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Abstract

Intermediate temperature fuel cells, with a working temperature between 500 °C and 700 °C,
suffer from the slow reduction kinetics of oxygen at the cathode side which is responsible for
most of the resistive losses. The aim of this work was the investigation of the electrical
properties, oxygen exchange kinetics and diffusion processes of 80 tracer ions in advanced
cathode materials, such as perovskites with the generalized structure (La,Ca,Sr)2C02-xMnxQs-

3.

First, targets materials were synthesized by a Pechini-type method. Subsequently thin films of
different compositions were grown by pulsed laser deposition (PLD) under various p(Oz) on
three different single crystal substrates, since the background pressure in the PLD chamber and
the used substrate have a massive impact on the thin film structure and properties. For ionic
conductivity determination, some of the samples were microstcructured by UV-lithography and

impedance spectroscopy was performed.

The electrical properties of bulk and thin film samples were investigated by van der Pauw
method. Keeping the Co/Mn ratio 1:1, a higher conductivity for Ca and Sr doped samples is
observed due to p-type doping. Moreover, by changing the relative amount of Co without A-
site doping conductivity can also be enhanced. All produced and investigated bulk samples
possess a lower electrical conductivity and higher activation energy than Lao.sSro2MnQOs
(LSM).

For applicable cathode materials, a good oxygen diffusion is crucial. Hence, La2CoMnQs thin
film were investigated by performing 0 exchange experiments and ToF-SIMS depth
profiling. With these techniques, the diffusion coefficient D* and the surface exchange
coefficient k* were determined. In La2CoMnOs samples, grain boundary diffusion plays a vital
role. Diffusion coefficients of the grain boundaries are one to two orders of magnitude higher
than the bulk diffusion coefficients and stay constant when p(O32) in the PLD-chamber during
thin film growth is increased. Additionally, a high p(O2) leads to an additional diffusion process

and is most likely related to the dislocation concentration.

For the determination of the ionic area specific resistance of La2CoMnOs impedance
spectroscopy was carried out. Activation energies below 550 °C indicate a triple phase

boundary path of oxygen reduction. If the samples were heated for the first time above 500 °C



irreversible changes took place and the activation energies and resistivity rose tremendously in

further measurements.

Kurzfassung

Bei Mitteltemperatur-Brennstoffzellen, mit einer Betriebstemperatur zwischen 500 °C und 700
°C, stellt die langsame Reaktionskinetik der Sauerstoffreduktion an der Kathode ein
ernstzunehmendes Problem dar. Sie ist oft verantwortlich fur den grof3ten Teil der elektrischen
Verluste. Daher ist das Ziel dieser Arbeit, die elektrischen Eigenschaften, die
Sauerstoffaustauschkinetik und die Diffusionsprozesse von 20 in neuen Kathodenmaterialien,

wie den Perowskiten mit einer Zusammensetzung (La,Ca,Sr)2Co2.xMnxQOs-s zu untersuchen.

Zu Beginn wurden targets Uber eine Abwandlung der Pechini-Methode synthetisiert.
AnschlieBend wurden Dunnschichten mit Hilfe gepulster Laserabscheidung auf drei
verschiedenen Einkristallsubstraten und unter verschiedenen p(O2) aufgewachsen, da Substrat
und Hintergrunddruck Einfluss auf die Struktur und Eigenschaften des Dinnfilms haben. Zu
guter  Letzt  wurden  ausgewahlte  Proben  mittels  UV-Lithographie  flr
impedanzspektroskopische Messungen mikrostrukturiert, um deren ionische Leitfahigkeit zu

bestimmen.

Die elektrischen Eigenschaften wurden mit Hilfe der van der Pauw-Methode untersucht.
Hierbei wurden bulk-Proben und Dinnschichten vermessen. Bei einem Co/Mn Verhéltnis von
1:1 kann durch Dotieren des A-Platzes der Perowskite mit Ca und Sr (p-type doping) eine
Verbesserung der Leitfahigkeit erzielt werde. Wenn der Co-Anteil gegeniiber dem Mn-Anteil
veréndert wird, kann eine Verbesserung der Leitfahigkeit von Dunnschichtproben beobachtet
werden, wobei alle hergestellten Proben eine schlechtere elektrische Leitfahigkeit und héhere

Aktivierungenergie als Lao.sSro2MnO3s (LSM) aufweisen.

Fur Kathoden ist eine gute Sauerstoffdiffusion notwendig, daher wurden La2CoMnQOs
Dinnschichten mit  Hilfe von 10  Austauschexperimenten und  ToF-SIMS
Tiefenprofilmessungen untersucht. Mit diesen konnten Diffusionskoeffizienten und Ober-
flachenaustauschkoeffizienten bestimmt werden. In den La2CoMnOs Proben spielt die
Diffusion tber die Kornzgrenzen eine wichtige Rolle, der Korngrenzendiffusionskoeffizient ist
um zwei bis drei Ordnungen groRer als der Volumendiffusionskoeffizient. Unterschiedliche
Sauerstoffpartialdriicke wahrend der Herstellung der Dinnschichten beeinflusst den
Korngrenzendiffusionskoeffizienten nicht. Hingegen verursacht ein hoher Partialdruck die



Enstehung eines zusétzlichen Diffusionsprozesses, dieser steht hochst wahrscheinlich in einem

Zusammenhang mit der Versetzungkonzentration in den Proben.

Fur die Bestimmung des ionischen flachenbezogenen Widerstandes von La2CoMnQOs wurden
impedanzspektroskopische Messungen durchgefuhrt. Die erhaltenen Aktivierungsenergien
unter 550 °C weisen auf eine Sauerstoffreduction an der Dreiphasengrenzflache hin. Nachdem
die Mikroelektroden erstmalig Gber 550 °C erhitzt wurden, kam es zu irreversiblen
Veranderungen der Proben und folglich stiegen die Aktivierungsenergien und Widerstande
dramatisch an. Dies steht moglicherweise in Zusammenhang mit einer strukturellen
Verénderung der Proben, oder kann auf eine mit dem verwendeten Photolack verkniupften

Degradation zurlickgefiihrt werden.
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1. Introduction

Fuel cells are able to convert chemical energy directly to electrical energy. They are not limited
to the Carnot efficiency. Facing greenhouse effect and global warming, it is more important
than ever to cover the rising energy demand in a clean sustainable way. In the future fuel cells
could be a valuable tool for meeting both interests, if hydrogen is obtained from sustainable
resources. Thus, research focused on them in recent years.[1-3] To quote the CEO of Shell
Hydrogen, Don Huberts, using nearly the same words as Sheikh Zaki Yamani, the former oil
minister of Saudi Arabia,” The Stone Age did not end because we ran out of stones, and the oil
age will not end because we run out of oil.” Thus, maybe hydrogen is going to replace oil and

society will experience a dramatic change to a hydrogen economy in the 21% century.[4, 5]

Solid fuel cells have some main advantages over other fuel cells types. Due to internal
reforming, not only hydrogen can be used as fuel, but also hydrocarbons such as methane,
methanol and ethanol. Moreover, it is one of the most efficient fuel cell type, since combination

of electrical and heat applications are possible.[6, 7]

Nevertheless, improvements are necessary, there are still some technical issues. The costs have
to be decreased and durability enhanced. State of the art SOFCs operate in a temperature range
of 700 °C - 1000 °C, which makes great demands on the used materials. The composition of
the different elements is very complex and many factors have to be considered such as the
thermal expansion coefficients. Due to incompatible materials with different temperature
expansion coefficients, strain can be introduced into the cells when heated. Strain can deform,
even destroy the SOFCs. Another issue is that these high temperatures demand a high resilience
of the interconnects. Since they are located between two cells, they must withstand both
oxidizing and reducing atmospheres over a decent time. Nowadays mainly stainless steel is in
use as material for such interconnects. Due to these and more problems, significant effort was
put into the investigation of intermediate-temperature solid oxide fuel cells. Where the

operation temperature range is lowered to around 500 °C - 700 °C.[7]

In intermediate-temperature SOFCs new concerns occurred, the limited conductivity of the
electrolyte (yttria stabilized zirconia) and the slow oxygen reduction kinetics at the cathode.

Especially the slow reduction kinetics is responsible for most of the resistive losses and limits



the efficiency.[8-10] Thus, the focus of this thesis is the characterization of a possible high
activity cathode material, namely La2CoMnQs-5 (LCM).

To understand why LCM is an interesting electrode candidate, formerly used or investigated
cathode materials should be discussed. In high temperature fuel cells, Sr-doped LaMnO3 (LSM)
is widely used. At around 1000 °C it has a high electronic conductivity, is compatible with
diverse electrolytes, is stable under the present conditions, has acceptable oxygen reduction
kinetics, an outstanding long-term performance stability and low overpotential.[6, 11]
However, at 500 °C the polarization resistance rises quickly. Due to its low ionic conductivity
and the limitation of oxygen reduction to the triple phase boundary, LSM cannot be used in

intermediate-temperature SOFCs.[6]

Another investigated promising material is Sr-doped lanthanum ferrite (LSF). It has high
electrical and ionic conductivity in the required temperature range and the thermal expansion
coefficient is in the same range as YSZ. Cobalt containing LSF (LSCF) is an excellent mixed
ionic electronic conductor, but its thermal expansion coefficient is too high. Moreover, it reacts

with the electrolyte, hence a barrier layer is needed.[6]

Further oxides with perovskite structure were investigated, for example Sr-doped lanthanum
cobaltite (LSC). It possesses excellent ionic and electrical conductivity; however, its thermal
expansion coefficient is too high for an application as cathode material in SOFCs. Moreover,
under the described conditions its stability is not good enough, it reacts with YSZ forming a

resistive interlayer and Sr segregates at the surface.[8, 12]

Considering the properties of the reported materials the intention behind the investigation of
LCM was to find a material, which combines the positive features of LSM and LSC. Exhibiting
high electronic and ionic conductivity in a temperature range of 500 °C and 700 °C, with great
long-term stability under oxidizing conditions and a similar thermal expansion coefficient as
YSZ. Furthermore, the effects of the variation of deposition parameters and doping of LCM
with known hole dopants for perovskites such as Sr and Ca, was of great interest.

Most studies on semiconducting LCM were made regarding its magnetic properties (especially
the ferromagnetic insulting properties, Curie temperature, the zero-field-cooled and field cooled
magnetization) and structure.[13-17] Polarized Raman spectroscopy and neutron diffraction
can be used to distinguish between the B-site ordered double perovskite and the disordered
perovskite, respective ordering can be verified with these methods.[18-22] When ordered
former in the disordered structure type forbidden vibrations occur and can be observed via

8



Raman.[18, 22] Regarding the structure, thin film deposition under high p(O2) (above 200
mTorr) lead to the double perovskite.[13, 23]

Conductivity measurements of the system LaosCao4Mni1-xCoxO3-1 with x = 0.1 - 1.0 can be
found in literature.[24] However, conductivity of non-doped LCM has not been studied
intensively at elevated temperatures so far. Nevertheless a fist-principles study suggested that
LCM is a promising candidate as cathode in SOFCs.[25] On the other hand, in 1996 Jonker
reported that in LaMn1xCoxO3s the maximum resistivity at room temperature is obtained if x =
0.5 and the minimal if x = 0.9.[26]

Ca and Sr-doped LCM is known from literature as well, the structure of the A-site doped
perovskite was determined by XRD-measurements and the magnetic properties were
studied.[27] The semiconductors La>-xSrxCoMnQOs (0 < x < 1) were investigated and Sr was
identified to be a hole introducing p-dopant in these double perovskites. Raman spectra and the
temperature and frequency dependent susceptibility was recorded.[28] Moreover Souza et al.
(1998) investigated the oxygen diffusion in Lai-xSrxMni1yCoyOs+-s by performing isotope
exchange experiments and ToF-SIMS depth profiling.[29]

For determination of the mentioned properties and to unveil the nature of oxygen reduction on
LCM, model systems have to be installed. Therefore, epitaxial thin films on single crystals and
microelectrodes were produced, even though in real fuel cells cathodes are porous. The
available tools to study the materials properties were van der Pauw measurements. 0.
exchange experiments with subsequent ToF-SIMS ion depth profiling were performed. VVan der
Pauw measurements are widely used to determine the electrical conductivity of arbitrary shaped
samples.[30-34] Isotope depth profiles give a direct possibility to estimate oxygen mass
transport, thus a combination of isotope exchange experiments and ToF-SIMS was

applied.[35]. Oxygen exchange rate in LCM was measured by using impedance spectroscopy.



2. Theoretical Background

2.1 Solid Oxide Fuel Cells (SOFCs)

In solid oxide fuel cells, the reaction of a fuel and oxygen is used to produce electricity. Thereby
the fuel (H2 or hydrocarbons) is fed to the anode and oxygen to the cathode side. On the anodic
side, the compounds are oxidized forming water and CO: if hydrocarbons are used. On the
cathodic side, oxygen is reduced and O ions travel through the electrolyte to the anode.[36] In
return, electrodes move from the anode to the cathode and thereby electrical loads can be
operated. The basic reactions and a schematic of such fuel cells with Hz as fuel are shown below

in Figure 1 and Equations 1-3.

anod\e‘ A « cathode
A/QQ
H, S/
- -« 0
« / ’ HZ + 02_ - H20 + 23_ (1)
H,0 T o,
H 4
Z> i T 0,427 > 0% )
H,04¢7 | T 0
2H Y, 2 1
2 ] - .02 HZ + 502 - Hzo (3)
H,0

electrolyte

Figure 1: Schematic of an operating solid oxide fuel cell

The electrodes are porous, for anodes usually YSZ cermet is used, while the cathode consists
out of strontium-doped lanthanum manganite (LSM), strontium-doped lanthanum cobaltite
(LSC) or strontium-doped lanthanum cobalt ferrite (LSCF) and for the dense electrolyte oxide
ion conducting yttria-stabilized zirconia (YSZ) are most common.[6] The operating
temperature of SOFCs varies between 700 °C and 1000 °C and a wide range of fuels can be
used.[36]

Its conversion efficiency does not underlie the Carnot limitation, it converts chemical energy
directly to electrical energy.[37] The reversible efficiency of fuel cells is described in Equation

4, it is the ratio between the Gibbs enthalpy and the reaction enthalpy.[38, 39]
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_ AGf . T*ASf
N _AHf_ AHf

(4)

AGr+ .... Gibbs energy change of the reaction [kJ K/mol]
M.o.nn cell efficiency [/]

T...... temperature [K]

AS; ... entropy change of the reaction [kJ/mol]

AHp ... enthalpy change of the reaction [kJ K/mol]

Considering Equation 4 for hydrogen, the lower the operating temperature the higher the
efficiency.[2] For methane however, the reversible efficiency is rather independent of
temperature. The cost of the ceramic compounds, stability issues and the increased rate of
interfacial reaction between the ceramic layers are still reasons, why intermediate temperature
SOFC are in focus of research (working temperature 500 °C - 700 °C). [40] However, at lower
temperatures a very conductive electrolyte and an active cathode is needed.[41] Most of the
resistive losses arise from slow Kinetics at the cathodic side, hence new cathode materials are

under investigation such as the double perovskite La2CoMnQOe-5.[8-10]

2.2 Perovskites

Perovskites are named after the mineral CaTiOs, they have the structure of ABXs. A and B are
cations of different size, whereby the A ion is the larger one. In the thesis, just oxygen ions are
discussed as anions, hence the X is replaced by an O. Therefore, the discussed structures have
the formula ABQOs, respectively if the B-site is ordered A2B’B’’Os.

