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Abstract

Intermediate band solar cells show great potential to increase the efficiency of photovolta-
ics, while reducing the cost of the generated electricity. Functional oxide double perovskites
are among the candidate materials for intermediate band solar cells, as additional energy
states can be introduced in the band structure through periodic ordering of the cations.
In these materials, the functional properties are closely related to the atomic structure.
Thus, control of the ordering of atoms in the material is a prerequisite for manipulation

of the functional properties.

In this work, thin films of LagNiMnOg (LNMO) were grown on (111)-oriented SrTiO3
substrates by pulsed laser deposition. Substrate surface preparation by DI-water etching
and high-temperature annealing was optimized to yield a uniform step-and-terrace sur-
face structure, providing a green alternative to the standard procedure of etching with
hydrofluoric acid. LNMO films were successfully grown with a morphology that duplic-
ated the substrate surface, hence control of the film surface structure was obtained. The
target-substrate distance during deposition was found to have minimal impact on the
growth mode of the initial layers, whereas the surface roughness was found to increase
with film thickness. A gradual transition from layer-by-layer growth to island growth was
observed by atomic force microscopy and reflection high-energy electron diffraction. The
critical thickness for growth relaxation was delayed by growth on step-bunched substrates.
Further, x-ray diffraction and electron microscopy studies confirm that the films are crys-
talline. Magnetic measurements from vibrating-sample magnetometry show no indications

of ferromagnetic phases, suggesting that the grown films are non-stoichiometric.

Thin films of LNMO were grown with control of the surface structure, although controlled
ordering of cations was not confirmed. For further development, it is suggested that the
oxygen pressure or the substrate temperature is increased during deposition, to improve

stoichiometry and promote growth of films with functional properties.






Sammendrag

Mellombandssolceller har vist stort potensiale for & gke effektiviteten til fotoelektriske
enheter, og samtidig redusere kostnaden knyttet til produsert elektrisitet. Funksjonelle
oksidmaterialer, som doble perovskitter, er kandidater for benyttelse som absorbsjonslag i
mellombéndssolceller, fordi ekstra energitilstander kan introduseres i bandstrukturen nar
kationene i materialet ordnes periodisk. I disse materialene er de funksjonelle egenskapene
tett knyttet til den atomseere strukturen. Derfor er kontroll pa ordningen av atomene en

forutsetning for a4 kunne styre og manipulere de funksjonelle egenskapene.

I dette arbeidet ble tynnfilmer av LagNiMnOg (LNMO) grodd pa substrat av (111)-
orientert SrTiO3 ved bruk av pulsert laserdeponering. Substratpreparering ble gjennom-
fgrt ved bruk av DI-vann og hgytemperaturglgding, og prosessen ble optimalisert for a gi
en periodisk trinn- og terrassestruktur. Metoden er et trygt og miljovennlig alternativ til
dagens standard prosedyre, som baserer seg pa etsning av overflaten med flussyre. Over-
flaten til de grodde tynnfilmene speilet strukturen til substratet de ble grodd pa, og kontroll
pa filmens morfologi ble derfor oppnadd. Avstanden mellom kildemateriale og substrat
under deponering hadde liten pavirkning pa vekstmoden for de fgrste lagene av filmen,
mens det ble observert at overflateruheten til filmene gkte med filmtykkelse. En gradvis
overgang fra lagvis- til tredimensjonal vekst ble observert ved bruk av atomeer kraftmik-
roskopi og refleksjons hgyenergi elektrondiffraksjon. Den kritiske tykkelsen, der veksten
slutter a veere epitaksiell og det gar over til tredimensjonal vekst, er vist a gke pa substrat
med sammenvokste terrasser. Videre bekrefter karakterisering ved rgntgendiffraksjon og
transmisjonselektronmikroskopi at de grodde filmene er krystalline. Magnetiske malinger
fra vibrerende-prgve magnetometri viser ingen tegn til ferromagnetiske faser, noe som

indikerer at de grodde filmene ikke er stgkiometriske.

Tynnfilmer av LNMO ble grodd med god kontroll pa overflatestrukturen, skjgnt ordning av
kationer ikke har blitt bekreftet. For videre utvikling av vekstprosessen foreslas det & gke
oksygentrykket eller substrattemperaturen under deponering for a forbedre stgkiometri,

og dermed fremme vekst av filmer med funksjonelle egenskaper.
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Chapter 1

Introduction

The energy demand of the world is continuously increasing, while global warming demon-
strates the need to replace carbon-based methods of energy production [1]. Among the
renewable energy sources, sunlight is of uttermost importance due to its abundance. Al-
though single junction Si-based solar cells are increasing in numbers, their efficiency is
limited to 33.16% by the Shockley-Queisser limit [2]. In the search for supplementary,
high power conversion efficiency materials, perovskites prove to be a strong candidate due
to their multiferroic properties, suitable bandgaps and low production costs. As solar ab-
sorbers, they can provide long carrier diffusion lengths, low recombination losses, low cost,
and bandgap tunability [3, 4]. Despite the extensive development over the last decade,
the highest performing organic-inorganic perovskite cells demonstrated to date possess
challenges of instability and moisture sensitivity that cause degradation. Additionally,
many materials contain toxic lead [5]. These drawbacks drive research on development

and optimization of new candidate materials.

LasNiMnOg (LNMO), a complex oxide with the perovskite structure, where the B-site
cations consist of 50% Ni and 50% Mmn, is one such material that has demonstrated a
power conversion efficiency of 15.42% [3, 6, 7]. Additional electronic band states can
be introduced between the valence band and conduction band, to allow for increased
utilization of the solar spectra through absorption of lower-energy photons. By ordering
of the B-site cations or Bi-doping [8], intermediate band states can be introduced in double
perovskites and substantially increase the efficiency, up to 62% for one intermediate band

and 72% for two intermediate bands [8], by absorbing more of the solar spectrum.

Exploiting these possibilities requires precise control of the atomic structure, which can
be achieved by fabrication through pulsed laser deposition. For the development of such
materials, an increased understanding of the influence of crystal parameters, like the B-
site ordering and doping, is needed. However, advanced insights in the growth modes of
thin films during pulsed laser deposition is first required to control the epitaxy, crystal
structure, and cation ordering in the deposited film, and subsequently open the door for

full exploitation of the functional properties.



1.1 Aim of work

This master thesis is part of a larger research project on oxide-based intermediate band
materials, which goal is to understand how novel sustainable materials for solar cells can
be designed using advanced physical deposition techniques. These techniques allow us to
control and engineer small changes in the atomic structure, resulting in new functional
properties. A prerequisite for such precise engineering is a high degree of control of the
material surfaces and the deposition process. In particular, the PLD technique has a large
parameter space, where variations in all deposition parameters can influence the growth
mode, crystal quality and stoichiometry, and thereby the properties, of the final material.
This master thesis aims to increase the understanding of pulsed laser growth of LNMO
thin films on (111)-oriented STO substrates, where the first goal is to grow high-quality

films.

The first objective of this thesis is to develop a procedure for preparation of substrates
with a periodic, reproducible, and well-defined step-and-terrace structure. Such a surface is
typically achieved through etching with hydrofluoric acid, while this work aims to achieve
the same degree of structural and chemical ordering by etching with de-ionized water,
thereby avoiding the use of a toxic and hazardous acid with associated risk for both people
and the environment [9]. Different substrate preparation procedures are investigated in
terms of water purity, annealing time, and temperature. The resulting surface topography

is characterized by atomic force microscopy (AFM).

The next objective is to optimize and characterize the growth of thin films. Herein, two
variables of interest are considered. The effect of target-substrate distance on the growth
mode of the initial monolayers of the film is studied, as previous work in the lab has
indicated a possible dependency [10]. Next, relaxation of the growth mode from layer-by-
layer to island growth is identified by comparison of the surface roughness of films grown
by 500, 1500, 2000 and 4000 pulses. For characterization, AFM and reflection high-energy
electron diffraction (RHEED) is used. X-ray diffraction (XRD), transmission electron
microscopy (TEM), and Raman spectroscopy studies are performed to assess the epitaxy

and crystal structure of selected films.

The final objective is to characterize the functional properties of the deposited films,
as it can confirm if the utilized growth process produces films that are stoichiometric
and with high crystal quality, as is important for the utilization of LNMO as a light-
absorbing material. Specifically, the magnetic properties are characterized by vibrating-

sample magnetometry (VSM) and the optical constants are characterized by ellipsometry.

1.2 Outline

This thesis is organized as follows. Chapter 2 covers theory on the material system, thin

film growth modes and pulsed laser deposition, in addition to an introduction to state-of-




the-art preparation of (111)-oriented STO substrates and pulsed laser growth of double
perovskite LNMO. In Chapter 3, the experimental methods for substrate preparation,
thin film growth and thin film characterization are described. The results are presented in
Chapter 4, along with a discussion of their significance in Chapter 5. Next, suggestions for

further work are given in Chapter 6, before some concluding remarks are made in Chapter
7.




