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Abstract

Thermoelectric materials are a rapidly evolving research area as they are used in
a wide range of applications. The optimizing of the thermoelectric properties is
therefore of great interest. Using a new strategy with built in nanopillars, consist-
ing of nanoparticles within a matrix of material, offer promising advantages as a
key parameter, the thermal conductivity, could be lowered this way. The composite
(Lag.7Sro.3Mn0s3)o.1: (ZnO)g g is a candidate for promising thermoelectric properties.
This composite was grown using pulsed laser deposition on 7 different substrates in
order to investigate its growing behavior. The growth on a ZnO (0001) substrate
showed the most promising results with a powerfactor (S%c) of 23.6uW/(cmK?)
which is in the range of the high-performance thermoelectric material BioTe; at room
temperature. [1] As seen on SEM images, it can be seen that the vertically aligned
nanocomposite has been successfully grown on this sample. Clear LSMO pillars
were observed within the ZnO matrix.
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Nomenclature

Abbreviations

AFM Atomic force microscopy

BHF Buffered NH,F—HF

DSO DyScOs

IMS Inorganic Materials Science

loT  Internet of Things

LSMO Lag7Sre3MnO3

NSO NdScO;

PF  Thermoelectric power factor (S%¢)
PLD Pulsed laser deposition

SEM Scanning electron microscope
SPS Smart Parking Systems

STO SrTiO;

TE  Thermoelectric element

TEG Thermoelectric generator

UB  Ultrasonic bath

VAN Vertically aligned nanocomposite
XRD X-Ray diffraction

ZT Order of merit ZT
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Chapter 1

Introduction

Current day technology keeps making life easier for us. Using the internet, every-
thing can be connected with each other, not only computers but all devices that have
internet protocols. This evolution is also called the Internet of Things (IoT) and has
provided smart solutions like improving home security, introducing self-healing ma-
chines and assisting in the health and fitness of an individual. [2]

Another example of such a problem which needs a smart approach is the in-
creasing parking problems in big cities. By using Smart Parking Systems (SPS),
the presence of a car in a parking spot can be actively measured, processed and
sent to a database. From this data, drivers are able to find parking spots with more
ease and thus tackle this rising problem. The sensors detecting whether a car is
parked need a power source in order to measure and send the needed data. In
order to circumvent the use of batteries, which needs replacing every now and then,
it would be more ideal to use a thermoelectric generator (TEG). This element can
generate power as a result of a temperature difference and thus evades the use of
lithium batteries. Besides replacing batteries in sensors, TEG’s can also be used to
convert waste heat into electrical energy in for example big industries. In order to let
these devices work properly in different environments, research needs to be done
to optimize the thermoelectric properties. [3] [4] [5]

1.1 Current research

Currently, a lot of research is being done in order to increase the performance of
a thermoelectric element (TE). The performance of a TE, which is indicated by the
ZT value, is hard to optimize as the combination of material with a high electrical
conductivity and a low thermal conductivity is quite rare. The performance value ZT
is defined as follows: ZT = 05°T/(ke + Kiat), Where o is the electrical conductiv-

1



2 CHAPTER 1. INTRODUCTION

ity, S is the Seebeck coefficient, T' is the temperature, «.; is the electronic thermal
conductivity and x;,; is the lattice thermal conductivity. [6] The relation between the
temperature difference and an electrical potential, where the relation between these
two are given by: AV = SAT, depends on the Seebeck coefficient. In order to
achieve a high performance rate at a certain temperature it can easily be seen that
a high ¢ and S is needed and a low & is required.

A lot of research has been conducted in order to optimize thermoelectric materials,
so much is known in this field of work and high ZT values have already been found.
However, the relation between a high thermal- and electrical conductivity seems very
coupled. Consequently, a new strategy was found using built-in nanostructures, to
reduce thermal conductivity without influencing the electrical conductivity too much,
has shown potential and record high ZT values exceeding a value of 2. [6] This gives
reason to believe that nanostructures in the form of vertically aligned nanocompsites
(VAN’s) also has potential to lower the thermal conductivity. In figure 1.1 an example
of a VAN material can be seen. VAN'’s can allow for effective phonon scattering in a
significant portion of the phonon spectrum which results in a lower thermal conduc-
tivity.

An interesting combination of materials for such a VAN is

(Lag.7Sro3Mn0O3)1—-x: ((ZNo.gs8Alo.02)O)x. [7] For Al doped ZnO of about 2% Al, the
electrical conductivity becomes several orders of magnitude higher than the not
doped variant and high S is observed. This results in record high powerfactors (PF,
S20). [8] The Lag7SrgsMnO3 (LSMO) contribution is expected to reduce the thermal
conductivity optimizing the ZT even further. To get a first impression of the material
properties, ZnO will not be doped with Al yet.

The pillar size could influence the thermal conductivity as phonon scattering can
be achieved at different wavelengths. In order to change the pillar size, certain pa-
rameters of growing the thin-film can be changed. Thin-films can be grown using
pulsed laser deposition (PLD). With a lower frequency, the LSMO has more time to
migrate and thus is expected to form bigger pillars. With a higher substrate tem-
perature, the particles have a higher energy and it will be easier to migrate which
again is expected to form bigger pillars. Thin-films with bigger pillars is expected
to have a lower thermal conductivity, but still a high electrical conductivity, thus a
high ZT value. The optimum of growing VAN thin-films needs to be found in order to
maximize the performance. [6]

1.2 Thesis outline

The aim of this project is to grow LSMO pillars embedded in a matrix of ZnO using
PLD. The growth of these VAN’s will be researched using different substrates where
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Figure 1.1: Top left image illustrates how a pillar (LMO) could orient itself over a
matrix (LLTO) forming a VAN. Bottom left shows a simulation how the
phases would align under certain conditions. Top right shows a top view
and bottom right a cross-section scanning electron microscope (SEM)
image of LMO pillars in a LLTO matrix [9]

growth parameters are kept constant. [9]

X-Ray diffraction (XRD) will be used to determine the crystal structure of the
material and atomic force microscopy (AFM) will be used to obtain an image of the
surface morphology. Scanning electron microscopy (SEM) will be used to obtain a
image of a cross section of the grown sample, giving more insight of how the material
has grown on the substrate. The Seebeck coefficient and electrical conductivity will
be measured in order to determine the thermoelectric properties.
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Chapter 2

Theory

In this chapter all relevant theoretical concepts will be explained. Starting with the
design of a thermoelectric device and important properties needed to optimize this
device. With these known parameters, the VAN strategy will be explained along
sided proposed material combination and substrates used to grow on.