B-site ordered perovskites are called double perovskites. The A-site cations in the middle of a
unit cell are coordinated by 12 oxygen ions, while the B-site ions are located at the corners, in
the middle of an octahedral oxygen cavity. The structure is shown in Figure 2. For stability
reasons a tolerance factor (introduced by Goldschmidt) between 0.75 and 1.1 is required.[12]

This geometric factor is defined in the following equation:

11



ra+7ro

"= Fewro ®

t.... tolerance factor [/]
r.... radii of the A, B and O ions [A]

The calculation is only an estimation, due to the many factors the ionic radii are affected by,
such as distortion, partial occupancy of cations, covalence, metallic character and spin state.[42]
When Equation 5 is applied Goldschmidt factors between t = 0.95 and 1.00 are obtained for the
investigated compounds. (Shannon radii used as effective ionic radii). The used radii are based
on O% ionic radius = 1.40 A.[43] The Goldschmidt factors are all in the stable perovskite range,
nevertheless none of the investigated substances has a cubic structure. They are either
monoclinic (nearly orthorhombic), rhombohedral or orthorhombic and therefore must have a
factor between 0.7 and 0.9. Since Ca?* and Sr?* ions are comparatively big, when La2CoMnOs-
s 1S doped with them, they go to the A-site and lead mainly to an increase of the hole
concentration, which is discussed in chapter 2.5.

Figure 2: Perovskite structure
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2.3 Mixed lonic-Electronic Conductors (MIEC)

Wagner described transport processes of electrons and ions in the same material in 1975, he
created the foundation of MIECs theory.[44, 45]

Mixed ionic-electronic conductors are both ionic conductive and electronic conductive, hence
they are interesting candidates for cathode materials in SOFCs.[12, 46, 47] The oxygen
reduction reaction of only electronically conductive cathodes is limited to the triple phase
boundary, whereas in MIECs the reaction and incorporation of oxygen can take place at the
whole surface of the porous electrode. Subsequently the resulting oxygen ions migrate through
the cathode to the electrolyte.[48, 49] The difference of the two described reaction paths are
shown in Figure 3 and Figure 4. The electrolyte surface path is a third option of oxygen

reduction, but it is not pictured in the following two graphs.

0 0
0, : 0, 2 0 0,
2
RN AN / =
Ogd Oy Oag Ogg 0gq Oy 04y '

/

Figure 3: Triple phase reduction of oxygen, only electronically conductive electrode

/ -~ AN
/ A

03 — 204q \
\ /
\ Opa + 26~ = 0% )
‘.I\\\\ /

02 I‘u /"/

\ /0
0, / 20 0, o
LN N

electrolyte

Figure 4: Volume (bulk) path of the oxygen reduction reaction, MIEC as electrode
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Recently research has focused on transition metal oxides perovskites and perovskite-related
structures. However, most of these materials are mainly electronically conductive and only few
show a high transport number of oxide ions. Moreover, often conductivity or the reduction
mechanism dependents on temperature, p(O2) and/or bias. [48, 50] LSM is an excellent
example, in 2015 Huber et al. [50] showed, that the oxygen reduction and incorporation in the
electrode tend to switch from mainly triple phase boundary surface path at low temperatures to
a dominating volume path under a cathodic bias and at elevated temperatures (above 700 °C).

Thereby the bias enhances the ionic conductivity of LSM. [50]

Cobaltites are very good MIEC materials, since Co is more difficult to oxidize to Co*",
compared to Mn, which favors the formation of oxygen vacancies. A disproportionation
reaction and Sr A-site doping often leads to a mixture of Co®*/Co*" ions, which enhances
electrical conductivity, due to an increased hole concentration (for example doping of LaCo03).
[48] Therefore the oxygen reduction of many cobaltites like strontium doped lanthanum
cobaltite (LSC) and strontium doped lanthanum cobalt ferrite take place via the described bulk
path.[51]

The conductivity in mixed ion conductors can be described by the following equations, as

mentioned it is a combination of the conductivities of the contributing species.[52]

Uges = Ocation + Ognion + Oclectrons + Oholes (6)

O; = Ci*xq; * I (7)

G .... conductivity [S/cm]
Ci .... concentration of the charge carrier [cm™]
Qi .... charge of each species [C]

Wi .... mobility of the species [cm?%/s*V]

2.4 La2CoMnQe.5 (LCM)

In recent years LCM has been extensively investigated, due to its ferromagnetic insulating
properties, even at room temperature.[53] Thereby B-site ordering has a massive impact on its
physical properties.[15] When ordered, the Co and Mn cations in the octahedral cavities form
a rock salt structure, since they are arranged alternately in the three spatial directions.[16]
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Ordering leads to the formation of Co?*/Mn** pairs, formed out of Co®*/Mn®* and therefore
leads to 180°-superexchange interactions, resulting in a saturation magnetization of ca. 6
ps/f.u.. Moreover, the Curie-temperature is increased to 225 K, while disordered phases possess

a lower saturation magnetization and a Curie Temperature of 150 K.[23]

Not only the magnetic properties change, the structural as well. A phase transition from
orthorhombic to monoclinic is driven by B-site ordering.[15, 16, 18] In general, two transitions
of the double perovskite can be observed, the first is an electrical at around 400 K and a

structural transition from monoclinic to rhombohedral at 600 K.[54]

Due to those investigations on LCM, studies for its applicability as cathode material in
intermediate-temperature SOFCs were made.[25] In 2014 Yuan et all. [25] did first-principle
calculations on ordered and non-ordered LCM. The following trend for the oxygen vacancy
formation energy was predicted: Co?*- O*- Mn*" (ca. 3.3 eV) > Co?*- O*- Co** (ca. 2.73 eV) >
Mn3*- O*- Mn** (ca. 2.20 eV). Considering these energy values, oxygen vacancies form most
likely at anitsite defects. Thus, disordered LCM should have an enhanced oxygen ionic
conductivity. Moreover due to the lower repulsion between two Mn next to an oxygen vacancy
then between two Co, the formation of a vacancy between Mn ions is favored and the vacancy
itself more stable. [25].

Since B-site ordering has a significant impact on the properties of LCM, it is important for the
measurements to obtain either ordered or nonordered thin films. The fabrication parameters
determine whether a perovskite or a double perovskite is produced. For ordered structures high
growth temperatures and a high p(O2) are required.[15, 23] At a growth temperature of 800 °C.
the lattice parameter b starts to decrease above 200 mTorr background pressure, above 600
mTorr it saturates.[15] Hence the transition from disordered to ordered thin films can be
described through the lattice parameter b or a combination of growth temperature and oxygen

partial pressure.

Due to the formation of Mn** and Co?*, at room temperature a maximum resistivity is reported
in La2Mn1.xCoxOs for a Co/Mn ratio of 1:1.[17, 26]

P-type doping of LSM with Ca or Sr leads to Lao.7Cao3sMnosCoo503 with a monoclinic unit
cell and to Lao.sSro.2MnosC00503, which possesses a rhombohedral structure. The long-range
ferromagnetism is destroyed like in LCM. In the Sr-doped LCM Gamari-Seale et al. [27]
assume that the introduced holes lead most likely to Co**, consequently a mixture of Co?*, Co**

and Mn** is present in the described compound. Moreover, it is predicted that Ca doping induce
15



holes as well.[27] On the other hand, in 2008 Vashook et al. [24] could observe neither Co**
nor Mn?* ions in the system LaosCao4Mni—~xC0xO3-5. Only mixtures of Co?*/Co** and
Mn3*/Mn*" were found to be present.[24]

2.5 Defects and Diffusion in Solids

Defects play a significant role in oxygen reduction reactions and in diffusion processes of
oxygen through crystals.[52, 55] They can be categorized in zero dimension-point defects, such
as vacancies and self interstitials, one-dimensional defects (dislocations), two-dimensional
defects (external and internal surfaces) and three-dimensional defects (point defect
clusters).[56]

Point defects appear during crystal growth and are so called native defects. These intrinsic
defects exist in a thermodynamic equilibrium as well. Their formation is temperature dependent
and can be described by Gibbs energy. The following equation quantify the change of Gibbs
energy for the formation of an isolated vacancy. One assumption was made, the change of

entropy comes just from the change of the configurational entropy.[52, 56, 57]

AGV - AHV — T x ASV (8)
ASV == SCOTLf = kBan (9)
N!
W= o )

AGv ..... Gibbs energy of vacancy formation [J]
AHyv .... vacancy formation enthalpy [J]

T ......... temperature [K]

ASv...... vacancy formation entropy [J/K]

Scont ..... configurational entropy [J/K]

Kg ....... Boltzmann constant [J/K]

W ....... distinguishable ways of distributing n [/]
[ I number of vacancies [/]

N ........ number of lattice sites [/]
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Since introduced impurities increase the entropy in a formerly perfect crystal, Gibbs energy is
decreased. The formation enthalpy of vacancies stays constant and is nearly temperature
independent. Consequently, Gibbs energy has a local minimum at an equilibrium number of
point defects for a given temperature. It rises again at the point when additional defects are not
able to sufficiently increase the entropy in the crystal any more. Then more energy is needed to
from a defect than disorder gains. The described native defects in ionic crystals are either due
to Schottky defects, with a cation vacancy and an anion vacancy, or Frenkel disorder, which is

a combination of a vacancy and an interstitial ion.[52, 56]

Over and above doping has a massive impact on point defects, it can introduce either ionic or
electronic defects. As examples, Sr-doping of LaMnO3s and Ca-doping of ordered/disordered

La2CoMnQes-s are given. In these examples holes and/or oxygen vacancies are formed.

1) Sr0="Sr/,+ 0% +1/2V; (11)
ST0 S°Srj, + 05 + k' (12)
Mn},, + b > Mny, (13)

2) Ca0"="Caj, + 05 +1/2V; (14)
Ca0*>"Ca;, + 0F + (15)
Cof, + h — Coc, (16)
Mng, + b > Mng, (17)

Through Sr-doping most likely holes form in LaMnOs, Sr is a p-dopant and enhances the
electrical conductivity of LaMnOs. The holes are localized on former Mn3*-sites, a polaron is
formed, Mn®" becomes Mn**. Sr doping of LaMnO3 is described in the Equations 11-13.
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In LCM either oxygen vacancies, Co®* or a mixture of Co** and Mn** can be formed (Equations
14-17). The resulting oxygen states of the B-site cations depends on the ordering respectively
disordering of the crystal structure. In a perfect double perovskite Co?* becomes Co®* and Mn**
remains in its oxidation state (Equation 16 + 17). In a disordered LCM, where Co occupies
some Mn-sites and vice versa, Co®" remains on the Mn-sites and Mn** is additionally formed
on the Co-sites. In compounds with the composition Lao.sCaosMn1.xCoxO3-5, Co* and Mn?*
are not present. Moreover, it is suggested that Mn** acts as hole and is responsible for a p-type
conductivity whereas Co?" can be seen as ion with a localized electron, and therefore n-type

conducting.[24]

On the other hand, dislocations are never in thermodynamic equilibrium with their
surroundings. These linear defects are extrinsic, they are surrounded by a strain field. There are

two types of dislocations in edge dislocations, screw dislocations and a mixture of both.[56]

As mentioned, defects play a vital role in diffusion as well, in fact vacancies are mandatory in
many oxides for ion transport.[48] In general, a diffusion process can be described through the
first and second Fick’s laws, given in the equations below. They are the basis of the random
walk theory, which is a simplified model where diffusion consists of uncorrelated jumps. Atoms
jumping from a site A to a site B have to overcome a saddle point, which needs a decent amount
of energy. Moreover, for describing the jump frequency an additional parameter is needed, the
attempt frequency. Typical values are in the order of 1025, which is in the range of the Debye

frequency.[52, 56]

dc
J=-D=x— (18)
E—D>|<d—zc 19
dt dx? (19)

J ..... diffusion flux [mol/m? s]
D .... diffusion coefficient [m?/s]

C ..... concentration [mol/mq]
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The diffusion coefficient introduced by Equation 18 and Equation 19 has an Arrhenius
dependency on temperature. Moreover, the diffusion is related to the pressure as well, due to
the activation volume. This pressure dependence is negligible at ambient pressures and an often-
suppressed factor. It describes the increase of the lattice volume during the migration of an

atom, when the moving species are located at the saddle point.[52, 58]

Another often ignored fact is the different diffusivity of two isotopes, since the attempt
frequency is related to the harmonic oscillation of the atom and therefore connected to mass. In
most cases the difference is negligible, nevertheless it should always be kept in mind.[52]
Diffusion as such can be divided into several types, the most important one is the vacancy
diffusion. Thereby an atom jumps into an adjacent vacancy, the vacancy is the moving species
through the lattice. Another mechanism is the interstitial mechanism, it describes a small
dissolved atom moving from an interstitial site to another interstitial site. A description of the
collective, the divacancy and the interstitially mechanism is given by Helmut Mehrer in his
book Diffusion in Solid Fundamentals, Methods, Materials, Diffusion-Controlled Processes,
published in 2007.[52, 56, 57]

Thin films may exhibit grain boundaries and/or dislocations. These can be high diffusivity paths
and often play key roles, especially grain boundary diffusion.[59] For example in thin films
with grain boundaries the diffusion process can consist out of the bulk diffusion, a diffusion
along the boundaries and a lateral diffusion from the boundaries into the bulk. The diffusion
process along the grain boundaries of oxides is not fully understood. It is believed that the
formation energy of point defects in the boundaries is lower compared to the energy needed in
the bulk and that a vacancy mechanism is responsible for the fast diffusion. Moreover,
collective motion might play a vital part as well. J.C. Fisher and R.T.P. Whipple laid the

mathematical fundamentals of the proposed model.[52, 60-62]
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LCM thin film grain grain
boundary
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Figure 5: Model of grain boundary diffusion
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2.6 Pulsed Laser Deposition (PLD)

The most effective technique for the growth of complex crystalline oxides is pulsed laser
deposition (PLD). It is a physical vapor deposition process and is carried out in systems where
defined atmospheres can be established. With this technique stoichiometrically ablated material
can be transported from a target to an opposing substrate.[63, 64] Thereby the target is hit by
an UV-laser beam, whose energy is absorbed only by a small volume of the target. Subsequently
target material is vaporized, a plasma plume is established and material deposited on the
substrate, which is positioned on a heating coil. The ablation itself has a nonequilibrium nature.
The properties of the produced thin film can be tailored by varying deposition parameters such
as temperature, laser pulse rate and oxygen pressure. The so-called background pressure can
have two functions, firstly it can react with the ablated material and can be required for the
formation of the desired phase, secondly it can be used to impact the kinetic energy of the
ablated species.[63] The volume of the plasma plume is reduced at high background pressures,
due to the interaction with the gas in the PLD-chamber. [63, 65] The deposition process is
sketched in Figure 6.