Chapter 2
Theory

This chapter will provide the theory related to this master thesis. First, an introduction
to intermediate band solar cells is provided along with the motivation for use of double-
perovskite LNMO for photovoltaic applications. Next, an introduction is given to the
crystallographic properties of the material of interest, followed by a review of substrate
preparation methods. Further, growth of thin films is presented, focusing on pulsed laser
growth. Finally, the state-of-the-art growth of LNMO through PLD is covered.

2.1 Intermediate band solar cells

In intermediate band solar cells, additional band gaps are introduced to increase the overall
efficiency of the material as a light absorber. This section largely follows [11], and cov-
ers the theoretical foundation of intermediate band solar cells (IBSC). In a photovoltaic
materials, the energy of an incoming photon is transferred to an electron that is excited
across the band gap, from the valence band to a higher-energy conduction band, produ-
cing free charge carriers. The energy from the photon can then be collected as current. A
conventional single band gap solar cell can only collect energy from photons with energy
equal to, or above, the band gap, and will simply extract the band gap energy for each
excitation. When the solar spectrum is channeled into photo-converters with different
band gaps, more of the solar spectrum can be harvested, and more energy is collected
from each photo-induced excitation, thus allowing for higher power conversion efficiency.
Intermediate band and multiple band cells support three or more such band gap trans-
itions. This can be achieved in materials with more than two bands in the electronic band
structure, for instance by an intermediate band state in the band gap as illustrated in
Figure 2.1. Under illumination, electrons are excited from the valence band into both the
conduction and intermediate band across Eq and Eg, and from the intermediate band
to the conduction band across Ej,. Suppose the intermediate and conduction bands are
not thermally coupled, the electron population in the individual bands form local quasi-

thermal equilibrium, with associated quasi-Fermi levels, Er. The described intermediate
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Figure 2.1: Energy band diagram of an IB solor cell with a single valence band (VB), and inter-
mediate band (IB) and a conduction band (CB). The material has three band gaps: the VB to CB

transition Eq, and the high- and low energy intermediate transitions, Eg and Er,.

band can be a result of the band structure, or it can be introduced via impurities or

quantum heterostructures that introduce new electronic levels into the band gap [12].

2.1.1 Solar cells based on complex oxides

The performance of perovskite solar cells has increased tremendously since they were
first introduced, now competing with the efficiency of commercial silicon solar cells [3, 4].
However, the cells with high efficiencies are based on hybrid organic-inorganic perovskites.
Despite the outstanding photophysical properties, like long carrier diffusion length and
high power-conversion efficiency, they have problems with instability due to moisture-
induced corrosion and photo-oxidation. Additionally, lead content in these materials makes

them toxic, limiting the possibility of global commercialization [5].

Inorganic oxide perovskites with substituted B-site cations, called double perovskites, have
emerged as an interesting alternative for solar applications. In addition to large variety
in structure and composition, they offer high material stability and appropriate band
gaps that can be tuned through small changes in the crystal structure from doping or
strain [3, 6, 13]. More specifically, band gaps between 1.0-1.6 eV can be achieved, with
absorption as strong as the organic-inorganic hybrid counterpart CH3sNH3PbI3 [14]. Due
to photoferroelectricity, the presence of both ferroelectric and photovoltaic properties in
a material, the recombination rate is low compared to other intermediate-band systems.
The depolarization field that is present due to the ferroelectric polarization, improves the
separation of charge carriers and enhances the photovoltaic performance. Additionally, the
field is helpful to extend the depletion region and increase built-in electric field, providing
a significant improvement in the open-circuit voltage, Vo, and short-circuit current, Jg.,

of solar cells based on photoferroelectric perovskites [15].




Figure 2.2: Schematic of the cubic perovskite a) unit cell showing all atoms and b) displaying the

A-site cations and BXg octahedra.

Among the materials of interest is oxide double perovskite LagNiMnOg (LNMO), that can
have a direct band gap in the same region as silicon, Eq = 1.1 ¢V, with band gap energy
between 1.1 eV and 1.4 €V [6, 7, 16]. In addition to a suitable narrow band gap, charge
carrier life-time of ~ 0.36 ps is reported [6]. In addition to the interest as traditional
single band gap solar absorbers, it may be possible to introduce multiple band gaps in the
oxide double perovskites like LNMO. These are introduced by cation ordering or doping
with Bi%T, that provide additional electronic band states, thus making the material broad-

spectrum photo-absorbers [8, 17, 18].

2.2 Material system

2.2.1 An introduction to perovskites

Perovskites are among the most intensely studied materials in solid state chemistry and
physics, as they exhibit fundamentally interesting chemical and physical properties [19].
The basic perovskite structure, ABX3, as illustrated in Figure 2.2a, has a large cation
at a twelve-coordinated A site, a smaller cation at the octahedrally-coordinated B site,
and an anion X. In the case of oxide perovskites, oxygen is placed at the X-position.
The octahedra of B-site cations and surrounding anions form a network of corner-sharing
octahedra, where the voids are filled with the A-site cations as seen in Figure 2.2b. These
octahedra can tilt, expand or contract in order to compensate for non-ideal ionic size ratios
in the perovskite. This makes it possible to accommodate almost all of the elements in the
periodic table in the perovskite structure, hence allowing for the wide range of properties
[19].




Figure 2.3: Tllustration of B-site cation ordering in a) column, b) layer and c) rock-salt configur-
ations. Each B-site cation is illustrated with colored octahedra, for simplicity, the individual ions

are not included.

2.2.2 Double perovskites

Partial cation substitution is a common method to tailor the properties of a perovskite
compound. The substitution can be done with the A-site cations, B-site cations, or both
combined. In the case of partial B-site substitution of exactly half of the B-site cations, the
cations, B’ and B”, can remain disordered with random distribution in the crystal struc-
ture, or they can order to form a so-called B-site ordered double perovskite, AoB’B”Xg.
In this case, the B-site cations can order (1) in columns, (2) layers, or (3) alternating in
all three directions, as in a rock-salt-type arrangement as shown in Figure 2.3. Among
these, rock-salt-ordering is the most commonly observed due to the energetical favourab-
ility, where cations of different valences alternate through the structure and minimize the

electrostatic potential [19].

B-site ordering in bulk is driven by the energetic favourability of the ordered state [20].
The first driving force to be considered, is electrostatics, where the difference in the valence
of the B cations, AZp, plays an important role. This is described by AZp = |Zp — Zpn|,
where Zp/ and Zp» are the ionic charges of the respective cations. The larger the B’/B”
ionic mismatch, the higher the degree of ordering, because this maximizes the distance
between cations with large valence [20]. Ksoll et al. describe that empirical studies show
that double perovskites with a valence difference of AZp > 2 are usually ordered, while
those with AZp < 2 are disordered, and both phases can exist for AZp = 2 [20]. The
preferred valence state of cations depend on the synthesis conditions, like temperature,
growth rate and oxygen partial pressure. In addition, the A-site cation and its valence
state determines the possible ordered states. For the case where A = La, La is trivalent and
the possible B-site valence states are B3t /B"3+ B2+ /B"4* and B''*/B"5+. For LNMO
specifically, the ordered phase is therefore found with Ni?* /Mn** rather than Ni*/Mn3*
[21].

Next, the mismatch between cation radii R drives B-site ordering through local lattice
strain [20]. The larger the mismatch ARp = |Rp — Rpw|, the larger the driving force for
ordering. In LNMO, Ni/Mn ordering is found for AR = |Ry;2+ — Rppa+| = 16 pm, which

is much larger than the unordered case were AR = |Ry;3+ — Rpp3+| = 4pm. From an




energetic point of view, the minimal potential electrostatic energy is obtained when Ni?*
and Mn** are rock-salt ordered. However, this has to be compensated by the increased
elastic energy of the lattice due to local strains, as the size mismatch is much larger in the

ordered than the disordered state.

In the case of thin films, B-site ordering is also highly influenced by the substrate, its lattice
constant and the subsequent epitaxial strain. Thin films of double perovskite LNMO is
typically grown on functional oxide substrates with a perovskite structure, like SrTiOgs
(STO), LaAlO3 (LAO) and (Lag3Sr07)(AlgesTags5)O3 (LSAT), with lattice mismatch
that induce a small tensile (STO) or compressive (LSAT and LAO) strain.

Although energetically favorable, the growth of B-site ordered oxide thin films is a challen-
ging task [20]. As mentioned, growth conditions, including substrate temperature, growth
rate and oxygen partial pressure, need to be optimized for ordering. In addition, devi-
ations from stoichiometry, or growth-induced defects like oxygen vacancies or interstitial

atoms, will favor crystallization in the disordered phase.

The crystal structure and space group of the AsB’B”Og perovskites are tightly related
to the B-site cation ordering, although the relation between symmetry group and degree
of B-site ordering differs between material systems. Even though the ideal perovskite
structure is cubic, BOg octahedra tilting and cationic displacements can cause structural
distortions and hence ordering in other crystal structures. In the ideal case of a cubic
rock-salt-ordered AsB’B”Og perovskite, the unit cell is doubled in all crystallographic

directions compared to a single perovskite [19].

