivity
Boltzmann’s constant

Lorentz number

LaAlOs

(Lag.3Sr0.7) (Alg.65Tag.35) O3
Thermopower
Phonon-Glass/Electron-Crystal
Pulsed Laser Deposition
electrical resistivity

Rock-Salt

electrical conductivity

Seebeck coefficient

Scanning Electron Microscopy
SrTiOg

Temperature

Temperature at the cold side
Temperature at the hot side
Tapping Mode
X-Ray-Diffraction

figure of merit
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