target holder

target

laserbeam \

plasma plume

/ thin film

+ substrate

heating coil

Figure 6: Pulsed Laser Deposition (PLD)
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2.7 Van der Pauw Measurements

2.7.1 Basics of the Method

The method is widely used to determine the specific resistivity of thin, flat samples of arbitrary
shape.[30, 33, 66] Thereby a specimen is contacted at the edges by four electrodes A, B, C and

D. Considering the following equations, the electrical resistivity can be calculated.[30, 32, 66]

*d . (Rap,cp+RecpA) x f

T In2 2 (20)
Ucp Upa
Rapcp = 7= Rpcpa = —— (21+22)
Isp Ipc
P iiriiieneninnee.. TESIStIVILY [Q%Cm]
d......ocevveneene.. S@mple thickness [cm]
foiieeen..n. formfactor [/]

RaB, cp, Rac, pa ... resistances [Q]

For Ras, co the current between A B and the voltage between C D is measured. Rsc, pba is
determined by following the same procedure, measuring the current between B C and the
voltage between D A. Since the shape of any sample can be arbitrary, a formfactor f as function
of Ras, co/ Rec, pa is introduced. An approximation of f can be obtained from Equation 23.[30]

f=1- <RAB'CD_RBC'DA)2 Lnz_ (RAB,CD—RBC,DA>4 . ((lnz)Z _ (ln2)3) 23)

Rapcp+RBcpA 2 Rapcp+RBcpA 4 12

For receiving convincing reproducible results, the specimens have to meet some requirements.
The samples must be flat of homogeneous thickness and the thickness should be sufficiently
smaller than the lateral extension. The electrodes must be well conducting, placed at the edges
of the sample and as small as possible (ideally point like). At the surface, there should not be

any cracks or isolated holes.[30, 33]

Due to these preconditions, a lot of possible error sources arise, such as the placement of the

contacts and the sample thickness. In 2005 Kasl et al. determined the limiting thickness of a
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circular specimen, with contacts on the edge of the surface, to be about half the sample’s
diameter. The limiting thickness can be extended, if the contacts are placed across the edges,

since a more 2 D like current distribution is achieved.[31]
2.7.2 Conductivity Activation Energy and its Calculation from Arrhenius Plots

In most mixed ionic electronic conductors, the conductivity increases exponentially with rising
temperature, an Arrhenius type dependency is present. Thus, an increased temperature increases
the charge charrier concentration and/or their mobility. The connection between conductivity

and mobility of the charge carriers is given by following equation derived from Equation 5.

O=Z*U*N*e, (24)

W ..... mobility of ions [cm?/s]

o ..... conductivity [S/cm]

eo .... elementary charge [eV]

n ..... concentration of charge carriers [cm~]

Z ..... charge of the conducting species [/]

Furthermore, the mobility itself can be described by the Nernst-Einstein relation. It is dependent
on the diffusion coefficient, which is the reason for the discussed Arrhenius type nature of
conductivity.[52]

_Ea
xen*xD
n= ZRZZT D = Dy * ekB*T (25+26)

D .... diffusion coefficient [cm?/s]
ks ... Boltzmann constant [eV]
T .... temperature [K]

Ea ... activation energy [eV]
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The activation energy in the Arrhenius equation describes the energy barrier, which must be
overcome for the transport of localized charge carriers. Combining the Equations 24-26 the

conductivity is given by:

-E
2 2 a
zenx*xey*D
g = i VR V) * ekB*T (27)
kB*T

Finally, the conductivity multiplied by temperature is plotted against the inverse temperature.
As a result, the negative activation energy of the mobility can be calculated by multiplying the
slope m of the linear fit function of the plotted data points by the Boltzmann constant, provided

the concentration itself as temperature independent.

Eq _ z2%xnxef
*

In(c *T) =1In(A;) — — Ap =——= (28+29)
B

—E, =m=* kg (30)
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3. Experimental Part

3.1 Sample Preparation using a Pechini-type Method

PLD targets were produced by a Pechini-type method.[67, 68] For the LCM (La2CoMnOs),
LaC004Mnos03 and LaCoo.6Mno.4O3 samples Co304 (99.5 Sigma Aldrich, Missouri), La203
(99.999% Sigma Aldrich, Missouri) and MnCOs3 (> 99.9 % Sigma Aldrich, Missouri) were
weighed out according to the stochiometric values to receive 5 g target material. For the LCCM
(Lao.7Ca0.3C005Mnos03) sample additionally CaCOs3 (99.995 % Sigma Aldrich, Missouri) and
for the LSCM (Lao.sSro.2C005Mnos03) target SrCO3 (99.995 % Sigma Aldrich, Missouri)
were needed. The components were dissolved in 10 ml distillation purified 70 % HNO3s (>
99.999 % Sigma Aldrich, Missouri) and 10 to 15 ml double dist. H20. Co3O4 did not dissolve
under these conditions, a complex builder was needed. After stirring for 30 min, citric acid
monohydrate (>99.9998 % Fluka, Switzerland) in excess of 10 % assuming a 1: 1 reaction with
the cations was added to the reaction mixture. The obtained solution was heated and the water
was removed from the beaker till the reaction mixture turned into a dark red/ violet viscous
mass. Further heating lead to the evolution of NOx gas and a black foam was received. For a
complete combustion of the citric acid and decomposition of the nitric compounds to NOx the

foam was burned by using a tripod and a Bunsen burner.

The received black powder was grained and transferred into a Al2O3 crucible and calcinated
following the protocol shown in Figure 7. After the calcination step the powder was filled in
self-made silicon molds, isostatically pressed at 300 bar for 2 min and sintered following the
protocol shown in Figure 8. All calcination and sintering steps were performed in a CWF1300
(Carbolite, Germany) furnace.

To check the purity of each of the finalized PLD targets XRD measurements were done. In case
of multiple phases in a produced sample, it was sintered a second time. Finally, the obtained
pellets were glued to steel target holders with 100 parts Duralco 4700 HT Resin (Cotronics,
New York) plus 28 parts Duralco 4700 HT Hardener (Cotronics, New York). To harden the
resin, the glued components were heated to 120 °C kept there for 4% h, then to 175 °C holding
the temperature for 1% h and in a last step to 230 °C for 16% h.
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Figure 7: Calcination program Figure 8: Sintering program

3.2 Pulsed Laser Deposition

Thin films were prepared by pulsed laser deposition (PLD on YSZ (001), LAO (001) and STO
(001) single crystals. The PLD chamber was evacuated to ca. 4-10° mbar pressure and a specific
oxygen pressure was established and the single crystals were heated with 80 % or 90 % heating
power, leading to a substrate temperature between 645 °C and 675 °C, depending on the oxygen
partial pressure during film growth. The temperature was monitored during the depositions with
a Heitronics KT19.99 (HEITRONICS Infrarot Messtechnik GmbH, Germany) pyrometer. The
distance between the target and the single crystals was kept constant at 5.7 cm for all
depositions. A KrF (248 nm) excimer laser (Lambda COMPexPro 205F, California) was used
to ablate the target materials. The beam energy per pulse was also kept constant for all
experiments at 400 mJ. STO and LAO substrates are polished on one side only and on this side
one thin film was deposited. The YSZ crystals were polished on both sides and two thin films
were deposited one on each side. The film which was produced secondly, was then
microstructured and the obtained microelectrodes acted as working electrodes in the impedance
spectroscopy. The non-structured film acted as counter electrode. An overview of the deposition
parameters is given in Table 1.

Table 1: PLD deposition parameters

sample pressure c!epositi_on deposition substrate heating

[mTorr] | time [min] | rate [Hz] [%]
LCM 05 113 30/15 5 YSZ 80
LCM 06 113 30/30 5 YSZ 80
LCM 07 113 15/15 5 YSZ 80
LCM 13 100 20 1 LAO 90
LCM 15 750 20 1 LAO 90
LCM 18 500 20 1 LAO 90
LCM 19 100 30 5 LAO 90
LCM 20 500 30 5 LAO 90
LCM 21 900 30 5 LAO 90
LCCM 04 30 5 1 LAO 90
LCCM 05 30 15 1 LAO 90
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LCCM 06 30 15 1 STO 90
LCCM 07 30 40 1 LAO 90
LCCM 08 30 40 1 STO 90
LCCM 09 30 70 1 LAO 90
LCCM 10 30 70 1 STO 90
LaC00.4MnosO3 100 30 5 LAO 90
LaC00.4MnosO3 500 30 5 LAO 90
LaC00.4MnosO3 900 30 5 LAO 90
LaC006Mno.403 100 30 5 LAO 90
LaC00.6Mno.403 500 30 5 LAO 90
LaC006Mno.403 900 30 5 LAO 90

3.3 Microelectrode Preparation

3.3.1 UV-Lithography

The microelectrodes for the impedance spectroscopy were prepared by UV-lithography and
subsequent Ar-ion etching. All steps of the lithography were done in a clean room
environment. First the LCM samples were coated with 50 um of the photoresist ma-N1420
(Micro Resist Techn., Germany) using a KLM Spin-Coater-200 (Schaefer Technologie GmbH,
Germany). Afterwards the samples were heated to 100 °C for 2 min., to dry the photoresist.
After the alignment of the photomask the samples were illuminated with UV-light for 40 s,
using an Ushio USH-350DP 350 Watt mercury short arc lamp (USHIO INC., Japan) to
polymerize parts of the photoresist. The samples were placed in a ma-D 533s developer (Micra
Resist Techn., Germany) for nearly one min.. To stop the dissolution of the photoresist, which

was not illuminated with UV-light, the samples were immersed in dest. H20.
3.3.2 Ar* Etching

After the photoresist layer was developed further, the thin films were structured by ion beam
etching. The following etching parameters were used: 4 kV extractor current, acceleration
voltage 2 kV, 1,2-:10"* mbar Ar-pressure, between 1.37 mA and 2.28 mA ion current and 80 min
etching time. Finally, the remaining photoresists was removed by an acetone bath and the
obtained microelectrodes controlled under the microscope. They were circular with nominal

diameters between 50 pum and 450 pm.
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3.4 Atomic Force Microscopy (AFM)

All AFM pictures were taken by Prof. Gernot Friedbacher with a NanoScope V Multimode
SPM (Veeco Instruments GmbH, Germany) in tapping mode, at the Institute of Chemical
Technologies and Analytics, TU Wien, Getreidemarkt 9, 1040 Vienna.

3.5 Transmission Electron Microscopy (TEM)

The TEM images were taken by Wolfgang Wallisch using a FEI Quanta 200 FEG (FEI
Technologies Inc., Oregon) with Schottky emitter at the USTEM, Wiedner Hauptstr. 8-10, 1040
Vienna.

3.6 Van der Pauw Measurements

Sheet resistivity was measured by van der Pauw method, thereby a self-built measurement setup
(Figure 9) from the working group of Prof. Jurgen Fleig at the Institute of Chemical
Technologies and Analytics, TU Wien, was used. The working principle is described in section
2.7.1; voltage and temperature were measured by a Keithley 200 multimeter (Keithley
Instruments Inc, Cleveland, Ohio) and the current by a Keithley 2410 1100V source meter
(Keithley Instruments Inc., Cleveland, Ohio). To establish a constant temperature, a tube oven
(Gero SR 70-200/12S0, Carbolite Gero GmbH & Co. KG, Germany) with a Eurotherm
temperature controller (Euro Electronic S.r.1., Italy) and for a controlled gas flow of N2 and O2
during measurements the mass flow controllers Tylan FC280S (Tylan General Inc., California)
and Aera FC7700C (Aera Corp., Texas) were used. The measured current, voltage and
temperature data were saved as text file and analyzed with the help of an Excel Macro, written

by Andreas Nenning.

Figure 9: Left: Overview van der Pauw set up; Right: Sample holder with the four Pt-needles
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Before measuring, the bulk samples were cut on a Struers Secotom-10 (Struers Inc., Ohio)
cutting machine, equipped with a 50A20 Al2O3 cutting wheel (Struers Inc., Ohio). After cutting
the bulk samples were grinded and polished with SiC foil #500, #1200, #2000 and #4000

(Struers Inc., Ohio). Pt-electrodes for van der Pauw measurements were painted on the edges.

The thin film samples for the van der Pauw measurements were produced by PLD (see chapter
3.2) on non-conducting LaAlOs single crystal substrates with an orientation of (001). The
substrates were cut from 10x10x0.5 mm?3 single crystals by a diamond cutter and had the
dimension of roughly 5x5x0.5 mm?3. The existing twin structures at the surface are negligible
for sheet resistivity determination. In the last step of the sample preparation Pt-electrodes were
painted on the edges and the specimens were sintered at 850 °C for two hours in a Carbolite
CWF 1300 chamber oven (Carbolite Gero GmbH & Co. KG, Germany).

For the measurement, the thin films and bulk samples were contacted with Pt-needles, which
were placed on the painted Pt-electrodes. Since a correction factor is needed for conductivity
determination, three to five measurements were carried out each in bottom and top
configuration at the lowest temperature of a temperature cycle. Thereby the direction of the
electric current was changed only once, thus each measurement needed 38 s. The collection
time for one measurement during a temperature cycle varied between 38 s and 118 s (collection
time temp. cycle). In all mentioned measurement cycles the first data point was recorded at t =
0 s; to change the current direction, the measurement paused for 1 s. Consequently, during a
collection time of 38 s with one change of the current direction 38 data points were recorded,

19 in each direction.