Structure of LazNiMnOg

An ideally ordered LagNiMnOg (LNMO) double perovskite can be described as a simple
ABOj3 perovskite unit cell with alternating Ni/Mn-cations in the corners. For a long-range
ordered system, the Ni and Mn sublattices are only occupied by the respective cation,
while for a completely disordered system the Ni and Mn cations are randomly distributed
without any spatial order. As for double perovskites in general, ordering is associated with
a change in crystal symmetry [22], and in the case of LNMO, the ordered phase belongs to
the monoclinic P2;/n symmetry group, while the disordered phase has the orthorhombic
Pbnm symmetry. In the monoclinic, cation ordered phase, the lattice parameters are a =
5515A, b ="7.742A, ¢ = 546 A and B = 90.04°. In the case of orthorhombic symmetry,
the parameters are a = 5.50A, b = 7.742A, ¢ = 7.735 A [22]. All lattice parameters
are given for room temperature. Since the distortion from a cubic unit cell is small for
LNMO, a pseudocubic average can also describe the ordered states. The lattice constants,
corresponding di1; planar spacings and the associated expected x-ray diffraction angles
20 are presented in Table 2.1. The monoclinic and rhombohedral structures typically
coexist over a significant temperature range, including room temperature [23, 24]. When
thin films of LNMO are grown on substrates that are cut along the (111)-plane, rock-salt

ordering of the B-site cations corresponds to alternating layers of Ni and Mn-ions.




Table 2.1: Lattice parameters and corresponding expected x-ray diffraction angles of differnt crys-

tals. Pseudocubic lattice constants (ap) are from [22], while STO values are from [25].

Crystal structure ap Strain on STO(111) di11 260

STO Cubic 3.945 2.27765 A 39.568°
LNMO Monoclinic 3.88 0.64% 2.240 A 40.26°
LNMO Orthorhombic  3.90 0.13% 2.2517 A 39.944°

2.3 Preparation of STO(111) substrates

Strontium titanate (SrTiOs, STO) is an oxide perovskite. It has a cubic crystal structure
with lattice parameter a = 3.945 A [25], which corresponds to a spacing between (111)
planes of di11 = 2.27765A. In the [111]-direction, it contains alternating stacks of S]rO%Jr
and Ti'**" ions, with hexagonal ordering of the two-dimensional lattice that gives a three-
fold symmetry of the plane as shown in Figure 2.4a and b, respectively. STO is widely
used as a substrate for deposition of thin films, including LNMO, due to the close lattice

mismatch that is provided.

2.3.1 Motivation to use STO(111)

During thin film deposition, the substrate surface structure provides a template for the film
in terms interatomic spacing, surface topography and orientational symmetry. Thus, it is
an essential parameter with a large influence on the growth mode of the film. To date, most
work is performed on (001)-oriented substrates [26, 27]. However (111)-oriented substrates
gain increased attention due to their polar nature, and the possibility of emerging electrical
properties at the substrate-film interface [28-30]. The substrate orientation, that be (111),
(001) or (110), controls the orientational symmetry of the epitaxial film, and is accordingly
used as a control parameter. Additionally, the surface chemistry of the substrate is different
for each orientation, which influences the charge transfer at the substrate-film interface

and the bonding between film and substrate.

For the substrate to provide a good surface for perovskite growth, Blok et al. state three
criteria: (1) that the substrate surface is single terminated, (2) that the surface of the
substrate has a stable interface with air and vacuum without significant reconstructions,
and (3) that the substrate surface has a stable interface with the film material [33]. In the
case of (111)-oriented STO, none of the criteria are trivially met. Single terminated (111)
surfaces are polar, either with a Ti*t or a SrO?~ termination, which are unstable surface
states that will eventually drive reconstruction of the surface. The optimal substrate
surface is provided when the substrate is (1) terminated with a favorable reconstruction
of the Ti**-(111) plane, and (2) has a step-and-terrace structure of one unit cell height.
The first criteria ensure a homogenous surface polarization, which promotes systematic
ordering of the atoms in the interface layers. Ideally, the stacking of perovskite unit cells

is equal across the sample, hence the substrate should be single terminated. A completely




[111]

Figure 2.4: Illustrations of the structure of cubic STO. a) Side view of the crystal with the (111)
surface exposed upwards. Red is Sr atoms, while blue illustrates the TiOg octahedra. Generated
with VESTA [31]. b) Schematic of the (111) plane. Filled lines represent the hexagonal symmetry,
while dotted lines represents the second order symmetries. Adapted from [32].

Ti**-terminated surface is energetically impossible to achieve, so the surface will always
reconstruct, but with a stable reconstruction, the same properties can be provided. With
the second criteria, the surface is atomically flat, and the only kink sites are provided by

step edges, that serve as a template for film growth.

To achieve surfaces with the intended characteristics, substrates are treated in a two-
step process consisting of an etching step, to remove SrO?~ from the surface layer, and
an annealing step, to promote reconstruction of the surface to the desired atomically flat
step-and-terrace structure illustrated in Figure 2.5. The ideal step-and-terrace topography
has atomically defined steps with height of one unit cell, also referred to as one monolayer,
and uniformly flat terraces. Surfaces where the step height is larger than one unit cell are
called "step-bunched". The shape of the step edge can vary with the preparation technique,
and some possibilities are illustrated in Figure 2.6. The substrates that are employed are

cut on an 0.1 degree angle with a miscut of 0.5 degrees, to promote step formation.

Terrace \'

Step

o

r Terrace width
Step height

Figure 2.5: Schematic of the step-and-terrace structure of the surface, with indication of the step
height and terrace width. Adapted from [32].
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straight faceted meandering lace droplet

Figure 2.6: Illustration of possible structures of step edges projected in two dimensions. Straight
edges are cut along one crystal direction, while faceted edges expose several crystal facets. Other
morphologies, not directly related to the crystal structure, are also possible: like meandering and
lace-like strep edges, and droplet shapes.

2.3.2 State of the art
Selective SrO removal by etching

Etching of STO with strong etchants, such as buffered hydrofluoric acid (BHF) is well stud-
ied, and the standard method used in substrate preparation due to the strong selectivity
of HF-etchants to SrO?~ [34]. Etching with BHF provides a layer-by-layer dissolution of
the crystal planes. In fact, SrO and other strontium compounds formed on the surface are

soluble in various acids and water, while TiO» is stable in most acids.

Chang et al. (2008) achieved single termination for (111)-oriented STO through an etch
process that combines sonication in DI water followed by buffered HF, with annealing at
1050 for 1 hour [35]. The result was atomically flat terraces, straight step edges and step
heights of one unit cell. Hallsteinsen et al. (2016) compared etching with HF to etching
with DI water, followed by annealing at 1050°C for 1 hour and at 1200°C for 2 hours,
respectively [36]. Both procedures were performed with 5 °C/min ramp rate. The HF-
based process confirmed previous work with the HF process, as it resulted in straight step
edges of one unit cell height. Additionally, the work showed that the same step height could
be achieved through a less hazardous process, based solely on water etching. However,
the water etchant gave faceted step edges with a zig-zag pattern. By an additional rinse
with DI water after annealing, single termination was also achieved through this method.
Several authors have reported successful use of water etching, including [35] and [37].
Although the resulting surface structure is not as periodic as that achieved through etching
with BHF, they exhibit the desired characteristics: atomically flat terraces with single
termination and steps with height of one unit cell. Water etching thus shows great potential

for substrate preparation of (111)-oriented STO, without the use of hazardous chemicals.

Temperature-driven surface reconstruction

The annealing process is essential to promote the formation of the desired step-and-terrace
structure and stabilize the Ti-terminated surface by chemisorption of oxygen atoms [38].

Additionally, the temperature-dependent surface reconstruction process influences the final
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chemical termination through progressive enrichment of Sr to the surface [39]. Annealing
temperatures ranging from 900 to 1300°C have been used in the literature [35-37, 39],
and variations are found in terms of the annealing time and the ramping rate. Well-
defined steps and terraces can be achieved for a range of temperatures, and it depends
on the interactions between the ramping rate in the oven, the maximum temperature,
and the dwelling time in which the substrate is kept at this temperature. In the work of
Hallsteinsen et al., annealing was performed at 1200 °C for 2 hours [36], while Chang et
al. annealed substrates at 1150 °C for 1 hour [37]. These results are used as a starting

point for exploring temperature and dwell parameters in this thesis.

2.4 Thin film growth

Over the last decades, new techniques for material fabrication and characterization have
made it possible to develop and research non-equilibrium material phases, and strain-
engineer existing materials to control their properties. This section covers the basics of
thin film growth, starting with the theory of thin film growth modes, epitaxy, and effect
of the substrate surface structure. An introduction is given to thin film growth by pulsed
laser deposition (PLD) and in-situ growth monitoring by reflection high-energy electron
diffraction (RHEED). Finally, state-of-the-art growth of double perovskites, and LNMO

in particular, is covered.