2.1 Thermoelectric effect

The electrical and thermal conductivity are closely linked and affect each other. This
linkage is described in thermoelectricity. The first thermoelectric effect observed
was the Seebeck effect in 1821. This effect can be visualized by figure 2.1. A ma-

Seebeck effect

Figure 2.1: Schematic of the Seebeck effect in a single phase sample with a tem-
perature gradient where red represents the hot side and blue the cold.
[10]

terial, or multiple, in a certain configuration is heated on one side and cooled on the

5



6 CHAPTER 2. THEORY

other, applying a temperature gradient. Due to this temperature gradient, a potential
difference AV can be measured. The relation between the potential difference and
the temperature gradient is called the thermoelectric power, or Seebeck coefficient
and is given by equation 2.1. This is not the only thermoelectric effect that occurs,
but for now we will only discuss this particular effect as it suffics for our purposes.

AV = SAT (2.1)

This thermoelectric effect is based on the charge carrier distribution in the ma-
terial which are carrying heat and charge simultaneously. At the hot side of the
material the charge carriers have a higher kinetic energy which results in a net ve-
locity of the carriers to the cold side and will accumulate, building up a charge. This
charge makes the carriers move back to the hot side. However, a net difference
remains. When an equilibrium state is reached, the potential difference AV can be
measured as seen in equation 2.1. Depending on whether the material in question is
a p- or n-type semiconductor determines the type of charge carrier, either electrons
or holes, and thus the sign of the potential.

2.2 Thermoelectric material properties

A combination of many small pieces of n- and p-type thermoelectric elements or-
dered as seen in figure 2.2a are wired electrically in series and thermally in parallel.
The p-type material experiences a higher positive carrier concentration at the cold
side, whereas the n-type experiences a negative build up of charge carriers. The
electrons flow in the opposite direction of the current as seen in figure 2.2b and
arrive at the p-type material. Since there is an electrostatic potential on the ma-
terial, the electrons will diffuse towards the hot side where they can freely travel
towards the n-type material. As the top of the n-type is positive, the electrons will
want to enter the n-type material. There the thermoelectric effect takes place and
thus the electrons again travel towards the cold side. Thus, when applying a tem-
perature difference on such an element, a power will be generated. The maximum
performance for this power generation is denoted by its figure of merit ZT (equation
2.2). [11][12][13]
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(b) Schematic overview of a single thermoelectric element.
(a) Thermoelectric module. [13] Adapted from Tilley. [12]

Figure 2.2: Two schematics of how thermoelectric materials are used in a TEG.

2.2.1 Maximizing ZT

To maximize the order of merit ZT, the optimization of various conflicting properties
is needed. A large Seebeck coefficient is needed, alongside a high electrical con-
ductivity and a low thermal conductivity. Low carrier concentration insulators and
semiconductors have a high Seebeck coefficient but also a low electrical conduc-
tivity. The relationship between carrier concentration and Seebeck coefficient for
metals and degenerate semiconductors can be approximated by equation 2.3. [13]

21.2
_ 8;; :QBm*T (31”)2/ ’ (2.3)

Where £, is the Boltzmann constant, ¢ is the elementary charge, h is the Planck
constant, m* is the effective mass of the carrier and n is the carrier concentration.
The electrical conductivity and resistivity are related to the carrier concentration as

seen in equation 2.4 where . is the carrier mobility.

1/p =0 =nep (2.4)

In figure 2.3 the relation between the different parameters in ZT is shown. A
compromise of a high electrical conductivity and high Seebeck coefficient needs to
be found. Typically, the peak of the ZT value lies at a carrier concentration between
10' and 102! carriers per cm? which falls in the heavily doped semiconductor regime.
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Figure 2.3: Optimizing ZT is a compromise between the Seebeck coefficient,
electrical- and thermal conductivity as shown in this graphic. The ther-
moelectric power factor (PF) is defined as S%c [14]

Apart from optimizing the electrical conductivity and the Seebeck coefficient, the

necessity of a low thermal conductivity is also of high importance in order to achieve
a high ZT. The thermal conductivity is a combination of the electronic thermal con-
ductivity, which is the heat transported by electrons or holes, and the lattice thermal
conductivity which are phonons travelling through the lattice. The electrical thermal
conductivity is directly related to the electrical conductivity and thus is not wise to
try to lower. The optimization therefore lies in the lattice thermal conductivity. The
heat flow of phonons is carried by a spectrum of varying wavelengths and mean
free paths as seen in figure 2.4a. In order to reduce the lattice thermal conductivity,
phonon scattering at a variety of length scales is needed. Thus creating complexity
in a material at multiple length scales whilst maintaining high electronic conductivity
is a working strategy in order to achieve high ZT values as seen in figure 2.4b.
This can be done by introducing VAN'’s. It is expected that creating pillars in a
nanostructure will contribute with the phonon scattering and thus lower the thermal
conductivity. This strategy was for example used by R. Anufriev and used Aluminium
nanopillars to lower the thermal conductivity by 20%. [15]

2.3 Substrates

The target material is deposited using PLD, which is a growing technique using
a high density laser to deposit material from a target on various substrates (see
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Figure 2.4: Two graphs showing the influence of the lattice thermal conductivity

section3.3). The target in question contains LSMO and ZnO with a 1 to 9 ratio.
The expected crystal structure of LSMO is a perovskite cubic structure as seen in
figure 2.5 and has a lattice parameter of 3.88A. The perovskite oxide has the typical
chemical formula ABOs; where A and B are cations with a total charge of +6 and
the oxygen elements have a total charge of -6. [16] ZnO has a hexagonal crystal
structure where a = b = 3.2650A and ¢ = 5.2190A as seen in figure 2.6. In this
subsection the six different substrates on which material will be grown are discussed
and a prediction on growth orientations will be given with the corresponding lattice
mismatches. The grown material will always experience the lattice mismatch, as the
material deposited can still orient itself.

Figure 2.5: Typical perovskite cubic crystal structure. [17]
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Figure 2.6: Hexagonal wurtzite structure ZnO. [18]

2.3.1 SrTiO; (001)

SrTiO3 (STO) has a perovskite cubic crystal structure with a lattice parameter of
3.9050A as seen in figure 2.7. Which closely matches the lattice of cubic LSMO of
3.88 A. Thus the (001) plane of both perovskites have similar parameters resulting
in a tensile lattice mismatch of 0.64%.