The starting temperature (Tmin), the maximum temperature (Tmax) and the number of steps
of the performed temperature cycles were optimized during the thesis. These parameters were
not changed during a measurement cycle. In Table 2 an overview of the used samples and

measurement parameters is given.
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Table 2: Van der Pauw measurement parameters

number of .
sample thickness measurement points collection voltage
sample P atmosphere Tmin [K] Tmax [K] . poin time temp. g
[mm] (heating up + cooling [V]
cycle [s]
down)
LSM20bulk | 0.733+/-0.002 | airandN, | 507/509 986/989 21 118 0.1
LCM 1 bulk 0.566 +/-0.001 | airand N, 3221294 846/846 23 38 0.01
LCM 2 bulk 1.021+/-0.003 | airandN, | 412/412 892/892 23 38 0.1
LCCM bulk 1.337 +/-0.009 | airand N, 556/556 843/845 13 38 0.1
LSCMbulk1 | 1.294+-0002 | &" (,3]2 and | 511/461/460 | 894/848/848 19 38 0.1
2
LaC°°bf’u'\|"k”°-403 1.153+/-0.004 | airand N, 507/510 986/989 21 118 0.1
Lac°°b4u'\|"k”°-eo3 0.893+-0.001 | airand N, 555/508 986/989 21 118 01
sample thickness number of steps collection voltage
sample P [nm] atmosphere Tmin [K] Tmax [K] (heating up + cooling | time temp. [V]g
down) cycle [s]
LCM 13 thin 14 air 504 939 17 38 01
film
LCM 17 thin 6 air 558 941 17 38 0.1
film
LCM 18 thin 11 air 460 941 17 38 0.1
film
Lc“ﬂ.lg thin 104 air 508 940 21 38 0.1
ilm
LCM 20 thin 84 air 556 940 17 38 0.1
film
LCM 21 thin 47 air 555 940 17 38 0.1
film
LaC0osMng.Os . 506/509/508 | 987/987/989
thin films 104/84147 airand N2 | 510/508/508 | 800/988/990 2 118 0.1
LaC0o.MngsOs . 500/507/509 | 989/988/988
thin films 104784147 airand N2 | 500/510/510 | 989/990/989 2 118 0.1
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3.8 X-ray Diffraction (XRD Measurements)

Phase purity of all targets produced by the Peccini-type method were checked by powder XRD
measurements, using Bragg-Brentano configuration. A Cu-target was used for X-ray
generation. The emitted wavelengths after the monochromator are Kai = 1.540601 A and Koz =
1.54443 A. The measurements were done by a PANalytical XPert Pro MPD (8-0 diffractometer)
(PANalytic B. V., Netherlands) at the X-ray center of TU Wien, Getreidemarkt 9, 1040 Vienna.
It uses a X’Celerator semiconductor 2.1° as detector and has a Bragg reflector as

monochromator. The distances source to sample and sample to detector are 240 mm each.[69]

For the purity checks the surfaces of the sintered targets were ground and cleaned for 3 to 5 min
in an EtOH ultrasonic bath. Subsequently the samples were placed on a piece of plasticine and

in a final step, the heights were aligned for the powder XRD measurement.

To determine the cell parameters, pieces of LCM-, LCCM- and LSCM-targets were powdered,
mixed with the internal standard LaBs (Standard Reference Material 660b) and placed on Si
single crystals cut in (711) direction. After the measurements were done by an Empyrean
PANalytical (0-0 diffractometer) (PANalytic B. V., Netherlands) the obtained diffractograms

were corrected with the standard and the cell parameters determined using Rietveld refinement.

All measurements were done under ambient atmosphere, pressure and temperature. The
analyses were done in X’Pert HighScore (PANalytical B.V., Netherlans). Rest of the

measurement details are given in Table 3.

Table 3: Powder XRD measurement details

sample step size [°] | 26 range [°] | scan step time [s]

LCM purity check 0.002 10.80 — 104.04 69.85

LCM cell parameter 0.002 | 10.02-89.79 147.39
determination

LCCM purity check 0.002 5.02 - 99.98 99.70

LCCM cell parameter 0.002 | 16.58-89.74 14739
determination

LSCM purity check 0.002 5.02 - 99.98 99.70

LSCM cell parameter 0002 | 10.02-89.97 147.39
determination

LaCo00.4Mno.603 purity check 0.002 5.02 -99.98 80.01

LaCo0.6Mno.4O3 purity check 0.002 5.02 - 99.98 80.01
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3.9 80 Gas Exchange and ToF-SIMS Tracer Depth Profiling

For 180 gas exchange experiments and ToF-SIMS tracer depth profiling many studies can be
found, described by Kubicek et al., Gerstl et al. and Holzlechner et al.[9, 70, 71] Considering
these, the samples consisting of single crystal substrates STO (001) or LAO (001) (5 x 0. 5 x
0.5 mm?) with deposited layers of LCM or LCCM on the top were put in a quartz tube for the
tracer exchange experiments. Afterwards the measurement sword was heated in ambient air to
the annealing point. After 2 to 4 hours the tube was evacuated (for nearly 15 min) and filled
with 802 enriched gas (97.1 % 802 isotope, Campro Scientific, Germany). In all experiments,
the filling process to ca. 200 mbar took 20 s to 30 s and the exchange times were 919 min and
210 min at 600 °C and 575 °C. To stop the tracer exchanges, the tubes were pulled out of the
furnace and the samples rapidly cooled down with a cooling rate of ~ 60 K/min under an
atmosphere of 200 mbar 202.[9, 72]

The tracer ion depth profiles were obtained on a TOF.SIMS 5 (ION-TOF, Germany) instrument.
The 70 x 70 um? probing areas were scanned using 512 x 512 measuring points. The used Bi®*
primary ions had an energy of 25 keV and the set-up alignment allowed to measure the natural
180 isotope concentration with an accuracy of 0.206 +/- 0.004 % and a beam diameters below
100 nm [71]. ToF-mass spectra were recorded and the thin films ablated with 2 keV Cs* ions
(~ 104 nA). Following this procedure, tracer ion depth profiles with step sizes of 0.13 to 1.33
nm were received. For charge compensation a low energy electron gun was used.[9] All ToF-
SIMS measurements were carried out by Edvinas Navickas at the Institute of Chemical
Technlogies and Analytics, TU Wien, Getreidemarkt 9, 1040 Vienna. In a last step, the data
were fitted by COMSOL Multiphysics® Modeling Software (COMSOL Inc., Germany) to
obtain diffusion and surface exchange coefficients. For the fitting, the 30 concentration in the

gas phase was assumed to be constant, since its decrease is negligible.

3.10 Impedance Spectroscopy

Impedance spectroscopy were carried out on the samples LCM 05, LCM 06 and LCM 07. These
consist of YSZ (001) single crystal substrates and LCM microelectrodes on their top side and a
LCM thin film on their bottom side. The measurements of LCM 05 were carried out at the so-
called Il-Pot, equipped with a FS70Z-S (Mitutoyo, Japan) microscope, Linkam TS 1000
(Linkam Scientific Instruments, UK) furnace and a Novocontrol Alpha-A High Performance
Frequency Analyzer (Novocontrol Technologies GmbH & Co. KG, Germany) to measure the

impedance at frequencies from 10° Hz down to 102 Hz. A gold covered steel needle acted as
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working electrode contact and a Pt-sheet as counter electrode. Microelectrodes of varied sizes

were measured multiple times at three temperatures to calculate activation energies.

The impedance of LCM 06 and LCM 07 were measured on a MicroMacro setup (quartz sword
with Pt-needles and a Pt-sheet as working and counter electrodes), heated by a tube furnace.

Temperature cycles and degradation impedance measurements were carried out.

All impedance measurements were done under ambient air and pressure in a temperature range
of 380 °C and 593 °C.

Figure 10: A) MicroMacro measurement set-up with Pt needle as working electrode contact and Pt sheet as counter electrode
B) II-Pot with microscope and gas supply

In Figure 10 the two impedance measurement setups are pictured. On the left side A the
MicroMacro setup with the Pt needles as working electrodes and the Pt sheet as counter
electrode. The second picture B gives an overview of the I1-Pot including the microscope, the

pressure gauges and gas supply units.
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4. Results and Discussion

4.1. Powder X-ray Diffraction (XRD Measurements)
4.1.1 Purity Check PLD-Targets

It is essential that all used PLD-targets are as phase-pure as possible and consider out of the
desired material. Therefore, before thin films production all targets had been analyzed by
powder X-ray diffraction. In the following chapter, the diffractograms and peak lists of the
target and the reference materials are shown. With these all present phases can be determined

and visualized.

4.1.1.1 LCM Target
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Figure 12: XRD diffractogram of the LCM target

Peak List

La Mn0.5 CoQ.5 O3; ML: 109; 04-014-5425
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Figure 11: Peak lists of the target, LCM and Co30, (top to bottom)
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The XRD diffractogram of the LCM target (Figure 11) shows a minor impurity, as second phase
Co304 is present. A second sintering step did not lead to a single-phase structure, the Co3QO4
amount remained constant. The composition is 98.2 % LCM (reference code: 04-014-5425) and
1.8 % Co030a. (ref. code: 01-078-1969). As expected both the LCM and Co3Oa4 phase are
polycrystalline. The peaks (311) at approximately 36.8° and (511) at nearly 59.4° are the most
pronounced cobalt oxide peaks and the only ones which are assignable to the impurity in Figure
11. In Figure 12 the peak list of the measured target and literature peak lists of LCM and Co304
are shown. The peaks of Co3O4 with the highest relative intensity can be found in the target
peak list. The cell parameters and crystal structures of the two compounds are listed in chapter
4.1.2.

4.1.1.2 LCCM Target
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Figure 13: XRD diffractogram of the LCCM target

Peak List

Ca0.3 La0.7 ¥n0.5 Co0.5 O3; ML: 42; 04-016-6107
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Figure 14: Peak lists of the target, LCCM, Co30, (top to bottom)
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The XRD diffractogram (Figure 13) of the LCCM target unveils tiny amounts of Co3O4. The
polycrystalline sample consists of 99.1 % LCCM (ref. code 04-016-6107) and 0.9 % C0304
(ref. code 04-014-7752). The two cobalt oxide peaks marked in Figure 13 refer to the (311) at
36.4° and the (422) peak at 55.0°. The peak lists (Figure 14) strengthen the assumption of two
phases present in the target. This is due to the fact that the five most pronounced cobalt oxide
peaks are present in the target, but cannot be found in the LCCM peak list. The cell parameters

and crystal structures of the two compounds are listed in chapter 4.1.2

4.1.1.3 LSCM Target
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Figure 15: XRD diffractogram of the LSCM target
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Figure 16: Peak lists of the target, LSCM and Co30, (top to bottom)
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The composition of the polycrystalline LSCM target is 99.2 % LSCM (ref. code 04-015-9650)
and 0.8 % Co030a4 (ref. code 04-002-2531). The two cobalt oxide peaks marked in Figure 15
refer to the (311) at 36.9° and the (440) peak at 65.4°. In Figure 16 the six most intensive Co304
can be found only in the reference peak list of cobalt oxide and the target peak list, but not in
the LSCM reference peak list. This proves the presence of an impurity in form of cobalt oxide
in the target pellet. The cell parameters and crystal structures of the two compounds are

discussed in chapter 4.1.2.

4.1.1.4 LaCoo04Mno 03 Target
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Figure 17: XRD diffractogram of the LaCog.4Mny 03 target

Peak List

La Mn0.6 Co0.4 O3; ML: 68; 04-012-5610
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Figure 18: Peak lists of the target, LaCop.4Mno.¢03 and CoO (top to bottom)
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The composition of the polycrystalline LaC00.4Mno.sOs3 target is 98.4 % LaCo00.4MnosOs (ref.
code 04-012-5610) and 1.6 % CoO (ref. code 01-076-3829). First the CoO was not found by
the X’Pert HighScore program, the component had to be selected manually and subsequently
its amount was calculated by Rietveld refinement. The identified CoO peaks in Figure 17 are
(111) at 36.5°, (200) at 42.4° and (220) at 61.5°. The calculated cell parameters (without any
internal standard) of the orthorhombic LaC0o0.4MnosOs3 are a: 5.5124 A, b: 7.7965 A and c:
5.5444 A giving a cell volume of 238.286 A3; the corresponding space group is Pbnm.

4.1.1.5 LaCoosMno4O3 Target
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Figure 19: XRD diffractogram of the LaCog sMno 403 target
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Figure 20: Peak lists of the target, LaCog.¢Mng.403 and CoO
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The composition of the polycrystalline LaCoo.6Mno.4Os3 target is 98.7 % LaCo0o0.6Mno.4Os (ref.
code 04-012-5613) and 1.3 % CoO (ref. code 01-076-3829). The identified CoO peaks in Figure
19 are (111) at 36.5°, (200) at 42.4° and (220) at 61.5°. The peak list (Figure 20) also unveil the
presents of CoO in the target, since its three strongest peaks can only be found in the target peak
list and not in the LaCoo6Mno4O3 reference peak list. The calculated cell parameters (without
any internal standard) of the rhombohedral LaCoosMno4O3 are a = b: 5.5094 A and c: 13.4140
A giving a cell volume of 352.629 AZ; the corresponding space group is R-3c.

To sum up all measurements for checking purity, the investigated targets are mostly phase pure
and consist of the desired material and tiny amounts of cobalt oxide. LSCM is the purest target
with only 0.8 % Co030a4.

4.1.2 LCM, LCCM and LSCM Cell Parameters

In addition to the purity checks, the cell parameters of three target materials were determined

by using an internal standard, starting with LCM in the following chapter.

4.1.2.1 LCM Cell Parameters and Crystal Structure

For a precise cell parameter determination, errors from the sample preparation and
measurement set-up have to be excluded. For that the internal standard LaBs was used. The
sharp intensive LaBs peaks can clearly be identified and distinguished from the LCM peaks,
hence it is suitable as internal standard. The distinguishability can be seen in the diffractogram
of the mixture of LaBs and LCM powder (Figure 21) and the peak lists of the measured sample,
the reference LaBs peak list and the reference LCM peak list (Figure 22)

1.6x10°

1.4x10° H

LaBy, (110]

1.2x10° 4

1.0x10°

counts [/]

8.0x10" -

LaBy [100)
LaB, (210}

6.0x10°

LaB [111]

LEM [202]/{-202)/(022)

4.0x10* H

2.0)('104—\J
1 1 —T T T T 7~ T ~ T T T

L
20 25 30 35 40 45 50 55 60 B65 70 75 80 85
Position [°20]

LM (200)/(112)/(-112)/(-020)

LaBg (200)

F LCM (002)/{110)
.

Figure 21: XRD diffractogram of LCM and LaBg powder
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Peak List

La B6; ML: 13; 04-004-8705

Co3 04; ML: 15; 01-07811969
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Figure 22: Peak lists target of the powder + LaBg, LaBg, LCM and Co304 (top to bottom)

Rietveld refinement gives the following cell parameters a: 5.5225 A b: 5.4871 A ¢: 9.5262 A

and B: 125.358°. These values refer to the monoclinic space group P21/n, nevertheless there is

a dramatic difference between the reported b and  parameters compared to the calculated ones.

This is a consequence of the use of a different basis in the Rietveld refinement. The

transformation to the originally used basis is shown in Figure 23 and the following equations.

L
c ¢ X =c-cosf3+a (31)
y y=c-sinf (32)
- ~1,_CsSinf 35
’B tan (c-cosﬁ+a) (33)
180-B P ’ C,=21/ x2% + y2 (34)
™ El

Figure 23: Basis transformation of a monoclinic unit cell

C,a.... cell parameters before transformation [A]

B cell parameter before transformation [°]
Clrvrren cell parameter after transformation [A]
B cell parameter after transformation [°]
X,y ..... auxiliary parameters [A]
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Considering the transformation, the determined cell parameters are c¢’: 7.6596 A and f':
89.923°, giving a cell volume of 235.319 A3,

To classify the quality of the analysis, the cell parameters of the cubic LaBe calculated by
Rietveld refinement were compared to the indexed parameters of the standard reference
material 660b; calculated: a = b= ¢ = 4.15699 A, indexed: a=b = ¢ = 4.15691 (8) A. Thus, the

cell parameter determination worked well and they match with the reported values.[15-17, 19]

Moreover Singh et al. described that B-site ordering is accompanied by a phase transition from
an orthorhombic to a monoclinic phase.[15] Even though in our case B-site ordering cannot be
confirmed directly with the used XRD diffractometers, the monoclinic structure of the sample

allows the assumption that the B-sites of the synthesized LCM target are partially ordered.