2.4.1 Growth modes

Synthesis of non-equilibrium materials is easiest in the form of thin films, as their struc-
ture is highly dependent on the substrate, which allows for tuning of the atomic spacing
compared to the bulk state. The growth of thin films happens by a set of processes on the
atomic level: absorption, surface diffusion, nucleation and growth [40]. During absorption,
ad-atoms land at the surface with a given material flux. Here, the ad-atoms diffuse along
the surface or diffuse into the underlying material until they reach the location where
they settle or nucleate. Kink sites on the surface can act as nucleation sites due to their
increased number of dimensional "bonds" that attract the ad-atom. Following classical
nucleation theory, the ad-atoms can collide and form clusters that can become nuclei for

growth when they reach a certain size.

hh“ﬁ_-

) Island b) Layer-by-layer c¢) Layer-island d) Step-flow

Figure 2.7: Illustration of the modes of thin film growth on a substrate (dark blue) with step-and-

terrace surface structure. The color shade of units in the film represent the time of deposition.
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There are three dominating modes of thin film growth: (1) Volmer-Weber or island growth,
(2) Frank-Van der Merwe or layer-by-layer growth, and (3) Stranski-Krastanov or layer-
island growth [40]. Volmer-Weber growth occurs when the ad-atoms nucleate on the
substrate and grow onto three-dimensional islands, driven by the selective bonding of ad-
atoms to each other rather than the substrate. Frank-Van der Merwe growth occurs when
the ad-atoms have stronger bonds to the substrate, than to each other. In this growth
mode, the smallest nucleus grow as planar sheets. This allows for epitaxial growth and
strain engineering, as the atomic spacing of the film will follow the substrate, allowing
for single unit-cell level control of oxide materials [41]. Stranski-Krastnov growth is a
combination of layer-by-layer and island growth, where the first monolayers are formed by
layer-by-layer growth. For the following layers, layer-by-layer growth becomes energetically

unfavorable, and growth of the film proceeds in the island mode.

Thin film growth can be described by a thermodynamic nucleation and growth process,
as describes the growth of most material phases [40]. For the growth of thin films, the
nucleation is heterogeneous and occurs at the surface, typically at step edges or defects.
When the nuclei reach the critical size, the growth process continues. The growth process
will depend on the kinetics of the synthesis system, like the rate of ad-atom arrival,
temperature, and pressure. These variables all influence the growth process, and are
used as tools for growth control, for instance to give a larger thickness before the growth

mode changes from layer-by-layer to island growth.

Taking a closer look at the process of ad-atom diffusion on the surface, the diffusion process
can be divided between intralayer mass transport across flat terraces, and interlayer mass
transport, crossing step edges. Upward steps are energy barriers for the diffusion of ad-
atoms, while downward steps represent energy sinks. Growth can also follow a fourth
growth mode, namely step-flow growth, where ad-atoms diffuse to the step edges and
incorporate on the lower terrace of the step edge, which has a minimal local energy barrier
on the surface. For this mode, it seems like the steps only move forward as more material is
deposited. A prerequisite is that nucleation predominantly happens at step edges instead
of terraces, which requires the terrace width to be smaller than the diffusion length of
ad-atoms, so that all ad-atoms can diffuse the required distance to reach the step edge.
Figure 2.7 illustrates that step-flow and layer-by-layer growth perceives the morphology of
the underlying substrate. In contrast, island growth and Stranski-Kratsnov growth lead

to surface roughening.

Epitaxial thin film growth, the extended single-crystal film formation on top of a crystal
substrate [41], is a tool that allows for oxide material engineering. For heteroepitaxy, where
the thin film is a different material than the substrate but has a similar crystal structure,
the lattice parameter of the substrate is used to guide the growth of the thin film to a given
lattice parameter. Figure 2.8 illustrates strained and relaxed epitaxy. Strained epitaxy is
usually observed for very thin films and is observed when the spacing of atoms in the thin
film material fully matches that of the substrate. On the other hand, relaxation of the

film material to its bulk structure after a critical thickness t., through defect introduction,
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Figure 2.8: Epitaxial strain and relaxation in systems with heteroepitaxy.

results in relaxed epitaxy. This relaxation is the same as observed when growth transfers

from layer-by-layer to island growth in the Stranski-Krastanov growth mode.

2.4.2 Film growth by pulsed laser deposition

Physical vapor deposition of thin films provides precise control of film growth through
gradual addition of ad-atoms to a substrate. In this project, film growth by pulsed laser
deposition is studied. The following section describes the working principle of deposition
by the pulsed laser method, including how laser energy, deposition pressure and target-
substrate distance affect the kinetic of the material plume, and how the growth through

incorporation on growth sites is affected by substrate structure and temperature.

Pulsed laser deposition (PLD) is perhaps the most utilized technique for epitaxial growth
of oxide thin films, due to its simplicity and flexibility in terms of deposition parameters
[41]. The PLD system consists of a vacuum chamber that is equipped with pumps, a
target holder that can be rotated and a substrate holder with a heating element, as well
as pressure gauges and other instruments that control the deposition environment. For
deposition of oxides, the chamber is held at a partial oxygen pressure and the substrate is
heated to an appropriate temperature. Figure 2.9 illustrates how material is transferred
to the substrate by ablation of a target with a high-energy laser. The laser pulse is
rapid, typically at the scale of tens of nanoseconds, and as it is absorbed by the target
material, the affected material is thermalized before it melts, vaporizes and is ionized into
a highly forward-directed plasma plume that expands towards the substrate. As the plume
expands, the kinetic energy of its atoms is reduced by collisions with the ambient pressure.
Thus, the kinetic energy of the ad-atoms in the plume depends on the oxygen pressure in
the chamber and the distance the plume travels. More specifically, higher pressure leads
to slower expansion of the plume, and a reduction of the kinetic energy of ad-atoms. In
contrast, longer target-substrate distance gives larger degree of thermalization, reducing
the kinetic energy of the plasma. When the plasma plume reaches the substrate, the
dominating growth mode will depend on the local environment on the surface. Firstly, this
depends on the substrate temperature, which provides the ad-atoms with energy to diffuse
on the substrate, and determines if growth happens through a step-flow growth process or

through layer-by-layer growth. Next, the surface morphology, chemical termination and
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Figure 2.9: Schematic of the PLD system. Material is transferred from target to substrate by
laser-induced evaporation of a plasma plume. RHEED uses an electron beam for in-situ growth

characterization.

lattice parameter will determine the surface energy, thus influencing how strongly bonded
the atoms are to the substrate relative to each other, and determine the growth mode as

well as the epitaxy.

Typically, the amount of material introduced to the surface by one laser pulse is just
a fraction of the atoms needed for growth of one monolayer, allowing for sub-monolayer
control of the growth process. The interval between laser pulses is larger than the diffusion
time of ad-atoms on the surface, separating the process of adding material to the surface
and incorporating new material in the film. Thus, each monolayer of the film can be grown

with a large degree of control, producing new, non-equilibrium states in the film.

Compared to other deposition techniques, like molecular beam epitaxy (MBE) and sput-
tering, PLD offers the advantages of stoichiometric material transfer, a relatively simple
setup, high degree of supersaturation, and epitaxial growth. Among the disadvantages is
the forward-directed nature of the plasma plume, which leads to non-uniform material de-
position on larger substrates, thus reducing the potential of PLD for applications outside

of research laboratories [42].
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Figure 2.10: Schematic representation of the diffraction pattern observed from a (a) two dimen-
sional and (b) three-dimensional surface. The cross indicated the position of the direct beam,

which may or may not be visible in the diffraction pattern.

2.4.3 Monitoring the growth process by RHEED

Reflection high-energy electron diffraction (RHEED) can be used to characterize the crys-
tallinity and morphology of the surface of a sample. RHEED is an in-situ technique,
meaning that it is used inside the deposition chamber during growth of a thin film, and
can thus be used to track the growth process and identify the growth mode while the film
is deposited [43]. Figure 2.9 illustrates a basic RHEED system inside the PLD chamber.
An electron beam, emitted from the electron gun, strikes the sample surface at a grazing
incidence, forming a diffraction pattern from the periodic ordering of the crystal surface.
The diffraction pattern is recorded by a fluorescent screen and a CCD camera. A computer
program is used to track the intensity of one or more diffraction spot, and observe how

the intensity changes through the growth of the film.

The shape of the diffraction pattern is related to the crystal structure and morphology of
the surface. When the electron beam passes through the substrate, it is diffracted and
forms a diffraction pattern, as described by the Laue condition, that gives the allowed
diffraction states [44]. During RHEED characterization, the incident angle of the electron
beam is small, striking the surface near grazing incidence, making the technique highly
surface sensitive [45]. An atomically flat surface of a crystal can be regarded as a two-
dimensional lattice, which will produce a diffraction pattern of dots in a semi-circle, as
shown in Figure 2.10a. For a rough surface, the electron beam penetrates the islands that
have formed rather than grazing a two-dimensional surface, and the RHEED pattern will
form the rectangular diffraction pattern of a three-dimensional crystal as shown in Figure
2.10b. In the transition to island growth, the diffraction peaks are broadened in the vertical
direction due to broadening of the reciprocal rods. As the surface roughens and islands are
formed, the broadening continues, and additional diffraction spots are introduced. Note,
however, that the diffraction pattern can deviate from perfect dots when the focus is not

optimized, or following a non-monochromatic electron beam.