The lattice parameter of the STO crystal in the [110] direction is 5.52A. The [1100] di-
rection of hexagonal ZnO has a lattice parameter of 5.655 A as matching parameter
together with the [0001] direction which has a lattice parameter of 5.2190A. These
two directions correspond to the (1120) in plane ZnO, therefore it is expected that
ZnO will grow in a 45° angle on the STO substrate as seen in figures 2.8a and2.8b.
This orientation will grow with a compressing lattice mismatch of 2.40% in the [1100]
direction and a tensile lattice mismatch of 5.50% in the [0001] direction. However, a
(0001) ZnO phase is also possible where the [1120] direction with a lattice parame-
ter of 5.655A will fit the STO (001) diagonal with a lattice parameter of 5.52A. This
orientation has a higher mismatch and thus is expected to grow in lower orders with
respect to the (1120) direction. [19]

2.3.2 SrTiO; (110)

For the STO (110), the dimensions change a bit. The plane gets a 5.52A to 3.905A
ratio. As LSMO is a similar perovskite, it will change its orientation accordingly and
thus there is expected it will also grow in the (110) orientation. The parameters for
LSMO are 5.487A to 3.88 A resulting again in a 0.64% tensile lattice mismatch for
the LSMO.

Presumably ZnO will grow in the (0001) in plane orientation. Where the a parameter
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Figure 2.7: STO orientations schematic display. Left panel shows a cross-section
and the right panel a top view for (001), (110) and (111) STO orientated
substrates. [20]

of 3.265A fits the a parameter of STO and the [1100] direction of ZnO with a width of
5.655A fits the diagonal of 5.52A as seen in figure 2.8c. Resulting in a tensile lattice
mismatch of 16.39% in the a direction and a compressing lattice mismatch of 2.40%
in the [1100] direction. [19]

2.3.3 SrTiO; (111)

STO (111) has a triangle like structure as seen in 2.7c. LSMO again has the op-
portunity to grow in the same (111) orientation with again a 0.64% tensile lattice
mismatch.

The triangle like structure can be encapsulated by the hexagonal (0001) in plane
growing orientation of ZnO as seen in figure 2.8d.The [1100] lattice parameter of
5.655A fits with the triangle sides with lattice parameter 5.52A resulting in a com-
pressing lattice mismatch of 2.40%.

2.3.4 MgO (001)

MgO has a cubic crystal structure with a lattice parameter of 4.217A. This case is
similar as the STO (001) case and thus LSMO is expected to grow in the same (001)
orientation. LSMO experiences a 7.99% compressing lattice mismatch.

ZnO again presumably grows in the (1120) in plain orientation, similar as the STO
(001) case as also seen in figure 2.8b, resulting in a tensile lattice mismatch of
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N

(a) (1120) plane of ZnO. (b) Schematic of how ZnO is
predicted to grow on STO (001)
and MgO (001), in the (1120)

(c) Schematic of how ZnO
is predicted to grow on STO
(110), in the (0001) direction.

direction.
ANYTANYY
(d) Schematic of how ZnO (e) Schematic of how LSMO is (f) Schematic of how ZnO is
is predicted to grow on STO predicted to grow on DSO and predicted to grow on DSO and
(111), in the (0001) direction. NSO, in the (001) direction. NSO, in the (1120) direction.

Figure 2.8: Different predicted growing orientations. The black lines represent the
substrate in question whereas blue represents the material grown

5.18% in the [1100] direction and a tensile lattice mismatch of 12.49% in the [0001]
direction.

2.3.5 DyScO; (110)

DyScO; (DSO) has an orthorhombic crystal structure meaning that the three axes
are perpendicular to each other but with each different lengths. Where in this case
a = 5.720A, b = 5.4490A & ¢ = 7.9130A. In the (110) plane this results in a rectangle
structure with parameters 7.913A to 7.900A. LSMO (001) can grow side by side on
this structure, as seen in figure 2.8e as LSMO (001) has lattice parameter 3.88A and
twice this matches the c lattice parameter of DSO with a tensile lattice mismatch of
1.94%. The same holds for the [110] of DSO but with a tensile lattice mismatch of
1.77%

A ZnO fits with a 45° angle on DSO in the (1120) plain as seen in figure 2.8f. Where
the diagonal of ZnO with lattice parameter 7.695A fits the [110] direction of DSO
with a tensile lattice mismatch of 2.59% and the lattice parameter ¢ with a tensile
lattice mismatch of 2.75%.



2.3. SUBSTRATES 13

2.3.6 NdScO;3 (110)

NdyScO3; (NSO) is a very similar material as DSO. Therefor the same grow is ex-
pected. The lattice parameters of NSO are a = 5.770A, b = 5.5810A & ¢ = 8.0070A.
LSMO will grow in the same fashion as with DSO but with a tensile lattice mismatch
of 3.08% and 3.33% respectively.

The ZnO will experience a tensile lattice mismatch of 4.14% on the [110] direction
of NSO and 3.90% on the c lattice parameter of NSO.

2.3.7 ZnO (0001)

ZnO will grow well on ZnO in the same orientation without experiencing a lattice
mismatch. LSMO will favor the (110) plane where a parameter of both materials will
match with a compressing lattice mismatch of 18.84% and the diagonal of the LSMO
(001) will match the [1100] direction with a tensile lattice mismatch of 2.97%.
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Chapter 3

Experimental

This chapter includes the various techniques used for the growing and preparing
of the samples as well as the techniques used for determination of structural and
thermoelectric properties of made samples.

3.1 Atomic force microscopy

The AFM belongs to the scanning probe microscopes and is able to image the to-
pography of a conducting or insulating sample with atomic resolution. The sample
is scanned by a sharp tip, which is mounted to a cantilever spring made of silicon.
The deflection or oscillation amplitude of the cantilever, as a result of the force be-
tween the sample and the tip, is measured with a very accurate laser and sensitive
detector. Detected changes in deflection or oscillation amplitude can be corrected to
a setpoint value with a feedback-controlled piezo element. With this correction, the
sample tip distance can be held constant reducing possible damage on either the
sample or the tip. This correction value is correlated with the height of the sample.
Combined with the XY coordinate, a topographic image can be created with resolu-
tions to 0.06nm [21]. A schematic setup can be found in figure 3.1a. A typical image
scanned by a AFM system can be found in figure 3.1b. [22] [23]

3.2 Substrate treatment

In order to allow controlled growth on a substrate, it is of great importance that the
substrate is atomically flat. Therefore, it is important to treat them accordingly be-
fore the deposition. Each of the substrates have a different chemical or annealing
treatment. For verification means, all substrates are checked after treatment us-
ing AFM imaging techniques as discussed in section 3.1 and are processed using

15
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Light Source
Position Sensitive Detector

1,70 nm

1,40

1,20

1,00
0,80

0,60

Unrestricted Optical Access from Below the Sample Plane
0,40
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measured. [21] (b) AFM image of STO (001) before annealing 2x2 pm
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Gwyddion software. In table 3.1 it can be seen that all substrates have a sufficiently
low roughness and thus have been treated successfully.