4.1.2.2 LCCM Cell Parameters and Crystal Structure
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Figure 24: XRD diffractogram of LCCM + LaBs powder
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Peak List

La B6; ML: 13; P4-004-6066

Co O; ML: 5; 04-008-2749

| | | |
T T T T T T T T T T T T T
20 30 40 50 60 70 80 90 100 110 120 130 140

Position [*26] (Copper (Cu))

Figure 25: Peak lists of the target powder + LaBg, LaBg, LCCM and CoO

Based on the XRD diffractogram of the LCCM target powder mixed with the internal standard
LaBs (Figure 25) the following cell parameters are obtained: a: 5.4435 A, b: 5.4138 A ¢: 9.3915
A and PB: 125.354°. The volume of the unit cell is 225.729 A% and the space group P21/n
(monoclinic crystal structure). The transformation to the mostly used basis gives c: 7.5961 A
and B: 89.930°. Thus, Ca doping of LCM leads to smaller cell parameters. The suitability of
LaBs as internal standard can be seen in Figure 27, there are no peaks at the °20 positions of
LaBs, either from CoO or LCCM.

The quality of the refinement is excellent, since the calculated cell parameter of LaBs is a:

4.15691 A. Compared with literature data a good accordance is found. [27]
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4.1.2.3 LSCM Cell Parameters and Crystal Structure
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Figure 26: XRD diffractogram of LSCM + LaBs powder
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Figure 27: Peak lists target of the powder + LaBg, LaBg, LCCM and Co304

Rietveld refinement of the LSCM powder mixed with the internal standard gives a = b: 5.4788
A, c: 13.2555 A, a = B = 90.00° and y = 120.00° as cell parameters. The volume of the
rhombohedral (R-3) unit cell is 344.584 A3. The cell parameter of LaBs is smaller than
expected, it is a: 4.15412 A. Nevertheless, the measurement is precise enough for our purpose.
Again, the values are in line with parameters from literature. [27, 28] The diffractogram of the
measurement is shown in Figure 26. The 111 LaBs peak is very close to the 311 Co304 peak,

however that is not a problem, since the amount of cobalt oxide is so small that this specific
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peak cannot be found in the recorded diffractogram respectively in the peak list of the
measurement (Figure 27).

4.2 Atomic Force Microscopy (AFM Measurements)

For surface roughness determination AFM measurements in tapping mode were performed. The
films of the investigated samples LCM 13, LCM 17 and LCM 18 were grown with a deposition
rate of 1 Hz and the thin films LCM 19, LCM 20 and LCM 21 with 5 Hz. The taken pictures
are shown in Figure 28 and Figure 29.
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Figure 28: AFM pictures of LCM 13, 17 and 18

LCM 19 (100 mTorr) LCM 20 (500 mTorr) LCM 21 {900 mTorr)

250 nm

Figure 29: AFM pictures of LCM 19, 20 and 21

All samples have numerous islands on their surfaces. Those grow in number and size with
increasing deposition background pressure. In addition, samples grown with 5 Hz deposition
rate have a higher surface roughness than LCM 13, 17 and 18 deposited with 1 Hz. In Figure

30 the change in surface roughness is plotted. Both series show the same trend of a rising Rq
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and reach their maximum at 900 mTorr p(O2) and 2.69 nm (1 Hz) and 7.41 nm (5 Hz). In
general, low p(O2) in combination with elevated temperatures during thin film growth minimize
the nucleation on top of a 2D island, since diffusivity of the adatoms on the surface is enhanced.
Thus, the higher the pressure and the lower the temperature the higher the probability of island
growth and the rougher the surface becomes.[65] Furthermore, it is known from literature that
lower deposition rates lead to smaller islands and therefore to a smoother surface. Looking at
the surface morphology either VVolmer—-Weber or Stranski—-Krastanov growth mode can be

proposed.[73]
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Figure 30: Surface roughness Rq of LCM thin films

4.3 Transmission Electron Microscopy Images (TEM)

TEM-images were taken to characterize the deposited thin films, to get an idea whether
dislocations are present and to determine the film thickness. The following four images were

taken at the USTEM and give an impression of the samples structure.

dislocations

l‘ X

thin film substrate
interface

Figure 31: TEM images of LCM on a STO (001) single crystal
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dislocations

thin film substrate |
interface

thin film substrate
interface

Figure 32:TEM images of LCM on LAO (001) single crystal (sample LCM 21)

The transmission electron microscopy pictures (Figure 31 and Figure 32) show LCM thin films
deposited on STO and LAO. In Figure 31 a LCM film with a clearly distinguishable film
substrate (STO) interface can be seen. The deposited LCM has a lot of features that might be
dislocation, marked with red circles. LCM 21 (Figure 32) exhibits an epitaxial film with a clear
thin film substrate interface and supposed dislocations pictured as dark areas and marked with

red circles.

Furthermore, the thickness of the samples LCM 19, LCM 21 and LCCM 09 were determined
from the TEM pictures. LCM 21 has a film thickness of 104 nm, LCM 19 of 47 nm and LCCM
9 of 60 nm, the thicknesses of the other samples were calculated by using the sputtering SIMS
rate or the PLD deposition rate. It was assumed that the LCM samples have the same dimensions

as the LaC00.4Mno.603 and LaCoo.6Mno.4O3 thin films, prepared under the same conditions.

45



4.4 VVan der Pauw Measurements

Van der Pauw Measurements were made to determine the conductivity of the targets and of the
produced thin films. Moreover, the impact of A-site doping and of a reducing atmosphere
during the resistivity measurements on the conductivity and activation energy was investigated,

starting with the bulk samples.

4.4.1 Bulk Samples

All bulk samples were cut from the targets and exhibit painted Pt-electrodes at the edges. An
overview of the natural logarithm of the obtained conductivities multiplied by the temperature

against the reciprocal temperature is given in Figure 33.
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Figure 33: Ln(c*T) vs the reciprocal temperature of all polycrystalline bulk samples

For almost all specimens, a linear correlation between In(6*T) and the reciprocal temperature
is observed. LCM has the lowest conductivity of all measured bulk samples. Both produced
LCM bulk targets (LCM 01 and LCM 02) have a very similar conductivity. Minor differences
are nothing to be concerned of, since the samples differ a little bit in their optical appearance.
This is in accordance with literature, since in 1966 Jonker observed the lowest conductivity at

room temperature in the described compound system for a Co to Mn ratio of 1:1.[26]

Only the least conducting LCM bulk specimens show a bending of the curve, all other bulk

samples have one activation energy. Due to this bend, two linear fits were made to calculate the
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activation energies of the conductivity. The black lines in Figure 33 illustrate the obtained

functions.

LaCo00.4MnosOs has the second lowest conductivity, nevertheless a clear increase can be
observed compared to bulk LCM. At low temperatures, the conductivity of LaC0o.6Mno.4O3 is
in the same range, but its increase with temperature is much stronger. LaCoo.6Mno.4O3 exhibits
the lowest resistivity of all non-doped bulk samples. A higher relative amount of Co in the
material was expected to lead to an increase in the conductivity, since LaCoOs is much more

conductive than LaMnOs.

LCCM’s and LSCM’s resistivity is nearly the same, even though LCCM is doped with 30 %
Ca and LSCM only with 20 % of Sr at the A-site. The impact of doping can be seen in Figure
35. The highest bulk conductivity of the investigated compounds at all measured temperatures
has LaosSro2MnQOs. The dark line illustrates that only one fit with the least square method was
needed to obtain the activation energy. All materials were studied under ambient air and N2
containing nominal 2 ppm of Oz, the conductivity of LSCM was even measured under ca. 1
atm Oz. Since the atmosphere during the measurements seems to have no impact on the
conductivity, the investigated bulk specimens are hardly reducible.

The activation energy (Ea) gives an impression of the evolution of the mobility of the charge
carriers in the investigated materials with the change in temperature. All obtained values are
listed in Table 4 below.

Table 4: Bulk activation energies of the electrical conductivity under ambient and N, atmosphere

bulk samples activation energy [eV]
LSM 20 air 0.10
LSM 20 N2 0.10
LCM 02 air low temp 0.31
LCM 02 air high temp 0.39
LCM 02 N2 low temp 0.31
LCM 02 N2 high temp 0.39
LCM 01 air low temp 0.30
LCM 01 air high temp 0.39
LCM 01 N2 low temp 0.30
LCM 01 N2 high temp 0.39
LCCM air 0.23
LCCM N2 0.23
LSCM 01 air 0.27
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LSCM 01 O2 0.26
LSCM 01 N2 0.26
LaC00.4MnosO3 N2 0.29
LaC004MnosOs air 0.29
LaCoo06Mno.40O3 N2 0.37
LaCo0.6Mno.4O3 air 0.38

The difference of the activation energies obtained from measurements from the same material
under air, N2 or Oz are negligible. LSM has the lowest activation energy with 0.10 eV and LCM
at elevated temperature the highest. The bend in the LCM data series leads to a steeper slope
and therefore to an increase in Ea of 0.09 eV above ca. 450 °C. With an increasing relative
amount of Co an increase of Ea (at temperatures below 450 °C) can be observed in undoped
specimens. The activation energy rises from 0.29 eV in LaC004MnosO3 to 0,38 eV in
LaCo00.6Mno.4Os.

Even though LCCM and LSCM show nearly the same conductivity their Ea differ (LCCM: 0.23
eV and LSCM: 0.26 eV), hence LSCM is going to surpass LCCM in terms of conductivity at
temperatures above about 800 °C. This was calculated from the linear fits, since such high
temperatures were not achieved during the measurement cycles. The standard derivations of all
Ea are below 0.01 eV, hence they are not mentioned in Table 4.

In undoped LaCo1-xMnxO3 samples conductivity changes with the ratio between Co and Mn.
To describe this particular resistivity evolution the log of the conductivities at 500 °C and 700

°C and under ambient air are plotted against the relative Mn concentration in Figure 34 below.
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Figure 34: Log(o) vs relative Mn concentration of undoped bulk samples
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The data of LaCoO3 and LaMnO3 presented in Figure 34 were not measured during the thesis
they were taken from literature and only used to complete the picture and help to understand
the connection between Mn:Co ratio and conductivity. Polycrystalline LaMnOs was
investigated by the four-point technique at 400 Hz at 1 atm p(O2).[74] Since the impact of p(O2)
on the conductivity at such high pressures is nearly negligible the data can be used despite the
difference in oxygen partial pressure. [74]

The conductivity of a 3-4 mm thick LaCoOs single crystal was obtained by Mizusaki et al.
using a DC four probe as well.[75, 76] Even though a single crystal was used for conductivity
determination, the data were compared to the investigated specimens, since only a qualitative

idea of the obtained values should be gained.

LaCoOs exhibits by far the highest conductivity, it is in a range of 1000 S/cm and temperature
seems to have a minor impact. By increasing Mn concentration the conductivity drops sharply
to 28 S/cm at 500 °C respectively 71 S/cm at 700 °C for 40 % Mn. The maximum of the
measured resistivity is reached at a Mn concentration of 50 %, this phenomenon is known from
literature. It is assumed that the formation of Mn** and Co?* is responsible for the occurrence
of this minimum in the conductivity. [26] A further increase of the relative amount of Mn causes
a rise in conductivity, nevertheless a ratio of Mn:Co 60:40 is slightly less conductive than a
composition of 40:60. Even though Co acts as p-dopant in LaMnOs [26] , pure LaMnOs
possesses the second lowest resistivity after LaCoO3s at 500 °C. At 700 °C its conductivity is
higher than the conductivity of LaC00.4Mnos0Os.
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Not only the B-site composition had an impact on the conductivity, Ca and Sr A-site doping
have a massive influence as well. Both act as p-dopants and increase the hole concentration, the

theoretical background is given in chapter 2.5. In Figure 35 the effect of A-site doping is

pictured.
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Figure 35: Impact of Ca or Sr A-site doping on the conductivity

The higher the relative amount of A-site doping the higher conductivity becomes, considering
LCM as reference point. LCCM with 30 % Ca has the lowest resistivity of all investigated
LaCo1-xMnxOs3 bulk specimens and LSCM with 20 % Sr the second lowest. Nevertheless at
700 °C both show nearly the same conductivities. Hence, Sr seems to be a better dopant as Ca
at elevated temperatures. Moreover as mentioned above, a change in the Co:Mn ratio increases
the conductivity as well, but not as much as A-site doping. LSM is doped with 20 % Sr and
exhibits the lowest resistivity at both 500 °C and 700 °C.

4.4.2 LaC0osMnos03 Thin Film Samples

Since thin films mostly show a different resistivity than the bulk, also thin film samples were
investigated by the van der Pauw method. As mentioned deposition parameters have a
tremendous influence on the structure of LCM, therefore thin films produced under three

different background pressures and two different repetition rates were analyzed.
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The results of the LaCoos5MnosO3 (LCM) thin film measurements under ambient atmosphere
are summarized in Figure 36. Thin films were deposited with a repetition rate of 1 Hz and 5 Hz
and under three different background pressures in the PLD chamber during thin film growth,

giving different thick specimens.
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Figure 36: Van der Pauw measurements of LaCog sMny 503 thin films deposited with 1 Hz and 5 Hz repetition rate

The plotted thin films in Figure 36 show an increase of their conductivity with increasing
temperature. Most of the samples exhibit a lower resistivity than the corresponding two bulk
samples in the investigated temperature range. Generally speaking, specimens deposited under
100 mTorr p(O2) have the highest conductivity, followed by those produced under 500 mTorr
and those prepared under 900 mTorr. The preparation parameters 5 Hz and 100 mTorr lead to
the highest conductivity and 5 Hz 900 mTorr to the lowest. The 5 Hz 500 mTorr and 5 Hz 900
mTorr samples have nearly the same conductivity. The resistivity of the 1 Hz samples lies
between those of 5 Hz 100 mTorr and the other 5 Hz specimens. The activation energies were
calculated from the slope of the linear fit obtained from the data series gained if In(c-T) is
plotted against the reciprocal temperature. For all samples except 5 Hz 100 mTorr these
Arrhenius plots show a bend between 377 °C and 452 °C with an increased slope at
temperatures above these transition points (1 Hz samples bend is between 377 °C to 411 °C;
for 5 Hz samples at 450 °C and 452 °C). Hence for these thin films two activations energies
were calculated, one for low temperatures below each transition point and one for high

temperatures above each transition point. The mentioned transition temperatures are the
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calculated intersection points of the two linear fits for each specimen. The standard deviation
of the slopes was again negligible. An overview of the obtained Ea is given in Table 5 below.