As the thin film grows during deposition, the intensity of the diffraction spot reduces with
surface roughness, as illustrated in Figure 2.11. The intensity oscillations are related to the
film growth process, and are used to measure the growth rate, if the growth is step-flow or
island dominated, and if the growth occurs in one or several layers at the same time [46].

The maximum intensity indicates an atomically flat surface with complete coverage of the
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Figure 2.11: The RHEED specular spot intensity is used to monitor the growth process. Surface
roughening causes the intensity to drop, and one oscillation corresponds to the complete growth

of one monolayer. 6 is the coverage of the top layer.

top layer (# = 1), while the minimum intensity indicates the maximum roughness between
steps of full layer coverage (f = 0.5). The decrease in intensity is caused by increased
surface scattering when the surface order is reduced. The period of one such oscillation
can thus give the growth rate of one layer. Additionally, the intensity oscillation of the
diffraction spots provides information on the growth mode of the film. In experiments,
it is generally observed that the peak intensity decreases with time, because the surface
gradually roughens as more atomic layers are stacked on the ideally smooth surface. This
decrease in intensity is associated with a change of the growth mode from layer-by-layer to
island growth [47]. For ideal layer-by-layer growth, the maxima of the intensity oscillations
remain constant, as the film is just as smooth as the substrate after the completion of one
layer. During step flow growth, the ad-atoms always incorporate on a step edge on the
surface, so that the total surface roughness is constant throughout the growth process.

Followingly, the specular spot intensity will stay constant as the film grows.

The intensity and position of diffraction peaks will change by surface roughening, which
causes the pattern to change from a semi-circle to a rectangular pattern, or by a change in
the crystal structure. If the crystal structure changes, for example by epitaxy relaxation,

the diffraction pattern and their distance changes [45].
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2.5 State of the art PLD growth of double perovskites

Not much work has been done on pulsed laser growth of LNMO thin films, but the studies
that have been performed show that there is either a short-range ordered phase or coex-
istence of multiple phases [7]. Wu et al. (2018) and Palakkal et al. (2022) grew epitaxial
thin films of LNMO on STO(001) using PLD, where advanced electron microscopy stud-
ies revealed a strain-induced monoclinic crystal structure and following B-site ordering
[48, 49]. Kleibeuker et al. (2017) grew the double perovskite LapCoMnOg on STO(111),
which is highly similar in structure to LNMO, producing a high-quality crystal through
substrate temperature of 710 °C and background pressure of 0.15 mbar during deposition
[50]. Chakraverty et al. (2013) optimized the PLD growth parameters of double (for both
A- and B-site cations) perovskite LaSrVMnOg in the [111]-direction, identifying high de-
gree of B-site ordering by XRD, RHEED and TEM within the narrow window of growth
conditions span by oxygen pressure Pynpient = 7 % 1077 Torr for temperature 7' between
960 and 1000 °C. Hallsteinsen (2012) found that the growth mode of perovskites in the
[111]-direction is unstable, and that reduction of the deposition temperature to 500°C dur-
ing growth of double perovskite Lag 7Srg3MnQOg on STO can delay the critical thickness,
and stabilize layer-by-layer growth [32].

Looking more specifically at growth of LNMO, the main work is performed by Singh et
al. (2009), who grew LNMO on STO(111) for a variety of deposition parameters, with
temperatures from 450 to 850 °C and pressure from 100 to 900 mTorr [22]. Through
polarization-dependend Raman spectroscopy and XRD, they found a well-ordered mono-
clinic phase in films deposited at T' = 800 °C and Pyppiens = 800 mTorr.

So far, all discussed work has utilized a single stoichiometric target for material deposition.
In contrast, Ksoll et al. deposited ordered LNMO thin films by deposition of LNO/LMO
superlattices on STO(111) [20]. By alternating between deposition of LNO and LMO
by pneumatic nozzle spraying, films were grown in an even more controlled manner by
individual deposition of the LNO/LMO layers, which showed to combine to a single ordered
LNMO phase when deposited as 2/2 and 1/1 superlattices. Although not a PLD procedure,
this illustrates how target switching could be used to increase the control of ordering of the
LNO/LMO layers that are present in an ordered (111)-oriented LNMO phase. Although
interesting, this has not been reproduced in the work of this thesis as it requires continuous
switching between LNO and LMO targets, which the utilized PLD system is not optimized

for.

2.5.1 Ferromagnetism in LNMO

Bulk LNMO is ferromagnetic, with a near-room temperature Curie temperature of T, ~
280 K and saturation magnetization of 5 pg/f.u. in bulk [49]. The magnetic ordering of
LNMO originates from indirect exchange interactions via the oxygen atoms, working as

exchange bridges between B-site cations. In particular, superexchange interactions lead to
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Figure 2.12: Mapping of crystal qualities and magnetic properties of LNMO depending on the
growth temperature and oxygen pressure during deposition, performed by Kitamura et. al [53].
Circle, square and triangle symbols denote high, moderate and poor crystal qualities respectively.

Filled symbols and open symbols represent presence or absence of seconary phases. From [53].

anti-ferromagnetic ordering while double-exchange interactions give ferromagnetism [51].
The ferromagnetic exchange interaction happens between Ni-O-Mn ions [52], both Ni%*-
O-Mn** with T, ~ 280 K and lower temperature Ni**-O-Mn>* exchange with T, ~ 100
K [53]. Additionally, anti-ferromagnetic Ni-O-Ni and Mn-O-Mn exchanges can occur in

disordered regions.

As the type of magnetic ordering is decided from the valence state of cations in the
structure, it will be affected by the oxygen content and stoichiometry, which to a large
extent determines the valence of ions. Thus, magnetic ordering requires a stoichiometric
material, which is achieved through tuning of the deposition conditions, and especially
important are the deposition temperature and oxygen pressure during deposition. Highly
related, the magnetic ordering will follow the crystal structure of the material, as the
magnetism in LNMO originate from exchange interactions between Ni-O-Ni, Mn-O-Mn

and Ni-O-Mn, and the amount of each interaction type is a result of the crystal structure.

Kitamura et al. grew LNMO thin films on STO(100) by PLD, and mapped out the crys-
talline qualities and magnetic properties in relation to growth temperature and oxygen
pressure [53]. The results were divided into four regions, as displayed in Figure 2.12. (1)
At high temperature and high pressure, the films have a large amount of La-deficiencies,
which may induce formation of secondary phases. The resulting films are ferromagnetic,
but with lower saturation magnetization and transition temperature. (2) Low temper-
ature and relatively high oxygen pressure resulted in two different ferromagnetic phases
with T at 280 K and 130 K. They hypothesize that the growth temperature is too low to
promote rock salt ordering of Ni and Mn ions, which gives local domains where magnetism
originates from Ni-O-Ni and Mn-O-Mn interactions. (3) Low oxygen pressure results in

oxygen vacancies, making the crystal lack the oxygen atoms necessary for Ni-O-Mn ex-
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change interactions. Thus, LNMO exhibits weak, or no, ferromagnetism. (4) The optimal
ferromagnetic properties are achieved within a narrow parameter window of temperat-
ure and pressure, where the formation of B-site cation disorder and oxygen vacancies are

suppressed, so that Ni2T-O-Mn*T interactions are stabilized.

Similarly, Palakkal et al. studied the effect of oxygen defect engineering in LNMO thin
films, and related control of their magnetic behavior [49]. Films were oxygen-deficient after
PLD deposition at Pyppient = 500 mTorr. Subsequent post-deposition oxygen annealing
was performed and showed a decrease in oxygen vacancy concentration that gave a re-
duction in the out-of plane lattice parameter, from 7.78 A as-deposited to 7.73 A after 95
minutes of annealing, as well as a reduction of the saturation magnetization from 4 ng/f.u.
to 2.5 pp/f.u. and a hardening of the magnetic state. This illustrates the importance of
stoichiometry on magnetic properties, which can also be obtained through post-growth

annealing in high-pressure oxygen.

In summary, the crystal structure, stoichiometry and magnetic state are closely related.
Defects, cation valences, and arrangement of B-site ions significantly depending on the
synthesis conditions, strongly influence magnetic properties [53]. To illustrate the relation,
an increase of the oxygen pressure during deposition reduces the amount of oxygen defects,
altering the valence state of cations, thereby changing the magnetic interactions together
with crystal structure, as differently ordered states will be energetically favorable. Due to
the complex interplay between deposition conditions and their effect on crystal structure,

stoichiometry and magnetic ordering, optimization is far from straightforward.
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Chapter 3

Experimental procedures

3.1 Substrate preparation

Table 3.1: Overview of parameters for substrate preparation. The water purity, annealing temper-
ature and dwell time has been varied in each tested series. The name of the samples are based on

the parameters that are used during substrate treatment, as follows: etchant-temperature-time.