Table 3.1: The roughness of the substrates extracted from AFM images using

Gwyddion software
Treated substrates RMS roughness (nm)

DSO (110) 0.2
MgO (001) 0.6
NSO (110) 0.2
STO (001) 0.2
STO (110) 0.3
STO (111) 1.0
ZnO (0001) 0.2

3.2.1 STO treatment

The three different orientations of STO have similar annealing treatments, however
the chemical treatment is only used on the (001) substrate and is skipped for the
(110) and (111) substrates of STO.

First of all, all three substrates are immersed in a ultrasonic bath (UB) using acetone
and ethanol separately for 10 minutes. In between the samples are cleaned using
a lens tissue and dried with a nitrogen gun and checked under the microscope.
Uniquely for the STO (001) substrate, it is etched using buffered NH,F —HF (BHF)
for 30 seconds in the UB. This etching removes the SrO layer of the STO as seen in
figure 2.7, leaving the TiO, layer exposed. [19] Afterwards it is again cleaned, dried
and checked under the microscope. After this procedure all substrates are annealed
at 950°C for 1.5 hours under a continuous oxygen flow (150mL/hr). As seen in the
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images in figure 3.2, the STO substrates after treatment show clear terrace steps
and atomically flat surfaces. In figure 3.3a the image has been edited in such a way
that the terraces are aligned to be horizontal. Taking the height profile, as seen in
figure 3.3b, it can clearly be observed that the terrace step size corresponds to one
unit cell of STO being 3.905A.

2,40 nm

2,00 nm 1,50 nm

]
500'am

(d) STO 001 after treatment. (e) STO 110 after treatment. (f) STO 111 after treatment.

Figure 3.2: (a, b, c) AFM images of STO substrates before treatment. (d, e, f) AFM
images of STO substrates after treatment.

51nm

4,0

50 ]

2,0 2]

1,0 E

0,0 17
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3 T T T T T
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(a) AFM image edited where the terraces are flat. This(b) Graph of height profile taken perpendicular on the
way the terrace steps can be seen more clearly. terrace steps as seen in figure 3.3a

Figure 3.3: Terraces of STO (001) substrate.

3.2.2 DSO and NSO treatment

DSO and NSO (110) have been treated in the same way to achieve a flat surface.
First the substrates are immersed in an UB using acetone and ethanol separately
for 10 minutes. Afterwards the substrates are cleaned, dried and checked under the



18 CHAPTER 3. EXPERIMENTAL

microscope. If the surfaces are free from patrticles, it is ready for the annealing. The
substrates are annealed for 4 hours at 1000°C in flowing oxygen (150mL/hr). After
the samples are cooled down to room temperature, they are chemically treated.
First, the substrates are immersed in deionized water in an UB for 30 minutes. After
that, they are treated with BHF for 30 seconds in the UB. The substrates are cleaned
and dried for the last step. The substrates first are etched with 12 M NaOH (aq) for
30 minutes in the UB and then again 30 minutes with 1 M NaOH (aq). For the last
time, the substrates are cleaned and dried. Using this treatment, a flat substrate
with a top layer of ScOs is the result. [24]

3.2.3 MgO and ZnO treatment

The MgO and ZnO substrates have been treated almost the same. Both first were
immersed in acetone for 10 minutes in the UB, this step is repeated with ethanol.
Afterwards both substrates were cleaned with a lens tissue and dried with a nitro-
gen gun. ZnO was annealed for 1 hour at 1000°C with a constant oxygen flow of
150mL/hr. MgO was annealed for 2 hours at 900°C in the same oxygen conditions.

3.3 Pulsed laser deposition

PLD is a often used technique to grow a thin layer on a substrate. A schematic
of this technique is found in figure 3.4. High-power laser pulses are shot in a given
frequency on a target evaporating small amounts of matter resulting in a laser plume
normal to the target. The particles from the target are shot towards the substrate,
creating a thin layer of this material. The substrate is often heated, in order to allow
particle migration. [25]

For the deposition on the 7 different substrates, the same grow conditions have been
used. The chamber experienced a 2.6 x 10~ mbar oxygen background pressure. In
total 10800 laser pulses at a rate of 5 Hz were shot on the LSMO ZNO 1 to 9 ratio
target, which is estimated to grow a material layer of 240nm. The substrate was
heated to 850 °C.

3.4 Contact sputtering

In order to perform Seebeck and electrical conductivity measurements, Au/Ti con-
tacts are sputtered on the samples. These contacts lower the resistance between
the probes and the samples and allow for better measurements. The contacts are
only needed in the four corners of the sample to perform all measurements, thus
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Figure 3.4: Schematic of PLD technique. [26]

a mask is placed over the sample in order to cover the rest of the sample. To im-
prove the attachment of the golden contact, first a Ti layer of approximately 6nm is
sputtered on the sample. Afterwards, the Au layer is sputtered on the sample with a
thickness of about 100nm.

In order to grow the layer, the samples are put in a sputter setup. High energy ions,
often Argon, are shot at a target. Because of this collision, atoms from the target
are shot off and move towards the substrate. Using calibration methods, the growth
rate can be controlled. In figure 3.5 a schematic overview can be seen. [27] [28]
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Figure 3.5: Schematic of a typical sputter deposition setup. [27]
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3.5 X-ray diffraction

XRD is a measuring technique that uses x-rays to determine the crystal structure of
a material. The technique relies on a phenomenon called diffraction. When waves
are scattered by obstacles, the resulting waves interfere with each other. If this hap-
pens in an orderly matter, the resulting waves with a specific phase relationship is
called diffraction. When two waves encounter each other with a path length dif-
ference equal to N\, where N is a positive integer and X is the wavelength, they
will constructively interfere, meaning the amplitudes are additive. If the path length
difference equals (V + %)A the waves are exactly out of phase and they will destruc-
tively interfere, meaning that the resulting amplitude will be zero. Phase relations
between these two extremes exist resulting in partially constructive or destructive
interfering effects.

Using XRD, the x-ray beam will enter the sample, interact with the atoms in the ma-
terial and scatter in all directions. However, the beams 1’ and 2’ as seen in figure
3.6 can constructively interfere if the path length difference QT is equal to a multiple
of the wavelength. This results in Bragg’s law as seen in equation 3.1 where 6 is the
angle between the plane and the incident beam and d is the interplanar spacing.