Table 5: Activation energies of LCM thin films measured under ambient air and N, containing 10 ppm O

Thin films with deposition parameters | Ea [eV]
1 Hz 100 mTorr low temp 0.37
1 Hz 100 mTorr high temp 0.50
1 Hz 500 mTorr low temp 0.31
1 Hz 500 mTorr high temp 0.77
1 Hz 900 mTorr low temp 0.33
1 Hz 900 mTorr high temp 0.73

5 Hz 100 mTorr 0.34
5 Hz 500 mTorr low temp 0.34
5 Hz 500 mTorr high temp 0.65
5 Hz 900 mTorr low temp 0.34
5 Hz 900 mTorr high temp 0.72

Below the transition all thin films exhibit activation energies in the range of 0.31 eV and 0.37
eV. Hence the increase of conductivity with temperature is quite similar in this temperature
range. Below the bend in the obtained data series all samples deposited with a repetition rate of
5 Hz have the same activation energy (Ea = 0.34 eV). The behavior is quite bulk like, since the
LCM bulk samples have an Ea of 0.30 eV respectively 0.31 eV.

Above 452 °C the slope of the linear fits rises strongly and the Ea values differ a lot. They are
in a range of 0.34 eV for the 5 Hz 100 mTorr sample and 0.77 eV for the thin film deposited
with 1 Hz under 500 mTorr. Especially samples prepared under 500 mTorr and 900 mTorr show

high activation energies of around 0.7 eV.

Since deposition parameters have a significant impact on the conductivities and activation
energies, conductivity at three different temperatures is plotted against the background pressure

during the depositions in Figure 37.
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Figure 37: Conductivity evolution of LCM thin film samples with background pressure during deposition at 300 °C, 500 °C and
700 °C

As mentioned above, thin films deposited under 500 mTorr have the highest resistivity. The
conductivity increase of all specimens is more pronounced between 500 °C and 700 °C than
between 300 °C and 500 °C. This behavior can be explained with the Arrhenius dependence of
the conductivity from temperature combined with the transition at around 400 °C. Thin films
produced under 500 mTorr and 900 mTorr p(O2) have nearly the same conductivity at 300 °C
and 500 °C, the repetition rate seems to have an impact at high temperatures only.

4.4.3 LaC00.4Mno603 Thin Film Samples

Thin films of LaCo04MnosOs were produced under various p(O2) and their resistances
measured by van der Pauw method under ambient air and N2 containing nominal 2 ppm Oz..
The results are summarized in the Arrhenius plot (Figure 38) below. All thin films have bends
in their data series at around 460 °C and a steeper slope above these transition points. Moreover,
a reduced conductivity was observed when the specimens were measured under N2. When
p(Oy2) is reduced in the van der Pauw set-up most likely oxygen vacancies and electrons form.
Thus, it is suggested that the investigated material is slightly p-type conducting. Once again
deposition parameters play a crucial role. Thin films produced under 100 mTorr background
pressure have the highest resistivity. Samples prepared under 500 mTorr and 900 mTorr exhibit
nearly the same conductivity, nevertheless the higher the p(O2) in the PLD chamber during film

growth the lower the resistivity becomes. All thin films of this composition are less conductive

53



than the bulk specimen. A factor of 6.3 and 2.6 for Rasco/Rscpa were obtained for the

measurements of the 500 mTorr and 900 mTorr thin film under ambient air and Nz, resulting

in small form factors of 0.79 and 0.92 (calculated using Equation 23). These high ratios are

most probably caused by a combination of inhomogeneities in the prepared thin films and

unideal shapes of the by hand cut samples. Nevertheless, the data can be used to get an

impression of the resistivity of these two thin films. However, when comparing the various

compositions this should be taken into account.
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Figure 38: Arrhenius plot of the conductivity of LaCog.4Mng¢Os thin films and corresponding bulk sample, measured under

u .
- bulk Co, ,Mn, . air
» = bulk Co, ,Mn . N,
[ |
L J -
L
L 2
& L
\._\
T T T T T T T 1
1.0 1.2 1.4 1.6 1.8 2.0
1000/T [K]

ambient atmosphere and N, containing nominal 2 ppm O,

From the Arrhenius plot in Figure 38 two activation energies can be calculated for each specimen

and measurement cycle. These are listed in Table 6 below.

Table 6: Activation energies of LaCo.4Mn 03 thin films measured under ambient atmosphere and N, containing 10 ppm

0

Thin films with deposition parameters | Ea [eV]
LaC00.4MnosO3 100 mTorr air low temp | 0.27
LaC00.4MnosO3 100 mTorr air high temp | 0.52
LaC00.4Mnos03 100 mTorr N2 low temp | 0.27
LaC00.4Mnos03 100 mTorr N2 hightemp | 0.42
LaC004Mnos03 500 mTorr air low temp | 0.26
LaC004Mno.s03 500 mTorr air hightemp | 0.44
LaCo00.4MnosO3 500 mTorr N2 low temp | 0.26
LaCo00.4MnosO3 500 mTorr N2 hightemp | 0.37
LaC00.4Mno.s03 900 mTorr air low temp 0.25
LaC00.4MnosO3 900 mTorr air high temp | 0.48
LaC00.4Mnos03 900 mTorr N2 low temp | 0.24
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LaC00.4Mno.s0O3 900 mTorr N2 hightemp | 0.36
The activation energies of all measured thin films are in the range of 0.24 eV and 0.27 eV. The

slopes of the linear fits below the transition point at ca. 460 °C do not differ significantly, they
are independent of the background pressure during thin film deposition. The measurement
atmosphere seems to play a negligible role as well. Moreover, these Ea are similar to the bulk
values of 0.29 eV.

The slopes of the second fits at elevated temperatures however are connected to the p(O2) in
the van der Pauw set-up. Under ambient air higher activation energies are obtained than under
N2 atmosphere. Moreover, the higher the background pressure during thin film deposition the
lower the activation energies above 460 °C becomes. None of the thin films shows a bulk like

behavior over the whole investigated temperature range.

4.4.4 1.aC00.6Mno.4O3 Thin Film Samples

Thin films with a composition of LaC0o.6Mno.4O3s were produced under 100 mTorr, 500 mTorr
and 900 mTor p(O2) background pressure. Subsequently their conductivity was measured under
ambient air and N2 containing nominal 2 ppm Oz by using the van der Pauw method. The
Arrhenius plots of these measurements are shown in Figure 39.

= 100 mTorr Co, Mn, , ain
100 mTorr Co, Mn,, N

0.4 T2

129 & 500 mTorr Co, Mn_, air
] 3}\.\.\ ® 500 mTorr Co, Mn,, N,
] * e " 900 mTorr Co, ,Mn, , aif
10 - * o _ 900 mTorr Co, Mn,, N,
€ . ;\5‘\ » 1\ bulk Co, Mn_, air
L 7 .
%, B - ;I\_ 4 bulkCo, Mn 6N,
9, g "\n \
E." \’ “ ’j
b7 * -
£ T~
6 - ~
. \‘
\.
4 T T T T T T T T T T 1
1.0 1.2 1.4 1.6 1.8 2.0
1000/T [K]

Figure 39: Arrhenius plots Van der Pauw measurements of LaCop.sMn.403 thin films

All thin films show a linear dependency of the In(c-T) on the reciprocal temperature in certain
temperature ranges. The thickest sample, which was deposited under 100 mTorr p(O2) has the
lowest resistivity of all samples with the composition of LaCoo.6Mno.4Os. It is very bulk like,

due to the fact, that there is no bend in its data series and the established N2 atmosphere was
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not able to reduce it. The data obtained from the 100 mTorr thin film could be easily fitted,

giving only one activation energy. An overview of the calculated Ea is given in Table 7 below.

The data series of the thin films deposited under 500 mTorr and 900 mTorr possess a bend at
around 430 °C, with an increased slope above the transition point. Hence, two activation
energies were calculated for each sample and measurement cycle. Moreover, the atmosphere in
the van der Pauw set-up during the measurements has an impact on the conductivity. Above the
bend, the resistivity of the thin films is increased, when measured under N2. Thus, it is
suggested that LaCoo.sMno.4Os3 is a p-type semiconductor. Both specimens have nearly the
same conductivity. At lower temperatures, the 500 mTorr sample is more conductive than the
900 mTorr under both atmospheres. Nevertheless, above the transition point the linear fit of the
900 mTorr sample measured under air is steeper than the slope of the 500 mTorr thin film,
consequently at elevated temperatures the 900 mTorr has a higher conductivity under ambient

air than the 500 mTorr specimen.

The obtained activation energies in Table 7 below, give an impression of the dependency of the

conductivity from temperature.

Table 7: Activation energies of LaCoo.4Mn 03 thin films measured under ambient atmosphere and N containing 2 ppm O

Thin films with deposition parameters | Ea [eV]
LaC00.6Mno.4O3 100 mTorr air 0.34
LaCo00.6Mno.403 100 mTorr N2 0.35

LaCo0.6Mno.403 500 mTorr air low temp | 0.38
LaCo00.6Mno.4O3 500 mTorr air high temp | 0.52
LaCo00.6Mno.403 500 mTorr N2 low temp | 0.39
LaCo00.6Mno.40O3 500 mTorr N2 high temp | 0.48
LaC00.6Mno.4O3 900 mTorr air low temp | 0.40
LaC00.6Mno.4O3 900 mTorr air high temp | 0.59
LaCo00.6Mno.403 900 mTorr N2 low temp | 0.40
LaC00.4Mno.s03 900 mTorr N2 high temp | 0.52

When the thin films were measured under ambient air or N2 atmosphere at temperatures below
the transition point, hardly any difference in the activation energies can be seen. Ea differ by a
maximum of 0.01 eV. However, at elevated temperatures above 430 °C the differences enlarged
to 0.04 eV for the 500 mTorr and 0.07 eV for the 900 mTorr sample. With an Ea of 0.34 eV

under ambient air respectively 0.35 eV under N2 atmosphere the 100 mTorr thin film even
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exhibits lower activation energies than the bulk sample with the same composition. Moreover,
the higher the background pressure during film growth the higher the activation energies

become.

A comparison of the resistivity evolution with temperature of the LaCo004MnosO3s and

LaCoo.6Mno.403 specimens and the mentioned dependency on the p(O2) is shown in Figure 40

below.
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Figure 40: Resistivity comparison and evolution of log(a) with deposition p(0;) of LaCoo.4Mno.c03 and LaCopsMng.403 thin
films at 300 °C, 500 °C and 700 °C under ambient air

Considering the samples deposited under 100 mTorr background pressure thin films with a
relative amount of Co of 0.6 are more conductive than those with 0.4 Co at the given
temperatures in Figure 40. This tendency can be found in the bulk samples as well. An increased
background pressure in the PLD chamber lead to a drop in the resistivity in LaC00.4MnosOs3
specimens. On the other hand, in LaCoo.sMno.403 samples a decline of the conductivity at 500
mTorr is followed by a slight rise at 900 mTorr. Consequently at 500 mTorr and 900 mTorr the
thin films of LaCoo.4Mno.sO3 are more conductive than those of LaC00.6Mno.4Os. At 500 mTorr
both compositions still show nearly the same conductivity at 500 °C and 700 °C. As mentioned
above, small inconsistencies occurred by measuring the conductivity of the LaC00.4Mno.sOs.

Hence this comparison has to be taken with a grain of salt.
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4.5 Tracer Diffusion Measurements
4.5.1 LCM *80 Tracer Depth Profiles

For a complete characterization, the diffusion of oxygen though the thin films has to be analyzed
as well. Therefore, isotope exchange depth profiling experiments of the produced LCM thin
films were made and the diffusion coefficients and surface exchange coefficients determined.
Moreover, the impact of the deposition parameters and of the used substrates on the thin film
properties will be discussed in the following chapters.

4.5.1.1 LCM Samples Deposited with 1 Hz Repetition Rate
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Figure 41: Tracer ion depth profiles of LCM 13, 15, 18 after diffusion at 573 °C for 3°° hours

In Figure 41 tracer ion depth profiles of LCM thin films on LAO obtained at 573 °C for 3%
hours, deposited with a rate of 1 Hz, for 20 min and under various p(O2) are shown. With
increasing oxygen partial pressure, the produced thin films were getting thinner. In addition,
sample LCM 15 and LCM 18 deposited under 750 mTorr and 500 mTorr show nearly the same
diffusivity for 80. LCM 13 (100 mTorr) has a reduced diffusivity, the relative amount of 80
drops much faster. Nevertheless, in all shown thin films, 80 diffused all the way through LCM
to the LAO substrate. The 0 concentration at the interface of LCM and LAO is elevated
compared to the natural relative amount (0.25 %) of this oxygen isotope. 'O (natural abundance

0.038 %) was not considered in this and the following ToF-SIMS measurements.[9]
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In all samples shown in Figure 41, grain boundary diffusion plays probably a vital role. It was
not possible to fit the measured profiles just with a bulk diffusion coefficient (D*_g) and a bulk
surface exchange coefficient (k*_g). In COMSOL Multiphysics® Modeling Software
(COMSOL Inc., Germany), which was used for the fitting process, D*_gb and k*_gb for the
grain boundary diffusion coefficient and the grain boundary surface exchange coefficient had
to be implemented. Even though the fitting curves obtained with grain diffusion only matched
to the measured values during the first 1 nm, the fit curve drops far too fast to the natural 20
level. Considering a faster grain boundary diffusion, the quality of the fits became much better.
Diffusion and surface exchange coefficients are compared in Figure 43. Nevertheless, a perfect
match of fit and measurement data was not obtainable, a discrepancy was always existing. In a
depth range of 1.5 nm to 3 nm the disagreement became obvious. A clear explanation could not
be found during the thesis, a plausible reason for these differences could be, that in the ToF-
SIMS the filmions were intermixed during sputtering and consequently the horizontal
resolution was reduced. Hence the disagreement could simply be the consequence of the used

measurement method.

In Table 8 an overview of the calculated D* g, D* gb, k* g, k*_gb and the grain size, used
for the fittings, is given. The bulk diffusion coefficients of LSC (exchange temperature 400 °C)
obtained by Kubicek et al. is 8.0 * 102° m?/s [9] and therefore it is exceeding even the grain
boundary diffusion coefficients of the discussed samples at 573 °C by a factor of at least 26.
The k*_g (400 °C exchange temperature) of LSC is 9,67 * 103 [9], thus lies between the k* g
and k*_gb of the 1 Hz LCM samples. Moreover, a strong strain dependency can be observed in
LSC. It exhibit much higher surface exchange and diffusion coefficient when deposited on
STO, due to tensile strain which is introduced into the thin film due to the misfit of the cell

parameters of the thin film and the substrate. [9]

In LSM100 grain boundary diffusion plays a key role as well. Considering an exchange
temperature of 600 °C and a grain diameter of 45 nm, D*_g is in a range of 4 * 102! m?/s,
D* gb of 4 *1 018 m%s, k*_g of 4 * 10 m/s and k*_gb of 2 * 10! m/s in LSM100.[77] The
bulk diffusion is by a factor of 100 faster than in LCM, the D*_gb differ by three orders of
magnitude. This large difference can also not be a single consequence of the rather small grain
sizes used in these fits. However, surface exchange in bulk and grain boundary of LSM and

LCM are quite similar, the k* values just differ by a factor of ca. 10.