Series Etchant Temperature Time No of samples
°C] 1]
DI-1150-2 DI 1150 2 5
DI-1150-1 DI 1150 1 4
DI-1125-2 DI 1125 2 3
DI-1125-5 DI 1125 5 1
UP-1125-2 UP 1125 2 1
T-1125-2 Tap 1125 2 1

Substrate preparation was performed to achieve atomically flat and single terminated
surfaces of (111)-oriented SrTiOs (STO) with a step-and-terrace structure for further
PLD deposition. (111)-oriented STO substrates (from SurfaceNet GmbH and Shinkosa)
with one side polished and a 0.5 degree miscut angle were used. Some of the substrates
were cut using a diamond wire saw (Well 3500 Premium) to cut each 10x10 mm substrate

into 5x5 mm pieces.

The substrate preparation procedure consists of three steps: cleaning, etching and anneal-
ing. In this work, the etching chemical and the annealing parameters were varied to assess
their effect on the surface structure. The following experimental procedure describes the
general method that has been used, and the reader is referred to Table 3.1 for the specific

method used in each substrate series.

First, the substrate was cleaned by submersion in acetone for 5 minutes, followed by
submersion in ethanol for 5 minutes. Next, the substrate was submerged in de-ionized

(DI) water at 70°C under sonication in a pre-heated ultrasonic bath for 30 minutes.
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Table 3.2: Overview of samples grown to assess the influence of target-substrate distance on the
initial growth mode. All films were deposited by 500 laser pulses, and the sample name describes
the associated distance for each film.

Sample Target height Substrate height Assumed distance

D-35 82 38 35
D-40 79 36 40
D-43 75 37 43
D-46 70 39 46

Compressed air was used to blow off excess liquid after each solvent step. Finally, the
substrate was annealed in a tube furnace oven (Entech tube furnace) to evaporate all
residue of solvents and promote the surface reconstruction necessary for formation of the
uniform step-and-terrace structure. In the tube furnace, the temperature was gradually
increased from room temperature to the annealing temperature at a rate of 3°C/min.
When the annealing temperature was reached, the oven was fixed at this temperature for
the annealing time, before the temperature was decreased at the same rate. The oven
was operated with a constant supply of oxygen gas at 1-2 bubbles per second to provide

sufficient oxygen supply to the surface during annealing.

3.2 Film growth

In this work, LagNiMnOg (LNMO) thin films were grown on (111)-oriented STO substrates
by pulsed laser deposition in the Mantis Deposition system (PLD lab, FACET, NTNU).
A stoichiometric LNMO target was ablated with a KrF excimer laser with wavelength
A = 248 nm and fluency 1-2 J using a pulsing frequency of 1 Hz. The laser was operated
in energy-constant mode. Films were deposited at 500°C in 0.11 mbar (0.10 - 0.133 mbar)
of oxygen ambient with laser energy set to 300 mJ. After deposition, the films were cooled
to room temperature and kept in a high-pressure oxygen atmosphere of 100 mbar (55.5 -
99.0 mbar) for 1 hour.

Table 3.3: Overview of samples grown to asses how the growth mode evolves with film thickness.

Note that sample T-500 is the same as sample D-35 presented in Table 3.2.

Sample Pulses Assumed distance

No. [mm]
T-500 500 35
T-1500 1500 44
T-2000 2000 36
T-4000 4000 39
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The target-substrate distance and the growth duration were intentionally varied between
depositions to assess their influence on the growth mode. Four films were grown by 500
pulses, changing the distance, as described in Table 3.2. Additionally, films were grown
with a gradually increasing number of pulses to assess how the growth mode changes as
the film thickens, as presented in Table 3.3. For this growth series, the target-substrate
distance was changed slightly between depositions to ablate a new area of the target for
each deposition. Note that sample D-35 and sample T-500 is, in fact, the same sample.
One extra film, sample X-1, was grown separately from the distance- and thickness series.
This sample was grown by 1500 laser pulses. For all fabricated samples, other deposition
parameters were only varied when required by the PLD system. A more extensive overview
of deposition parameters can be found in Table A.1 in Appendix A. The growth process
of each film was monitored by in-situ RHEED, using a voltage of 24-25 kV and a current
of 1.45-1.55 A.

3.3 Characterization

3.3.1 Atomic force microscopy

The surface topography of substrates and films was characterized by atomic force micro-
scopy (AFM). All topography characterization was performed on the AFM Dimension
Icon (Bruker, NTNU Nanolab), using the ScanAsyst mode and a ScanAsyst Air probe
with a silicon tip with radius 2 nm, on a nitride lever with resonance frequency 70 kHz
and spring constant 0.4 N/m. The ScanAsyst mode combines tapping and contact mode,
and automatically optimizes scan parameters such as feedback gain, amplitude setpoint

and scan rate for high-quality imaging [54].

Every sample was imaged on at least three regions, to cover a representative area of
the surface. AFM is a local imaging technique where only a small area of the sample
is imaged during each scan, and it is thus necessary to inspect several areas. For each
new area that was studied, an overview image with dimensions 10 x 10 pm was first
gathered. Based on these overview images, regions of particular interest were imaged
with higher magnification. The regions of particular interest could be regions that are
representative for the area, or that show specific details that are hard to measure with

lower magnifications.

The collected images were processed and analyzed using the Gwyddion software [55].
Image processing consisted of performing a set of procedures. First, the surface leveling
function was used to compensate for potential tilt of the sample during measurements.
Second, the sample was leveled to make facets point upwards to increase the visibility of the
step-and-terrace structure. Third, row alignment was performed to compensate for jumps
that the AFM occasionally does when moving to a new row in the scan pattern. Next,

horizontal scars were corrected to compensate for lost data in the measurements, which
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can appear when large and sudden surface features cause drastic changes in cantilever
deflection. Lastly, three points were placed on the same plane surface to level the data to

terrace planes.

The resulting images were used to identify different surface morphologies and to quantify
a set of surface parameters. The surface parameters of interest were the step height, the
terrace width, and the terrace roughness. The step heights and terrace widths were meas-
ured across a representative region of the sample to gather information about the trend
in step bunching and terrace ordering. Surface roughness measurements were performed
on individual terraces using the statistical quantities tool and the mean square roughness
(RMS) quantity S, [56]. Roughness measurements were performed on both substrates and

films to compare the roughness parameter before and after film deposition.

3.3.2 Lateral force microscopy

Surface termination was assessed by lateral force microscopy (LFM) on one of the samples
in the DI-1150-1 series. The measurement was performed on the AFM Dimension Icon
(Bruker, NTNU Nanolab), using the Lateral Force mode and a CONTV-A tip with tip
radius 8 nm, resonance frequency of 10 kHz and spring constant 0.2 N/m. The sample
was scanned in two different areas where height and lateral force data was collected. The
height data was processed in Gwyddion as described for general AFM imaging. Data from
height and lateral force channels were combined into a single picture in Microsoft Office
PowerPoint to identify if any regions of changed lateral force originated from material

contrast.

3.3.3 X-ray diffraction

X-ray diffraction (XRD) and x-ray reflectivity (XRR) measurements were performed at the
XRD labs of the department of material science (IMA) and the department of electrical
engineering (IES). As strain will shift the reciprocal lattice points of the film, several
scan types were performed to uncover and separate the lattice parameter of substrate and
film. More specifically, § — 20 scans were performed in the area covering the (111) to
(222) diffraction peaks of STO, around the individual diffraction peaks of (111) and (033).
Additionally, detector scans were performed around the (111) and (222) diffraction peaks.
A rocking curve was also performed around the (111) peak of the film. An XRR scan was
performed to measure the film thickness. The presented data was collected in collaboration

with senior engineer Tron Arne Nilsen and associate professor Ingrid Hallsteinsen.
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3.3.4 Raman spectroscopy

Raman spectroscopy was performed using a WITec Alpha 300R confocal Raman imaging
system. The Raman spectra were collected using a 532 nm excitation wavelength with 17
mW power, integration time 3.0 s and 10 accumulations using the acc single spectrum-
command. The objective was 50x HD with 1.00 mm working distance, and the angle

between the incident light beam and the sample surface plane was 90°.

3.3.5 Transmission electron microscopy

Sample T-1500 was characterized by transmission electron microscopy (TEM). Sample
preparation was performed by postdoc Iryna Zelenina and Ph.D. candidate Yu Liu, where
a cross-sectional TEM sample was prepared by conventional TEM sample preparation
techniques and focused ion beam (FIB) lift-out. Measurements, data collection and data

analysis was performed by Iryna Zelenina.

3.3.6 Ellipsometry

Ellipsometry measurements were performed together with Ph.D. candidate Stephanie
Birgit Burgmann using a Woollam M-2000 Spectroscopic Ellipsometer. The ellipsometry
characterization estimated the film thickness, along with the refractive index, n, and the
extinction coeflicient, k. First, an STO substrate was measured to have the correct optical
properties to build the model. Then, measurements were performed on samples T-2000
and T-4000. The data fit was performed with the Cauchy Extended and Graded Layer
models [57, 58].