N\ =2dsind (3.1)
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Figure 3.6: Diffraction of x-ray beams in a crystal structure schematically. [11]

The condition for interfering thus depends on the interplanar spacing and a spe-
cific angle. This diffraction pattern is unique for each crystal and different orientation
planes, therefore it is a good way to analyze which crystal orientations are present
in the measured samples. [11]
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3.6 Scanning electron microscope

The scanning electron microscope (SEM) is an instrument that creates magnified
images of inserted samples on microscopic scale with resolutions of below 1 nm.
The SEM uses a finely focused beam of electrons which is shot at the surface of
a sample, the electrons interact with the atoms at various depths of the sample.
These interactions provide two important outgoing electron products among others:
back-scattered electrons and secondary electrons. Back-scattered electrons are
electrons that are reflected from the sample by elastic scattering. The electrons
have a relatively high energy and thus emerge from deeper locations within the
sample. Secondary electrons are electrons that escape the atoms in the sample
as consequence of the electron beam. These electrons are relatively low in energy
and highly localised at the point of impact of the electron beam. Multiple detectors
measure the signals sent by both different classes of electrons. The back-scattered
electron detector is insensitive to the low energy of the secondary electrons whereas
the secondary electron detector measures both signals. The data of both classes of
detector is used to generate a surface image. [29]
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Figure 3.7: Schematic of a SEM setup. [30]
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3.7 Seebeck measurement

The Seebeck coefficient is measured using a self-made setup of IMS. In order to
measure the Seebeck coefficient, a temperature gradient in the sample is needed
and the induced potential should be measured in order to determine the Seebeck
coefficient given by equation 2.1.

The setup, as seen in figure 3.8, consists of two Peltier elements that can be
cooled and heated by applying a current. At two points on the sample, the temper-
ature and potential are measured using a thermocouple. The thermocouples are
connected to a reference bath of liquid nitrogen in order to keep the probes at a
constant temperature to accurately measure differences in the sample. The system
measures the temperature difference at 6 different Peltier currents. By analyzing
the linear regression of the data and compensating for the probes, the Seebeck
coefficient can be determined.

U1

—Chromel
Alumel

Figure 3.8: Schematic of the Seebeck setup to determine the Seebeck coefficient
of a given sample, based on schematic provided.

3.8 Electrical properties

In order to measure the carrier concentration, mobility and resistivity of a sample a
combination of the Hall effect and the van der Pauw method is used in the same
experimental setup.
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3.8.1 Van der Pauw method

The van der Pauw method allows you to measure the (sheet) resistivity. A simple
geometry as seen in figure 3.9 can be used to do these measurements. To reduce
errors, the sample should be as symmetrical as possible and the sample thickness
should be much less than the width or length of the sample. To perform a measure-
ment, a current | is induced between two contact points on a side of the sample.
The voltage is measured between the opposite two contact points. This is done for
all sides and all directions, giving a total of 8 measurements. The sheet resistance
is than given by equation 3.2.

TR

* 7 In(2)

Where R, is the sheet resistance, and R is the average resistance of all 8 mea-
surements.

(3.2)

Figure 3.9: Schematic graphic of the Hall effect measurement (a) and van der Pauw
method (b). [31]

3.8.2 Hall effect

The Hall effect is a direct result of the Lorentz force as given in equation 3.3.

FrL =¢(E+v xB) (3.3)

Where F}, is the Lorentz force, q is the elementary charge, E is the electric field
and B is the magnetic field. When applying a magnetic field, a charged particle ex-
periences this Lorentz force proportional to the strength of the field and direction.
In the configuration as seen in figure 3.9(a), a current is induced over the diagonal
and a magnetic field in the z-direction. Depending on the carrier charge, either pos-
itive or negative, the current will deflect accordingly. Since the current is not flowing
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straight anymore, a potential difference is created in the sample. This potential is
measured over the other diagonal. The magnitude of the Hall voltage (V) can be
given by equation 3.4.

1B
~qnd
Where n is the charge density and d is the sheet thickness. To measure the Hall
voltage, the potential is measured for both diagonals in both directions with positive
and negative magnetic field giving the following relations for the voltage differences:

Vi (3.4)

Vis = Vizgy — Vig-
Vag = Voap — Vou
Var = Vary — Varo
Vig = Vg — Vi

:V13+V24+V§1+V42

Vi g

Where a positive Vy indicates that the material is a p-type and if negative a
n-type. Knowing Vy, the carrier concentration can be calculated using equation
3.4. [11]



Chapter 4

Results & Discussion

All samples were evaluated and analyzed for structural and thermoelectric proper-
ties using the techniques as explained in chapter 3. It will be discussed whether
the samples have grown as expected in section 2.3 by using AFM images and XRD
analysis. Thermoelectric measurements will also be reported and analyzed. The
eventual goal in this chapter is to compare the powerfactors of the different samples
and report other findings in structural and thermoelectric parameters. Analyzing
these results could help in determining which substrate seems the most promising
for acquiring a high ZT and thus which material should be researched more thor-
oughly.

Before the results will be presented and discussed, the samples will be labeled with
MW1XX from now on as seen in table 4.1. Apart from the different substrates and
the fact they were grown in different batches in the PLD, the growing conditions were
exactly the same.

Table 4.1: Sample names with according substrate and batch number in the PLD

system
Sample name Substrate Batch Sample name Substrate  Batch
MW107 STO (001) 1 MW117 MgO (001) 3
MW114 STO (001) 2 MW118 DSO (110) 3
MW115 STO (110) 2 MW119 NSO (110) 3
MW116 STO (111) 2 MW120 ZnO (0001) 3

4.1 Structural analysis

As mentioned in section 3.3, the samples were grown using PLD. In this procedure
the same growth conditions have been used, only the substrates differed. After

25
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the samples were grown, they were analyzed structurally using AFM en XRD in or-
der to see if the phases predicted were grown. Also, from MW107 and MW120
cross-sectional SEM images have been made and thus is also used in the structural
analysis. From all samples 4 different images were made using AFM. The sizes of
the images were 1x1, 3x3, 5x5 and 10x10 um and were all taken at different loca-
tions on the sample to get a variety of images. This was done to get a better picture
of the whole surface and not for example only looking at a damaged or dirty part
of the surface. All images were edited and processed using Gwyddion software.
The roughness of the surface was also extracted using this software. All samples
were also analyzed using XRD techniques. MW107 has been measured using a
different XRD setup, causing difference in peak shapes and intensities as it uses
a monochromator in comparison to the other XRD setup which does not use one.
However, the location of the peaks should not be influenced by this difference.