As mentioned before, grain boundaries play a vital role in the investigated samples, thus also
the grain size is a crucial factor in the fitting process. It is decreasing with an increasing p(O2)

59



in the PLD chamber during thin film growth. As consequence of a decreasing grain size the
ratio between bulk and boundary is getting smaller and therefore the grain boundary diffusion

is more pronounced.

Table 8: Grain size, D*and k* values of the LCM thin films deposited with 1 Hz

1Hz p(02) D* g D* gb k* g k* gb grain size
samples [mTorr] [m?/s] [m?/s] [m/s] [m/s] [nm]
LCM 13 1 100 6.31E-23 2.51E-21 2.51E-14 4.01E-12 9.6
LCM 13 a 100 4.30E-23 1.90E-21 6.85E-14 5.36E-12 11.6
LCM 18 500 2.50E-23 3.05E-21 4.40E-14 3.45E-12 4.4
LCM 15 750 1.90E-23 1.50E-21 3.00E-14 1.70E-11 3.0

To sum up, the diffusion of the tracer ions is based on grain and grain boundary diffusion. This
is a strong indication for thin films which are not single crystalline epitaxial, but polycrystalline
oriented and the grain size plays a crucial role in the diffusion process (compare Figure 45).

The diffusion through LSM thin films on LAO is even faster at an exchange temperature of
400 °C. Comparing LSM and LCM at nearly the same exchange temperature, LCM prepared
with 1 Hz deposition rate has lower grain and grain boundary diffusion and surface exchange

coefficients.

4.5.1.2 LCM Samples Deposited with 5 Hz Repetition Rate
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Figure 42: Tracer ion depth profiles of LCM 19, 20, 21 after diffusion at 600 °C for 15 hours

In the first part of chapter 4.5.1, the properties of LCM samples deposited with 1 Hz repetition
rate were discussed. In the second part, the characteristics of the thin films LCM 19, 20 and 21
are analyzed. These were grown in 30 min with a deposition rate of 5 Hz, the profiles are shown
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in Figure 42. Once again grain boundary diffusion must be considered in the fitting process.
However, additionally an increase of the oxygen partial pressure in the PLD chamber leads to
a third diffusion process, which is most pronounced in LCM 21 (900 mTorr p(O2), green data
series in Figure 42). Apart from these uphill features between ca. 8 nm and 44 nm the sample
LCM 20 and LCM 21 show a quite similar diffusivity. LCM 19 (red data series) has the highest
bulk diffusivity and a shallow uphill part in the tail of its isotope tracer depth profile, between

ca. 55 nmand 90 nm. A rising dislocation concentration could be an explanation for this feature.

A change to an ordered perovskite structure could be the reason for reduced diffusivity in LCM
20 and LCM 21.[25] As described in chapter 2, ordered B-site structures can be realized by
performing PLD deposition under high p(O2).[15, 23] Unfortunately, it was not possible to
verify such perovskite-structures in the investigated LCM samples yet.

The obtained diffusion coefficients and surface exchange coefficients are show in Table 9

below.

Table 9: Grain size, D* and k* values of the samples deposited with 5 Hz

5Hz p(02) D* g D* gb k* g k* gb grain size
samples [mTorr] [m?/s] [m?/s] [m/s] [m/s] [nm]
LCM 19 1 100 1.40E-21 7.50E-20 2.25E-13 1.00E-12 28.0
LCM 19b 100 1.14E-21 1.65E-20 2.00E-13 2.05E-12 20.0
LCM 20 500 3.52E-23 2.20E-20 1.64E-14 1.38E-12 16.5
LCM 21 1 900 6.00E-23 1.65E-20 2.81E-14 8.60E-13 9.0
LCM 21b_1 900 4.50E-23 1.40E-20 2.70E-14 1.09E-12 7.5

The grain size is decreasing with increasing p(Oz) during the thin film preparation. D*_g
decreases dramatically for LCM samples deposited under higher background pressure. In
contrast, grain boundary diffusion is nearly constant and not really affected by the used p(O2)
during the PLD process. The surface exchange coefficients show the same tendency, in an
alleviated way. Thin films prepared under 900 mTorr p(O2) have the worst diffusivity and
smallest grain sizes. The diffusion coefficient of LSC at 400 °C exceed D*_gb of the 5 Hz
sample at 600 °C as well, however the difference is not as pronounced as between LSC and the
1 Hz samples. The surface exchange coefficient is again between k*_g and k*_gb of the 5 Hz

thin films.

D*_g an k*_g of LSM are in the range of D*_g and k*_g of LCM 19, they just differ by a
factor of around 3 respectively of 2. However, the rest of the 5 Hz LCM samples have a lower
bulk diffusion and bulk surface exchange coefficients than LSM at 600°C. When comparing
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the grain boundary diffusivities, it is obvious that oxygen incorporates/diffuse faster in/through

the grain boundaries of LSC.

4.5.1.3 1 Hz and 5 Hz Deposition Rate, Comparison of D* and k* Values
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Figure 43: D* g and D* _gb of LCM thin films on LAO at 573 °C (1 Hz samples) and 600 °C (5 Hz samples)

In 5 Hz LCM thin films, D*_gb values are around one order of magnitude higher than in 1 Hz
samples. They stay nearly constant, when the p(O2) during deposition is increased. On the other
hand, the D*_g values are decreasing with increasing p(O2). Moreover, once again the vital
role of grain boundary diffusion is shown, since both the 1 Hz and 5 Hz D*_gb coefficients are
significant higher than the corresponding D*_g coefficients, they differ by a factor of 10 to 100.
The evolution of the different diffusion coefficients is shown in Figure 43.
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Figure 44: k* _g and k* _gb of LCM thin films on LAO at 573 °C (1 Hz samples) and 600 °C (5 Hz samples)

62



In Figure 44 the change of the LCM samples k* g and k*_gb are sketched. The grain boundary
surface exchange coefficients are higher than the bulk k*.1 Hz k* _gb values are above the 5 Hz
k* gb values. In general, all values are decreasing with increasing p(O2), there are just two
exceptions. Both the 5 Hz and the 1 Hz series show a slightly increase in k* gb (1 Hz)
respectively k* g (5 Hz) at each of their highest p(O2), used for deposition.

4.5.1.4 Grain Size Dependency on p(O2) and Quality of the Fits
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Figure 45: Grain size and fit quality evolution with increasing p(0O2) during thin film growth

The quality of a fit respectively the match between fitted and measured curve can be described
through the ratio of the integrals of the measured isotope exchange depth profiles and the fitted
profiles. In the case of a perfect match both areas should be the same and therefor the ratio is
one. Otherwise if the fit is bad - the ratio is smaller. There is no perfect fit shown in Figure 45,
nevertheless the ratios of the 1 Hz samples are always above 0.9 and even increasing, reaching
a maximum at 750 mTorr p(O2) for the bulk + gb fits. In Figure 41 the discrepancy between
fitting curves and measured relative O concentration can be seen. Performing the bulk + gb
fits on the 5 Hz thin films the obtained ratio is first slightly decreasing and then plummets to
around 0.67. Both the slight decrease and the massive decline in the fit quality are a

consequence of the upcoming additional diffusion process described in chapter 4.5.1.2.

Another key factor in grain boundary diffusion is shown in Figure 45 too, the dependency of
the grain size on the deposition parameter. In both data series, the grain size is decreasing with
rising p(O2). At all oxygen partial pressures, the 5 Hz samples exhibit greater grain sizes than

the 1 Hz samples.
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4.5.2 Strain Effect for Oxygen Diffusion

As mentioned in chapter 3.2 LCCM, thin films were deposited on STO and LAO to investigate
strain effect on the oxygen diffusion. Such strain effects are known and described in literature
for LSC thin films.[9] In the following graphs, Figure 46 and Figure 47, two ion tracer depth
profiles are shown as examples. Both thin films were deposited with 1 Hz under 0.04 mbar
p(02) and the followed O exchange experiment took place over night. They show an
extremely high relative concentration of 0 and a kind of plateau was formed. In the fitting
process, just bulk diffusion was taken into account. Thus, only the first part of the fitted curve
and the measured values matches in both graphs. When comparing LCCM and LCM films the

bulk diffusion coefficient is named D*_g in any other context the notation D* is sufficient.
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Figure 46: 0 tracer depth profile of LCCM on LAO at 600 °C

depth [nm]
Figure 47: 30 tracer depth profile of LCCM on STO at 600 °C

An overview of the obtained D*_g and k*_g values is given Figure 46 and Figure 47. Since the
oxygen partial pressure was mostly higher during LCM thin film growth (min. 100 mTorr), it
is hard to compare the bulk diffusions of LCM and LCCM. Nevertheless, if we do so, minimum
one order of magnitude difference is revealed in D*_g and k*_g coefficients between the 1 Hz
LCM samples and the LCCM thin films. LCCM possess higher bulk diffusion and surface
exchange coefficients, which suggests that either a disorder in the perovskite structure and/or a
higher oxygen vacancy concentration resulted from the Ca A-site doping is present.

Table 10: D* g and k* _g values obtained from LCCM thin films at 600 °C

deposition time D* deposition time D*
PAO [min] [m27sg] e glmis] | GrS [min] (mis] | <—-olm/s]
5 1.27E-21 | 1.25E-13 15 2.58E-21 | 3.28E-13
15 2.46E-21 | 3.16E-13 40 1.65E-20 | 1.29E-12
40 1.61E-20 | 1.13E-12 70 3.59E-20 | 2.27E-12
70 2.75E-21 | 4.95E-13
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Figure 48: D*_g LCCM samples obtained at 600 °C

The LCCM target material has the pseudosquare lattice parameters a=b of 3.839 A, considering
the facet between the axial vectors a and b. LAO and STO have different pseudocubic cell
parameters: 3.793 A and 3.905 A (provided by CrysTec GmbH Kristalltechnologie, Germany
on their data sheets). The pseudosquare lattice constant of LCCM lies between these, hence
assuming a growth direction along the c-axis vector either tensile or compressive planar strain
should be introduced by the LAO/STO substrates. Differences in strain can impact diffusion
and surface exchange coefficients, as reported in literature.[9] The bulk diffusion coefficient
evolution of the thin films deposited on LAO or STO against deposition time is shown in Figure
48.

Even though the films were deposited on different substrates the LCCM samples show nearly
the same D* values for films with the same thickness. Hence the substrates do not introduce
strain in the films or strain does not have any influence on the diffusivity of LCCM. Strain
should decrease with increasing thickness, since more and more dislocations are formed and
these are able to release the strain based on the lattice mismatch between thin film and substrate.
Considering Figure 48, the thicker the thin films the higher D* of both data series become. Only
the D* coefficient of the thickest film on LAO does not follow this trend. From this particular
sample only one isotope depth profile was measured, hence another measurement is needed to
determine the actual D* value and subsequently reveal the real development. Considering both,
it is possible that strain is introduced and has an impact on the diffusivity, but the kind of strain
is irrelevant. Another more plausible explanation could be that strain has no or only a negligible
impact and the faster diffusion of oxygen ions through the thin films is due to a fast diffusion

through the dislocations.
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Figure 49: k*_g LCCM samples obtained at 600 °C

The surface exchange coefficients k* in Figure 49 show the same behavior as the D*
coefficients. There is hardly no difference between the two different substrate materials,
nevertheless an enlargement can be seen with an increasing thickness of the thin films. For 70
min deposition time LCCM sample on LAO show a decreased k* value, as mentioned above
an additional experiment is necessary at this point.

4.6 Impedance Spectroscopy of LCM Microelectrodes

Finally, the ionic area specific resistance of LCM thin films is going to be discussed. The ionic
resistivity can be determined by using impedance spectroscopy on a solid electrolyte material
like YSZ with microelectrodes of the investigated material (LCM) on one side (working

electrodes) and a thin film of the same material on the other (counter electrode).

4.6.1 LCM 05

The impedance spectra of LCM 05 were obtained on the measurement set-up 11-Pot, described
in chapter 3.8. For the fitting process by Z-view (Scribner Associates Inc., North Carolina) the
equivalent circuit shown in Figure 50 was used. The fitting is performed only for the low
frequency part of the obtained spectra, since the electrolyte constant phase element is missing.
Impedance spectroscopy was used to determine the area specific resistance of the prepared
microelectrodes. The measured impedance data consists out of a real and an imaginary term,
which were plotted in a so-called Nyquist plot. On the x-axis the real component and on the y-

axis the imaginary component of the complex resistance is plotted.

66


http://www.scribner.com/software/scribner-associates-software-downloads/160-zplot-and-zview-for-windows-software-downloads

R-YSZ R1 R2

AA —
CPE1 CPE?2
K>— —

Figure 50: Equivalent circuit

In the equivalent circuit (Figure 50) R-YSZ represents the resistance of the electrolyte (YSZ
single crystal) between working and counter electrode. It is an electronically insulating and
ionic conductive material. The two following resistor—constant phase element circuits
presumably describe the oxygen incorporation at the surface of the thin film and the interface
between LCM and the electrolyte. In Figure 51 the produced circular microelectrodes of LCM
05 with three different diameters are shown.
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Figure 51: Microelectrodes LCM 05 an YSZ (001) single crystal

The produced microelectrodes in Figure 51 are all smaller than the area coated by the
photoresist after UV-lithography. The difference is just in the range of 3 um and does not vary
a lot,thus the electrodes can be used for impedance spectroscopy. On some of them parts of the
photoresist remained, these electrodes were not used for the measurements. From the recorded
spectra, the area specific resistances (ASR) were calculated and the obtained values plotted in
Figure 52.
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Figure 52: Area specific resistance of LCM 05 microelectrodes, T calculated from YSZ conductivity

The area specific resistivity was obtained by multiplying the sum of R1 and R2 by the surface
area of the electrodes. Higher temperatures lead to an decrease of all three resistances, due to
better ionic conductivity in YSZ/LCM and enhanced Kinetics at the electrodes surfaces. In the
case of a limitation connected to the surface of the electrodes the ASR at a specific temperature
should be the same for all electrode sizes. The electrodes with diameters of nearly 100 um and
200 um meet this criteria quite well, eventhough two groups of data points can be observed at
around 725 K. Here the same electrode was measured at the beginning of the measurement
series and at the end (100 um diameter), respectiveley each time twice (200 um). The 50 um
electrode does not fit at all, its ASR is far to high. Degradation can be a possilbe explanation,

since small electrodes degrade much faster than big ones in the used set-up.