Ellipsometry works by measuring the change in polarization as light is reflected of a sample
surface. The measured change in amplitude and phase of light depends on the optical
properties and thickness of the material in the sample. The measurements are then fitted
with an optical model that uses a set of optical constants for the material system to
estimate the film thickness or other properties of interest. The coherence between the
measured data and the fitted model is stated in terms of the mean square error (MSE),
and a model is generally considered "good" when MSE < 10. For more information on

ellipsometry, the reader is referred to [59].

3.3.7 Vibrating-sample magnetometry

Vibrating-sample magnetometry (VSM) measurements were performed on sample T-2000
to characterize the magnetic properties of the deposited film. First, the samples were cut
to 4x4 pm? pieces with the diamond wire saw. Master student Jonas Lyng-Jgrgensen
conducted further substrate preparation and measurements. Hysteresis measurements

were performed at 50 K using magnetic field strengths from -2000 Oe to 2000 Oe.
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First, sample T-2000 was measured as-deposited. Then, an additional annealing step
was performed where the sample was annealed in a tube furnace at 700°C for 1 hour
with an oxygen supply of 1-2 bubbles per second. The ramp rate was set to 3°C/min.
VSM characterization was repeated after the additional annealing step, performing both
a hysteresis measurement at 50 K and a magnetization vs. temperature measurement in

the temperature range between 50 to 350 K.
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Chapter 4

Results

This chapter presents the results of the performed experimental work. The chapter is
divided into five sections. First, the results from substrate preparation of STO is covered.
Next, the AFM-characterized surface morphology of LNMO films grown with different
target-substrate distances is presented, followed by the surface morphology of films grown
to four different thicknesses. The fourth section covers RHEED characterization and a
study of the RHEED system. Lastly, results from characterization of the crystal structure

and functional properties is presented in the final sections.

4.1 Substrate preparation of (111)-oriented STO

This section covers control of the surface of (111)-oriented STO substrates. The effect
of the purity of the water etchant and the annealing temperature and dwell time on the
surface structure is presented. AFM characterization showed that all methods for substrate
preparation resulted in increased structural ordering compared to as-received substrates.
Figure 4.1 shows the surface of an as-received substrate. Table 4.1 presents an overview

of the average step heights and the range of step heights for each preparation method,

42.3 nm

35.0
30.0

Figure 4.1: AFM image of the surface of a substrate before etching and annealing shows that the

surface is unordered and with impurities. The image is 3.3x3.3pum?.
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Figure 4.2: AFM micrographs of substrate UP-1125-2, DI-1125-2 and T-1125-2, prepared by use of
water with different purity during the etching step. The surface of (a) and (b) have two competing
configurations, one with larger, round terraces, and one with small steps which height is around

one unit cell.

together with a description of the observed terrace morphologies. The reader should note
that there were variations in the step heights and terrace shapes between different regions
on each substrate, and between substrates prepared in the same batch. The table describes
the general features for each preparation method. The step height is used to describe the
step bunching. The measured step heights are both integer- or half-integer multiples of

STO di11, indicating that the terraces have mixed termination.

4.1.1 Effect of water purity

Three substrates were prepared by the same method, while etching with water of different
purity, to observe how this influenced the final surface morphology by changing the stron-
tium solubility. AFM characterization of the surfaces after treatment can be seen in Figure
4.2. The substrates that were etched with ultra-pure (UP) water and deionized (DI) water
had similar microscopic structures, with two competing configurations on the surface: the
first area-type has step-bunched, droplet-shaped terraces, while the other has a step-and
terrace structure with step height of 0.5-1.5 monolayers. The height difference between
droplets and the surrounding is between 1 and 2 nm. Despite the similarity in microscopic
structure, high-magnification AFM imaging reveals that the morphology of the step edge
is different depending on the water purity. The step edges are straight on DI-1125-2, while
they are less continuous and resemble more of a lace fabric on UP-1125-2. Etching with
tap water did also result in increased surface ordering compared to as-received substrates,

with a combination of straight and meandering step edges.
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Table 4.1: The prepared substrates had variations in terrace morphology as well as step height.

Step heights are given by average and the range of heights.

Series Step height [nm)] Morphology No samples
Average Range

Step bunching ,

DI-1150-2  0.80 0.10-2.69 5
straight

DI-1150-1 0.9 0.11-419 >oraisht, small facets, 4
step bunching

DI-1125-2 1.63 0.25-5.97 Droplets, straight 3

DI-1125-5 0.89 0.22-1.55 Faceted 1

UP-1125-2 0.62 0.10-1.5  Droplets, lace 1

T-1125-2 0.31 0.07-0.98 Faceted, droplets 1

4.1.2 Effect of annealing temperature and dwell time

Substrates were prepared by DI-water etching, and annealed with temperatures from
1125°C to 1150°C and dwell times from 1 hour to 5 hours. The surface topography

was imaged by AFM, and a selection of the obtained images can be found in Figure 4.3.

Substrates annealed at 1150 °C for 2 hours gave different results from substrate to sub-
strate. However, they can be divided into two categories: one is highly step-bunched with
visible grow-together of steps and step heights from one unit cell to several nanometers
(Figure 4.3g-i), while the other has a more uniform structure with step heights ranging
from 0.23 nm to 1.40 nm (Figure 4.3g). The variation in the resulting substrate structure
suggests that the substrate is in a transitioning stage, where the surface configuration
transitions from steps with a height of a couple of unit cells, to a structure with more

step-bunching and step heights of several nanometers.

Substrate annealing at 1150°C for 1 hour resulted in a more defined step and terrace
structure where the step height ranged from one unit cell to 5 unit cells (0.22 nm -
some above 1 nm). The distribution of step heights was relatively uniform, with a slight
favoring of unit cell high steps. For this preparation method, the surface height profile was
consistent across the observed surface regions and the prepared substrates. The terrace
shape was observed to be straight, with some faceted edges that were primarily observed
in the transition between terraces of different heights, as seen in Figure 4.3d. On one of
the three prepared substrates, the shape of the terraces was more round, a bit broader,
and with a region of gradual height increase between the free-floating terraces, as seen in

Figure 4.3e.

Next, annealing of substrates at 1125 °C for 2 hours resulted in a surface structure with a
combination of two surface configurations as seen in Figure 4.3a-b and Figure 4.2b. In the
collected AFM images, droplet-shaped terraces are observed, with step heights between

1 and 2 nm. Between these terrace regions, are regions of gradual height increase with a
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Figure 4.3: Results of different substrate preparation procedures.

76 nm

b) 1125°C 2h

e) 1150°C 1h

h) 1150°C 2h

27.0nm

25.0

20.0

15.0

10.0

50

0.0

31.4nm

25.0

20.0

15.0

10.0

5.0
0.0

¢) 1125°C 5h

f) 1150°C 1h

i) 1150°C 2h

32.7nm
30.0

25.0

20.0

15.0

10.0

5.0
0.0

32.8nm
30.0

25.0

20.0

15.0

10.0

50
0.0

51.0nm

45.0
40.0
35.0
30.0
25.0
20.0
15.0
10.0

0.0

30



Figure 4.4: LFM image of a substrate in series DI-1150-1, consisting of signal from (a) the height

channel, (b) the lateral channel, and (c) the two combined. The lateral contrast is seen by difference
in yellow shading, and contrast is observed at faceted step edges. All images are 3.3x3.3 pm?.

step-and-terrace structure. The terrace edges are wavy, and the step height varies from

half a unit cell to several unit cells.

Finally, annealing of substrates at 1125°C for 5 hours was tested, aiming to observe
what influence dwell time has on the final surface structure. The substrate has a surface
structure with a zig-zagged, faceted edge, as seen in Figure 4.3c, and the step height varies
from one unit cell to several nanometers. The structure is consistent across the inspected

areas, but shows large local variations from terrace to terrace.

4.1.3 Lateral force microscopy

Results from lateral force microscopy imaging of a substrate in series DI-1150-1 can be
seen in Figure 4.4. The topography image show a step-and-terrace structure with slightly
faceted step edges. For the images with frictional contrast, the contour of the same
step edges are visible as diagonal lines. In addition, there is frictional contrast on the
faceted step edges, apparent by the lighter yellow color. Further, darker shaded areas
are observed, as in the center of the image. When combining the signal from vertical
and lateral channels, it is prominent that the frictional contrast is primarily found on the
terrace edges, where the frictional properties are different due to the steps. Additionally,
the frictional contrast is similar between terraces, indicating that the observed terraces

have the same termination.
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4.2 Effect of target-substrate distance on initial film growth

During the fall semester of 2021, project student Linda Joseph performed work on pulsed
laser growth of LNMO thin films in the same deposition chamber. Then, RHEED os-
cillation patterns indicated that the target-substrate distance should be at a minimum
to provide optimal conditions for layer-by-layer growth [10]. For the work of this mas-
ter thesis, the distance between the target and the substrate was varied to observe how
target-substrate distance influences the initial growth mode. Four films were deposited
by 500 laser pulses, with similar deposition parameters, except for the target-substrate
distance, which is intentionally varied. Additionally, the substrate surface morphology

differed between samples, which also influenced the growth mode.