4.1.1 Reproducibility sample grown on STO (001)

First of all, the MW114 and MW107 will be compared to see whether the samples
have grown similarly. These two samples are grown on the same substrate with the
same target and same conditions using the PLD setup and thus is expected to have
a similar structure. This is important as growing a sample should be reproducible,
so other researchers also get the same results. Keep in mind, they were grown
in different batches, where MW107 was the only sample in one batch and MW114
was one of three samples in the other batch. Also, between the growing of these
two batches the PLD system was cleaned which could influence the growth of the
samples. Although the samples were grown with these small differences, this should
not influence the growth too much and still create reproducible samples.

130 nm
120

75 nm

100

80

60

40

20

(a) AFM image of MW107 3x3um. (b) AFM image of MW114 3x3um
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AFM results

As seen in figures 4.1a and 4.1b the structures are clearly not the same on first
sight. Looking at the MW114 sample, structures with a 90° angle with respect to
each other which could be ZnO (1120). This as there is way more ZnO present on
the sample and as seen in figure 2.8b the ZnO orders itself in a 90° angle with re-
spect to itself. The visually less ordered structures in smaller amounts could be the
LSMO growing on the substrate. In figure 4.1a these structures of ZnO and LSMO
are less obvious present. Quite notable are the big particles on the surface, causing
a relatively high roughness of the sample as seen in table 3.1. MW107 has a root
mean squared roughness of 17nm where MW114 only has a roughness of 9.3nm.
Since the conditions of growing MW107 and MW114 are the same, it is remarkable
that this effect is not, or at least a lot less, seen on sample MW114 in the AFM
images. Also, the pattern of structures as seen in MW114 is not as clearly seen in
MW107 in the AFM images. However, this does not mean it is not there. Due to the
bigger particles on the surface, the resolution around those structures is decreased
and thus is hard to observe the underlying structure on this image.

Table 4.2: The roughness of the samples extracted from AFM images using Gwyd-

dion software
Sample RMS roughness (nm)

MW107 17
MW114 9.3
MW115 9.5
MW116 3.7
MW117 23
MW118 30
MW119 34
MW120 13

SEM results

The big particles as seen on the AFM image of MW107 in figure 4.1a are also ob-
served on a SEM image made of the sample in figure 4.2. As the majority of the
sample contains ZnO (90%) the light structure is ZnO and the dark structure con-
sequently is LSMO. It is suspected that a different ZnO orientation has grown on
top of the surface, which are the cube like structures in a 45° angle on the surface
in the SEM image. If this cube like structure indeed is a different orientation, they
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should be able to be observed by the XRD. Something else that draws attention on
the SEM image, is the LSMO layer grown right on top of the substrate. The VAN
structure does not grow on the STO layer but on the LSMO layer. In that top layer,
pillars of LSMO with a varying width of approximately 5-50nm can be observed in
the ZnO matrix. Unfortunately, as there are no SEM images of MW114 the struc-
tures cannot be compared.

Figure 4.2: Cross-sectional SEM image of sample MW107.

XRD results

Looking at the XRD analysis as seen in figure 4.3, it can clearly be seen that the
same phases have been formed in both samples from the peaks which are present
in both scans, indicating reproducibility. The presence of ZnO (1120) confirms the
predicted growing orientation in section 2.3. The presence of ZnO (0002) in the XRD
scan 4.3 confirms that a different orientation of ZnO has grown on the sample and
probably are the cube like structures. As both XRD scans were made in different
XRD setups, only the peak position can be compared. However, looking at the ra-
tio between the ZnO (1120) and ZnO (0002) peak intensities, more crystalline ZnO
(0002) is present in the MW107 sample which is in line with the big particles ob-
served on AFM and SEM images. However, since we lack the SEM data of MW114
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this can not be completely proven yet. The difference in these results could be ex-
plained by the fact that the laser window of the PLD system was cleaned between
the growth of both samples, resulting in different laser intensities between both de-
positions. The difference between the amount of samples in one batch could also
have influenced the growth. This due to the position of the samples with respect
to the plasma plume. When more samples are grown in the same deposition, the
samples are not aligned precisely in the center of the plasma plume resulting in less
material on the sample and a gradient of material.

MW107 vs. MW114 STO 001

6 | MW107
107 MW114

Intensity {counts)

STO 001
STO 002
STO 003

Zn0O 1120

ZnO 0002

i o YO

20 3 40 60
2Theta (°)

Figure 4.3: XRD comparison of MW107 and MW114 using two different XRD se-
tups.

4.1.2 Influence of STO substrate orientation

Three samples, MW114, MW115 and MW116 were grown on STO with three differ-
ent orientations, (001), (110) and (111). As discussed in 2.3, there is expected that
the LSMO will grow according to the STO orientation as the lattice parameters of
LSMO and STO are very similar. So, the LSMO (001) orientation is favored on the
STO (001) substrate and so on. A structure as seen in figures 2.8b, 2.8¢c and 2.8d
is also expected with the according ZnO phases.
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AFM results

As seen in figures 4.4a, 4.4b and 4.4c the grown structures differ from each other.
They resemble the ordering like shown in figures 2.8b, 2.8c and 2.8d indicating
that the ZnO orientations have grown as expected on the STO substrates. The
roughness of MW116 is low with 3.7nm in comparison to MW114 and MW115 with
a roughness of 9.3 and 9.5nm as seen in table 3.1.

(a) AFM image of MW114 3x3um.  (b) AFM image of MW115 3x3um  (c) AFM image of MW116 3x3um

XRD results

From the peak intensities seen in the XRD scans in figure 4.5 the expected orien-
tations have grown on the STO substrate samples. However, in sample MW116
something interesting occurs as seen in its respective scan in figure 4.5. Signifi-
cantly high intensities are measured for the LSMO (011) orientation which was not
expected in the first case. This orientation has a high lattice mismatch with the sub-
strate but it could be possible it can grow well on an other material formed. As seen
in figure 2.8c ZnO is expected to grow in the (0001) orientation on STO (110), which
is also seen in the XRD scan. As LSMO and STO share very similar lattice param-
eters, it only makes sense that LSMO (110) could also grow with a relatively low
lattice mismatch on ZnO (0001) as also predicted for MW120, which could explain
that this particular orientation is present on MW116.
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4.1.3 Scandate substrates