The various ASRs of different electrodes with the same size at a set temperature of 600 °C are
shown in Figure 53. Due to the way of heating, smaller electrodes might be a bit cooler than
bigger ones [78], nevertheless in this graph electrodes with the same size are compared, so this

minor inaccuracy is negligible.

Two out of three electrodes form a pair with similar area specific resistivities. Even the ASRs
of different electrode sizes are in a similar range. However reproducible results were hard to
achieve in this set-up, due to degradation and the diverse behaviour of elcetrodes of the same

size.
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Figure 53: ASR of three different electrodes of each size at a set temperature of 600 °C
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Figure 54: Calculated activation energies of LCM 05

To complete the picture of sample LCM 05, the activation energies of the microelectrodes were
calculated from an Arrhenius plot. Thereby the natural logarithm of the sum of R1 and R2 (the
polarization resistance) is plotted against the inverse temperature. The activation energy is then
calculated by multiplying the slope of the regression line by the Boltzmann constant. The
regression line fits quite well, the R? are always greater or equal 0.89 and the obtained activation

energies are in the range of 1.39 eV and 1.67 eV. In comparison Lao.sSro2MnQOs3 has activation
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energies of 1.25 eV- 1.58 eV for finger-type electrodes and 0.95 eV +/- 0.02 eV for circular

microelectrodes in a similar temperature regime.[50]

In conclusion, a first idea of the polarization resistance can be obtained but the electrodes suffer
from degradation. The differences in the polarization resistance between electrodes of the same
size are evident. As a consequence, new electrodes with diameters of 350 um to 150 pum were
prepared and the measurement set-up changed to a MicroMacro set-up, where degradation

should be less pronounced or even not present at all.

4.6.2 LCM 06 and LCM 07

Figure 55: Microelectrodes of LCM 07 on YSZ (001) single crystals

In Figure 55 the sample LCM 07 with its microelectrodes on top is shown. The black grains on
most of the electrodes are most likely tiny amounts of photoresist. All electrodes have a circular
shape and nearly the desired diameters of 350 um, 250 um and 150 um. The measurements
were carried out at the 250 um and 350 pm electrodes. Thereby the sample were placed in a
quartz sword and subsequently heated in a tube furnace (compare chapter 3.8). The obtained

impedance spectra of a 350 um electrode during a temperature cycle are shown in Figure 56.
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Figure 56: Impedance spectra LCM 07 temperature cycles (heating up)
A typical impedance spectrum (Figure 56) consists of two semicircles, the first one describes

the electrolyte YSZ and the second one is from the working electrode.

The second semicircle is deformed and had to be fitted with two resistance and constant phase
element circuits, see Figure 50. Like in chapter 4.6.1 the polarization resistance of the working
electrode is the sum of R1 and R2. R-YSZ represents the resistance of the electrolyte. With

increasing temperature, all resistances decrease and the semicircles are flattened.

Plotting In(R1+R2) against the inverse temperature the activation energies can be calculated.
Interestingly, differences in the resistances during heating and cooling of the samples appeared
particularly during the first heating and cooling cycle (250 um electrode). The Arrhenius plots
are illustrated in Figure 57.
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Figure 57: Arrhenius plot of LCM 07 for the first heating/cooling cycle on the 250 um electrode and the second cycle on the
350 um electrode

Before the first heating above 550 °C, Ea of LCM 07 is in the range of those from the impedance
measurements at the Il-Pot set-up (LCM 05). Nevertheless, after reaching the temperature
maximum the resistance and Ea are both increasing tremendously. The calculated E. of the 250
pum electrode rise from 1.36 +/- 0.06 eV for the first heating phase to 2,81 +/- 0,17 eV for the
cooling phase. Changing to the bigger 350 um electrode lead to a moderate decrease of the
resistance compared to these obtained from the 250 um electrode during the cooling phase. At
intermediate temperatures, still higher resistances were measured during the 350 um heating
phase than for the 250 um heating phase. The Ea stayed in the same range and only a slight
discrepancy between heating up (2.58 +/- 0.10 eV) and cooling down (2.81 +/- 0.17 eV) can be

seen.

After these first measurements and the observed misfit between LCM 05 and LCM 07, the
question arises, if there are still degradation processes existing or if a change of the sample
causes the increase in the Ea and resistance.

Consequently, an overnight degradation measurement was carried out. For that impedance
spectra from 10° Hz to 0.01 Hz were recorded for a 350 pum electrode of the sample LCM 06 at
a temperature of ca. 593 °C. In Figure 58 the result of a degradation measurement is pictured.
Selected impedance spectra of a degradation measurement of the 350 um electrode illustrate
the increasing resistance of the second semicircle. Compared to the rise of the microelectrode

resistance the change of the YSZ resistance can be neglected (probably due to slight temperature
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variations). Even though degradation should not be present in this set-up a moderate
degradation can be observed, the resistance nearly doubled overnight. A link to the used photo
resist during the micro structuring of the samples is supposed but could not be proven during
the thesis.
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Figure 58: Impedance spectra of the first degradation measurement of a 350 um electrode on LCM 06 at ca. 593 °C

LCM 6 1. degradation measurement
LCM 6 2. degredation measurement

3.0x10°

2.5x10°

2.0x10° — ....J-

R1+R2 [Q)]

1.0x10°
0 1x10* 2x10" 3x10* 4x10* 5x10* 6x10* 7x10* 8x10* 9x10*

time [s]
Figure 59: Polarization resistance evolution overnight of two 350 um electrodes on LCM 06 at ca. 593 °C
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In Figure 59, the evolution of the polarization resistance of the previously discussed 350 pum
microelectrode (red data points) and a subsequent second degradation measurement on the same
sample but of a different 350 um electrode is shown. At the beginning, they show a similar

behavior, later the blue polarization curve flattens and even slightly declines in the end.

Considering the results of the performed impedance measurements a comparison with LSM is
very interesting, since the activation energies of LCM and LSM are in the same range, if LCM
is heated up only to intermediate temperatures. LSM exhibits activation energies of 1.25 eV -
1.58 eV for finger-type electrodes and 0.95 eV for circular microelectrodes at low temperatures.
These oxygen reduction on LSM occurs mostly at the triple phase boundary.[50] Hence, before
heating above 550 °C oxygen reduction through the triple phase boundary might be the active
reaction pathway for LCM too. This is supported by the fact that, bulk and grain boundary
diffusion is even much lower in LCM than in LSM.[77] However, a second process seems to
be involved, since the second semicircles of the obtained impedance spectra are always
flattened and have to be fitted by two resistor-constant phase element circuits. When heating to
temperatures above 550 °C the activation energy and the ASR strongly increase which indicates
an irreversible change of the electrode first, strong degradation. More data are required to

further analyze the reaction path after this degradation.
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5. Conclusion

The by far most important parts discussed in this thesis are the van der Pauw measurements and
the 180 exchange experiments combined with ToF-SIMS ion depth profiling. In the following

the achievements of this work are summarized.

First of all, A-site doping of LCM with the p-type dopants Sr and Ca lead to a strong
enhancement of the electrical conductivity of the investigated bulk samples. Furthermore, Ca
decreases the size of the unit cells and Sr changes their struckture to rhombohedral. Undoped
Bulk LCM exhibits the highest resisitivity of all investigated undoped specimens. Thin films
made out of LCM are mostly more conductive than the bluk sample. Changing the B-site ratio
of Co:Mn enlarges the conductivty, but not as much as A-site doping. A ratio Co:Mn in the
bulk of 60:40 is more conductive than a ratio of 40:60. The bulk specimens of both compounds
have a smaller resisitivty than thin films with the same compositions, except the

LaC00.6Mno.4Os3 thin film deposited under a background pressure of 100 mTorr.

LCCM and LSCM bulk samples have lower activation energies than bulk LCM,
LaCo0.6Mno.4O3 has the lowest activation energy of the undoped specimens and the activation
energy of LaC004Mno.60Os is in the range of bulk LCM. LSM bulk specimens with 20 % Sr as

A-site dopant shows the highest conductivty and the lowest activation energy.

Nearly all thin films have a bend in the Arrhenius plots, with an increased slope above the
transition point. A N2 atmosphere containing nominal 2 ppm Oz was neither able to reduce the
bulk samples nor the LCM thin films at any temperature. However a reduced conductivity was
obtained in LaCo004MnosO3 and LaCoosMno4Os thin films under N2 atmosphere at

temperatures above their transition points.

180 exchange experiments combined with ToF-SIMS ion depth profiling unveiled the vital role
of grain boundary diffusion in LCM thin films. Grain boundaries exhibit a faster diffusivity
than the bulk. Moreover the grain boundary diffusion coefficient does not depend on the
deposition p(O2), whereas the grain diffusion coefficient is decreasing with increasing
background pressure during thin film growth. With 5 Hz repetition rate higher the grain
boundary diffusion coefficients and larger grain sizes can be realized than with a repetition rate
of 1 Hz. Thin films produced with a deposition rate of 5 Hz show two more special features:
the 500 mTorr and 900 mTorr thin film have a reduced diffusivity, most probably due to

ordering effects in the perovskite structure. Secondly an additional diffusion process can be
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observed in the 900 mTorr specimen. A connection to the disclocation concentration is
suggested. LSC and LSM show a better diffusivity than the investigated LCM thin films.

LCCM was deposited on LAO and STO and investigated by ToF-SIMS tracer ion depth
profiling. The obtained profiles were fitted assuming bulk diffusion only. The diffusion
coefficient D* and oxygen exchange coefficient k* increases with increasing background
pressure during film growth. Nearly no differences were observed between films deposited on
LAO or STO. Thin films on LAO possess slightly reduced D* and k* values compared to

these on STO. Hence no real srain induced difference in diffusivity was observed.

AFM measurments show rougher surfaces if higher background pressures or higher repetition
rates were used for thin film deposition. Impedance spectroscopy indicates a change of the LCM
sample properties if heated above 550 °C. Keeping them at intermediate temperatures activation
energies in the range of LSM can be obtained, thus oxygen reduction via the triple phase

boundary in LCM seems to be reasonable.
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6. Appendix

6.1 List
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Figure 2:
Figure 3:
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Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
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Schematic of an operating solid oxide fuel cell

Perovskite structure

Triple phase reduction of oxygen, only electronically conductive electrode
VVolume (bulk) path of the oxygen reduction reaction, MIEC as electrode
Model of grain boundary diffusion

Pulsed Laser Deposition (PLD)

Calcination program

Sintering program

Left: Overview van der Pauw set up; Right: Sample holder with the four Pt-needles

Figure 10: A) MicroMacro measurement set-up with Pt needle as working electrode contact
and Pt sheet as counter electrode B) I1-Pot with microscope and gas supply

Figure 11:
Figure 12:
Figure 13:
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Figure 15:
Figure 16:
Figure 17:
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Figure 19:
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Figure 21:
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Figure 23:
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Figure 27:
Figure 28:
Figure 29:

XRD diffractogram of the LCM target

Peak lists of the target, LCM and Co3O4 (top to bottom)

XRD diffractogram of the LCCM target

Peak lists of the target, LCCM, Co304 (top to bottom)

XRD diffractogram of the LSCM target

Peak lists of the target, LSCM and Co3O4 (top to bottom)

XRD diffractogram of the LaCo0.4MnosOs3 target

Peak lists of the target, LaC00.4MnosO3 and CoO (top to bottom)
XRD diffractogram of the LaC0o0.6Mno.4O3 target

Peak lists of the target, LaC00.6Mno.4O3 and CoO

XRD diffractogram of LCM and LaBs powder

Peak lists of the target powder + LaBs, LaBs, LCM and Co304 (top to bottom)
Basis transformation of a monoclinic unit cell

XRD diffractogram of LCCM + LaBs powder

Peak lists of the target powder + LaBs, LaBs, LCCM and CoO
XRD diffractogram of LSCM + LaBs powder

Peak lists of the target powder + LaBs, LaBs, LCCM and C0304
AFM pictures of LCM 13, 17 and 18

AFM pictures of LCM 19, 20 and 21
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Figure 30: Surface roughness Rq of LCM thin films

Figure 31: TEM images of LCM on a STO (001) single crystal

Figure 32: TEM images of LCM on LAO (001) single crystal (sample LCM 21)
Figure 33: Ln(c*T) vs the reciprocal temperature of all polycrystalline bulk samples
Figure 34: Log(o) vs relative Mn concentration of undoped bulk samples

Figure 35: Impact of Ca or Sr A-site doping on the conductivity

Figure 36: Van der Pauw measurements of LaCoosMno.sOs thin films deposited with 1 Hz and
5 Hz repetition rate

Figure 37: Conductivity evolution of LCM thin film samples with background pressure during
deposition at 300 °C, 500 °C and 700 °C

Figure 38: Arrhenius plot of the conductivity of LaCo0.4Mno.6Os3 thin films and corresponding
bulk sample, measured under ambient atmosphere and N2 containing nominal 2 ppm O2

Figure 39: Arrhenius plots van der Pauw measurements of LaC0o.6Mno.4Os3 thin films

Figure 40: Resistivity comparison and evolution of log(c) with deposition p(O2) of
LaC00.4Mno.s03 and LaCo0.6Mno.4O3 thin films at 300 °C, 500 °C and 700 °C under ambient air

Figure 41: Tracer ion depth profiles of LCM 13, 15, 18 after diffusion at 573 °C for 3° hours
Figure 42: Tracer ion depth profiles of LCM 19, 20, 21 after diffusion at 600 °C for 15° hours

Figure 43: D*_g and D*_gb of LCM thin films on LAO at 573 °C (1 Hz samples) and 600 °C
(5 Hz samples)

Figure 44: k*_g and k*_gb of LCM thin films on LAO at 573 °C (1 Hz samples) and 600 °C
(5 Hz samples)

Figure 45: Grain size and fit quality evolution with increasing p(Oz) during thin film growth

Figure 46: 180 tracer depth profile of LCCM on STO

Figure 47: 180 tracer depth profile of LCCM on LAO

Figure 48: D*_g LCCM samples

Figure 49: k*_g LCCM samples

Figure 50: Equivalent circuit

Figure 51: Microelectrodes LCM 05 an YSZ (001) single crystal

Figure 52: Area specific resistance of LCM 05 microelectrodes

Figure 53: ASR of three different electrodes of each size at a set temperature of 600 °C
Figure 54: Calculated activation energies of LCM 05

Figure 55: Microelectrodes of LCM 07 on YSZ (001) single crystals
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Figure 56: Impedance spectra LCM 07 temperature cycle (heating up)

Figure 57: Arrhenius plot of LCM 07 for the first heating/cooling cycle on the 250 um
electrode and the second cycle on the 350 pum electrode

Figure 58: Impedance spectra of the first degradation measurement of a 350 um electrode on
LCM 06 at ca. 593 °C

Figure 59: Polarization resistance evolution overnight of two 350 um electrodes on LCM 06 at
ca. 593 °C
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