As DSO and NSO are very similar substrates, with similar crystal structure and
lattice parameters, these samples will be compared. It is expected that the grown
films look similar in the AFM and that the same phases are grown. The AFM images
as seen in figures 4.6a and 4.6b are very comparable. Both samples show the same
size and shape of structures grown on the sample. It is notable that the amount of
these structures is a lot more on MW119 in comparison to MW118. The cause of this
is yet unclear. In figure 4.7 the peak intensities show that the expected orientations
of LSMO (001) and ZnO (1120) have grown on the films. As the in plane spacing
for DSO 220 matches LSMO more than NSO, the peak pair of LSMO and DSO is
closer in comparison with the NSO sample.
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(a) AFM image of MW118 5x5um. (b) AFM image of MW119 5x5um

4.1.4 MgO (001) and ZnO (0001)

The last two samples analyzed are the samples grown on MgO (001) and ZnO
(0001). As expected for the MgO (001) substrate, LSMO (001) and ZnO (1120) are
the preferred growing orientations as clearly indicated by the intensity peaks of the
XRD scan in figure 4.9. For the substrate ZnO (0001), also the expected orientations
have grown. No additional ZnO orientation is formed and LSMO (011) is the pre-
ferred orientation as seen in XRD seen in figure 4.9. However, also small amounts
of LSMO (001) has grown on the sample. It is yet unclear why this orientation grows,
but it grows significantly less than LSMO (001) and thus the expectations still have
met.

MgO (001) has the same growing orientation of ZnO as with STO (001) and thus it
is expected that a similar structure can be observed in the AFM. So, structures of
ZnO (1120) with a 90° with respect to itself. This pattern is vaguely seen in figure
4.8a. However, the structure size and shape differ a lot and seems less ordered in
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Figure 4.7: XRD scan of MW118 and MW119 comparing peaks around 26 angle
40-60°

comparison with MW114. For ZnO (0001) it is expected to see hexagonal like struc-
tures disrupted by groups of LSMO. Looking at figure 4.8b, clusters of hexagonal
like structures are formed and the darker LSMO groups disrupt these clusters.

4.2 Thermoelectric properties

After sputtering Au/Ti contacts, the samples can be measured using the Seebeck
setup and the Hall setup. The electrical conductivity, carrier concentration and See-
beck coefficient gives an indication whether the material has the potential to be a
good thermoelectric material. This can be indicated by the PF.

4.2.1 Seebeck coefficient

Seebeck measurements are conducted as described in section 3.7. A typical re-
sult is seen in graph 4.10. Ideally, for all 6 directions a similar Seebeck coefficient
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(a) AFM image of MW117 5x5um. (b) AFM image of MW120 5x5um

is measured with small errors. However, this was not the case for all samples. For
some samples just one direction was a bad measurement with high error. This could
mean the probes were not connected properly. But this is not a big problem as long
as the other five measurements were okay since the average of the measurements
is taken. MW116 is the most notable measurement in this case. Only 1 direction
showed a graph with relatively low errors, where the other 5 showed completely
different relations and huge errors. Also, structure-wise MW116 is very similar to
MW115 and MW114. So, it seems unlikely that the Seebeck coefficient is an order
of magnitude larger than the MW115 and MW114 samples as seen in table 4.3. As
5 directions were hard to measure, there seems to be a problem with the sputtered
contacts. This also reduces the reliability of the sixth measurement. Therefore, this
measured Seebeck coefficient for MW116 should be treated carefully with these er-
rors in mind.

MW120 was measured to have a Seebeck coefficient of —1020uV/ K. This is a See-
beck coefficient of two orders of magnitude bigger than the other samples. Showing
great promise for a high PF.

4.2.2 Van der Pauw and Hall

The goal of measuring using the Hall setup is to get an estimation of the carrier
concentration and measure the electrical conductivity. However, the in-field mea-
surements were not functioning properly and thus not taken into account. So only
the Van der Pauw measurements were conducted and used to calculate the conduc-
tivity of each sample. Also, MW120 was measured using a different measurement
device.

The electrical conductivities can be found in table 4.3. The errors of MW115 and
MW119 are quite high in comparison to the other samples. This could mean bad
contacts might have influenced the measurement. The high conductivity of MW120



4.3. ZNO (0001) SUBSTRATE 35

i +] MW117 MgO 001 S
5 Q o
; S = 3
5 o
- = w =
. ﬂ _I g
N

2Theta ()

T
i) T

[ 80

0 T T t] T
20 ki 40

it

- IMW120 ZnO 0001

tensity (counts)

Zn0O 0002

v
o
=)
S
@)
=
~N

SMO 001
LSMO 011
LSMO 002

o~
o
o
o
=
7]
A

T
@ Fi]

Figure 4.9: XRD scan of MW117 and MW120.

0 30 40 =0

")

T
&0
ITheta |

stands out in comparison to the other samples with a conductivity of 23(S/cm).

4.3 ZnO (0001) substrate

The sample grown on ZnO 0001 shows significantly higher Seebeck coefficient and
electrical conductivity than the other samples. This combination gives a PF of sev-
eral orders of magnitude higher and comparable to Bi>Te; around room temperature,
which is known to be a high performing thermoelectric material. [1] These high mea-
sured values in MW120 are the result of a difference in structure in comparison to
the other samples. A notable difference can be observed in the two SEM images
in figure 4.11. As mentioned earlier, a LSMO layer forms on top of the STO (001)
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Figure 4.10: Example of graph of a Seebeck measurement processed with MatLab

substrate. However, this effect is not seen on the ZnO 0001 substrate. The VAN
structure grows directly on the substrate and clearly LSMO pillars are formed within
the ZnO matrix.

As known, all samples from MW107-MW119 contain substrates which match
LSMO nearly perfectly and matches ZnO less good. This also holds for MW107 and
results in a layer LSMO on the surface of the substrate as seen in figure 4.11, which
is the darker layer. LSMO has quite a low Seebeck coefficient, about —10uV/ K, as
known from literature. [32] As the Seebeck values from literature correspond to the
values measured in samples MW107-MW119 it is suspected the Seebeck coefficient
is only measured in the LSMO layer and not the structure on top. The same holds
for the electrical conductivity, where literature reports values in the range of 1.5/cm
for LSMO as is also measured. [33] As the measured results are so comparable for
all samples MW107-MW119, it gives reason to believe this LSMO layer has grown
in all samples. However, due to the lack of the SEM images of the other samples
this cannot be completely proven yet.

The film grown on ZnO 0001 does not show this LSMO layer in figure 4.11 which
can be explained by the fact that ZnO grows better on ZnO than LSMO. Since this
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Table 4.3: Seebeck coefficients, electrical conductivity’s and PF’s of grown samples
Sample S (uV/K) o (S/em) PFE (uW/(emK?)
MW107 -10.2+0.7 0.7740.036 8.0E-5+1.1E-5
MW114 -10.44+0.3 2.1£0.002 2.3E-4+1.4E-5
MW115 -10.7+1.9 0.264+0.229 3.0E-5+2.8E-5
MW116 -121+9 0.244+0.072 3.5E-3+1.2E-5
MW117 -10.7+1.3 0.944+0.024 1.1E-4+2.7E-5
MW118 -8.84+1.7 0.33£0.085 2.6E-5+1.2E-5
MW119 -11.6+1.6 0.44+0.271 5.9E-5+4.0E-5
MW120 -1020+53 23+1.5 24+2.9

LSMO layer is not formed, the measured values are very different. The Seebeck
coefficient and electrical conductivity measured are more in the range of ZnO as
found in literature. [34] This makes sense as 90% of the film grown contains ZnO.
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Figure 4.11: SEM images of MW107 and MW120.



Chapter 5

Conclusions and recommendations

5.1 Conclusions

Eight samples were evaluated on their structural and thermoelectric properties where
one was functioning as a reference sample. All samples were grown in similar grow-
ing conditions on different substrates. In order to perform Seebeck and Van der
Pauw measurements, Au/Ti contacts were sputtered on the corners of the samples.

All samples were structurally analyzed using AFM and XRD techniques. The
XRD graphs confirmed which phases of the target have grown on the sample as
predicted. The surface roughness showed that the samples were flat.

The Seebeck measurements were conducted and generally showed a similar
behaviour for 6 measurements with low errors. Sample MW116 showed very incon-
sistent results giving rise to suspect that the contacts were bad and thus concluding
its result is not reliable. In these measurements for MW107-MW119 all showed com-
parable relatively low Seebeck coefficients of —10.V /K which is comparable with S
found in literature for LSMO. These low S are probably the result of a LSMO layer
grown on the substrate as was seen in the SEM image of MW107. Thus it has not
succeeded to grow a VAN structure directly on the substrate. However, the pillar
structure of LSMO in the matrix of ZnO was observed above the LSMO layer. As
the samples MW107-MW119 showed similar behaviours, it is suspected this same
LSMO layer has grown as well with the VAN structure on top. Due to the lack of SEM
images of the other samples, this cannot be proven completely yet. The Seebeck
coefficient of MW120 was two orders of magnitudes larger with —1020pV/K. The
SEM image shows that is has succeeded to grow a VAN structure directly on the
substrate. Due to the absence of the LSMO layer, the Seebeck coefficient changed
significantly.
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The Hall setup eventually was only used to conduct Van der Pauw measurements
as the Hall data was unreliable and the setup was partially defect. MW107-MW119
all showed low electrical conductivities of 0.2 — 25/e¢m and some with high errors.
These values correspond with the electrical conductivity of LSMO as found in liter-
ature. Therefor, these results again are the effect of the LSMO layer grown directly
on top of the substrate. MW120 showed a high electrical conductivity of 235/cm.
This significant different value is the result of the absence of the LSMO layer and the
successfully grown VAN structure on the sample.

The low results of S and ¢ in samples MW107-MW119 consequently resulted in
low PF’s in the range of 1 x 107 3uW/(cmK?). MW120 however showed a promising
PF of 24uW/(ecmK?) which is in the range of the high-performing thermoelectric ma-
terial BioTe; at room temperature. [1]

5.2 Recommendations

MW120 using a ZnO (0001) substrate with LSMO ZnO (1:9) shows very promis-
ing thermoelectric properties and thus is a material of great interest. Therefore,
this material should be researched more thoroughly. There should be researched
how certain growing parameters, like the temperature of the substrate and laser fre-
qguency, influence the growth of this structure and determine how these parameters
influence the thermoelectric parameters in order to optimize them.

Also, a sample with Al doped ZnO should be grown and researched to see how
the electrical conductivity is influenced. Literature suggests that the electrical con-
ductivity could increase with an order of magnitude, having a great influence on the
PF. [35]

The last step in order to determine the ZT value is to measure its thermal con-
ductivity. These measurements cannot be done at the University of Twente but as
it is a very interesting material with high PF’s this last property should be measured
somewhere else in order to determine the ZT. This last parameter which show if this
material has the potential of being a good thermoelectric material.

In order to prove that all other samples (MW114-MW119) did also grow the ex-
pected LSMO layer, these should be checked using the SEM. If there can be con-
firmed these LSMO layers are grown, the effects can be related with each other and
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gives more insight of how to grow VAN structures.

In some measurements the bottleneck were the contacts of the samples. There
should be researched how to improve these contacts in order to measure consis-
tently.
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Appendix A

AFM

AFM images of the treated substrates NSO, DSO, MgO and ZnO can be found in
figure A.1. Looking at the surfaces they are well treated and clear terraces have
formed. These substrates are sufficiently flat to grow thin films on.
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(b) AFM image of treated DSO 3x5um.
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(c) AFM image of treated MgO 2x2 ym (d) AFM image of treated ZnO 10x10um

Figure A.1: AFM images of the substrates DSO, NSO, MgO and ZnO after treat-
ment.
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Appendix B

Error measurements

During the Seebeck en Van der Pauw measurements, different error calculations
have been used. These errors will now be discussed shortly.

B.1 Seebeck error

As explained in section 3.7 the data set of the Seebeck measurement was analyzed
using linear regression. A linear fit of the data set was made and the slope calcu-
lated. A typical data set can be found in figure B.1. A 95% confidence interval is
taken from this data set to calculate the error on the slope.

B.2 Van der Pauw error

Using the Van der Pauw setup, multiple measurements were made. Of these mea-
surements the mean and the standard deviation of this mean given by equation B.1
and B.2 respectively is used to calculate the error. N is the amount of measurements
and z; are the variables in the data set.

xz%Zm (B.1)

1 N
Og = m Z (fL'l — l’)2 (B2)

i=1

To compute the error using earlier measurements, error propagation is needed.
When adding two variables, the two errors are additive. But when taking the power
or multiplying, this is not the case. When calculating the PF following general relation
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Figure B.1: Example of graph of a Seebeck measurement processed with MatLab.

should be applied. Equation B.3 is a general formula for a certain relation where =
in equation B.4 is its accoring error.

2 = cxy’ (B.3)
B ox oy
0z)z = c\/(a;)Q + (b?)2 (B.4)

As PF = 05? equation B.4 becomes equation B.5 to calculate the total error of
PF. For all similar cases, these computations have been conducted.

errorpp = PF % \/(167”"0%)2 + (2% BWETS)Z (B.5)

g
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