Here, the growth mode is evaluated by AFM characterization of the film surface roughness
on flat terraces. In Table 4.2, the roughness of the terrace is compared to that observed
on the substrate before deposition to evaluate if film growth has increased the roughness.
Roughness measurements are performed on flat terraces, and in areas of gradual height
increase that are sometimes found on the surface. These are denoted area A and area
B, respectively, as indicated in Figure 4.5b. AFM micrographs of the thin film surfaces,
grown with target-substrate distance of 35 mm, 40 mm, 43 mm and 46 mm, are presented in
Figure 4.5 along with AFM images of their associated substrate surfaces. For all samples,
the surface structure is intact from substrate to film without any large degree of roughening

through island formation.

For D-35 (Figure 4.5a), the observed surface roughness (RMS) decreased from 300 +
164 pm on the substrate to 166 + 75 pm on the film. Similarly for D-40 (Figure 4.5b),
the topography is conserved. This substrate had some flat regions, and some regions of
gradual height increase. The film has similarly flat regions as the substrate, while the
regions of gradual height increase have the same roughness. For D-43 (Figure 4.5 c), the
topography of the surface has changed from a mixture of meandering and straight steps
on the substrate, to rounder areas on the film surface. These round areas follow the step
structure of the substrate and are anchored to a step site. In inspected areas, they are 4-5

monolayers high, while the steps are bunched with a step height of 10-15 monolayers. The

Table 4.2: RMS roughness parameters of the different films, as measured on flat terraces (Area
A) and across small-stepped areas with continuous height increase (Area B). The roughness S, is

given as mean + standard deviation.

Area A Area B
Film number Distance Substrate Film Substrate Film
(S Iom]) (S, [om))  (Sq, [om])  (Sq, [pm))
D-35 35 300 + 164 166 £ 75 - 1865 4+ 612
D-40 40 166 £ 63 159 £ 36 1052 + 787 1100 =+ 443
D-43 43 118 £ 13 265 + 95 - -
D-46 46 239 +£ 80 148 £48 1479 £ 163 1040 £ 154
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Figure 4.5: AFM micrographs of film (a) D-35, (b) D-40, (¢) D-43 and (d) D-46, grown by 500
pulses with different distance between PLD target and substrate surface. All images are 3x3

nm?, while the vertical scale varies, as indicated. For all depositions, the surface morphology is

reproduced from substrate to film. Area A and B are indicated on the image of D-40.
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formation of such nuclei on the terraces may indicate that the film grows by nucleation and
growth mechanism that grow planar sheets on individual terraces. Finally, D-46 (Figure
4.5d) has a step-bunched substrate surface, which is reproduced on the film. The surface
roughness is slightly decreased by film growth in both area A and area B. As for D-43,

there are indications of a birth-and-spread growth mechanism on the terraces.

4.3 Evolution of the growth mode throughout the growth

process

Films were grown to four different thicknesses to observe how the film surface structure,
and hence the growth mode, evolves during film growth. This process can identify the
onset of transition to an island growth mode, as it identifies when surface roughening
starts. The target-substrate distance was kept within the closest half of the possible
range. As it was observed in the series with varying target-substrate distance that the
distance had no drastic influence on the growth mode for the first few film layers, it was
not attempted to keep it constant. In the following section, it is assumed that the distance
did not influence the growth mode and that the differences in surface morphology depend
on substrate topography and growth length alone. AFM images of the sample surfaces,

and the surface of the substrate they were grown on, are shown in Figure 4.6.

For sample T-500 (Figure 4.6a), AFM inspection shows that the film replicates the sub-
strate surface structure in terms of the terrace widths, step height and surface of the
terrace. As mentioned in section 4.2, the RMS roughness measure on terraces decreased
from 300 £ 164 pm to 166 £ 75 pm through film growth. The substrate surface consisted
of flat terraces, and terraces with a gradual height increase that still was rough. Note that

this film is the same as described as D-35 in section 4.2.

Sample T-1500 (Figure 4.6b) was grown on a surface with step heights varying between 1,
2 and 3 monolayers and roughness of 155 & 21 pm. The step edges had triangular shapes
along them. For the film, the same step-and-terrace structure is visible. However, the step
edges are less defined, and the terraces are rougher with island clusters that are 0.5-1 nm
high, corresponding to 2-4 monolayers. While the islands vary in width and length, their

size is limited to the terrace.

Sample T-2000 (Figure 4.6¢) was grown on a surface that consisted of two very different
areas. Small steps of monolayer height, with a lace-like edge structure, were accompanied
by larger, droplet-shaped terraces whose width was measured to 800 nm at most. These
large terraces had a roughness of 116 + 39 pm. The film has the same two types of
structures on the surface, where the large terraces have remained smooth and now exhibit
a roughness of 158 + 36 pm. As observed for T-500, there is no substantial roughening
on the large terrace. On the small terrace, on the other hand, the steps have grown
together and the surface has a rougher nature. It should be noted that the roughness

has not been measured on these terraces, because their narrow width made it hard to

34



Substrate

a) 500 pulses

b) 1500 pulses

¢) 2000 pulses

d) 4000 pulses

Film

|

20.0 nm
18.0
16.0
14.0
12.0
10.0
8.0
6.0
4.0

0.0
15.0 nm

12.0
10.0

8.0

11.2nm
10.0

8.0

6.0

4.0

20
0.0

Figure 4.6: AFM images of film (a) T-500, (b) T-1500, (c) T-2000 and (d) T-4000 and the respective
substrates. All images are 3x3 pm?, height scale differs between images and is included. The
substrate morphology is reproduced for all films. Film (a) has grown layer-by-layer and has smooth
terraces, while (b), (¢) and (d) exhibit roughening and island formation.

35



6.7 nm
6.0

5.0

4.0

3.0

20

1.0

b)

Figure 4.7: AFM images of the surface of T-4000. The degree of surface roughening is large in
(a), while roughening is less prominent in area (b). These images are 3x3 pm?. Image (c) shows

a 1x1 pm? magnification of the nuclei on terraces of (b).

Table 4.3: RMS roughness parameters of the different films and their substrates, as measured on

individual terraces. The roughness S, is given as mean £ standard deviation.

Film number Distance No of pulses Substrate Film
(Sq, [pm]) (g, [pm])
T-500 35 500 300 £ 164 166 £ 75
T-1500 44 1500 155 4+ 21 458 £ 71
T-2000 36 2000 116 +39 158 + 36
T-4000 39 4000 236 + 188 608 + 408

measure the roughness on individual terraces with the same Gwyddion-tools that were
used for the other films. In addition to the grow-together of terraces, 3-5 nm high nuclei
are observed. However, these nuclei have a distinct shape that is repeated across the area.
Such a repeated pattern is often associated with an AFM tip artifact or dirt on the AFM
tip. But, as these patters were not observed on large terraces, it is believed that they

originate from actual islands and that the shape is magnified by the tip artefact.

Finally, the thickest sample, T-4000, is presented in Figure 4.6d. It was grown on a surface
with step and terrace structure, with relatively straight step edges with some faceting.
Some step edges are clearly defined, while others have a smoother transition between
them. Figure 4.7 shows that the morphology of the film varies between inspected areas.
Some areas resemble the substrate to a large extent, with the substrate structure still
clearly visible, although including small islands that are 0.5-1 nm (2-4 monolayers) high
and ~ 1 nm wide and spread across the steps. In other areas, like the one presented in 4.6d,
the morphology of the substrate is less obvious to spot on the film. The steps have grown
together and the surface resembles more of a veil. However, the substrate morphology
can be recognized in shape and the orientation of the islands that have formed on top.
These follow the orientation of the steps, and the width is limited to that of the original
terrace. These islands seem to consist of several islands that have grown together, as the
height varies across the individual island, with the maximum height being 2-4 nm (8-16
monolayers). An overall roughening of terraces from 236 &+ 188 pm on the substrate to
608 + 408 pm on the film is measured.
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a) 30° b) 60°

Figure 4.8: Diffraction pattern of a substrate from two different azimuth angles. Diffraction from
angle (a) results in five distinct diffraction spots in the semi-circle, while (b) results in three. The
direct beam is visible above the semi-circle.

4.4 RHEED characterization of film growth

This section covers the work that was performed on growth characterization with RHEED.
First, examples of RHEED diffraction patterns on substrates and during film growth are
presented. During the work of this thesis, instabilities in the intensities of the diffraction
spots were identified, and the observed effect of pressure variations and target rotation is
covered in this section. After these perturbations were dampened, the RHEED intensity
oscillation from film deposition was more prominent. A final intensity tracking during a

deposition is shown.

4.4.1 Diffraction pattern from substrate

The diffraction pattern obtained from a substrate depends on the orientation of the
electron beam relative to crystal directions in the sample. As the STO(111) surface is
hexagonal, it has 6-fold symmetry that results in repetition of the diffraction pattern for
every 60°. Additionally, there are symmetry axes between these with slightly different
spacing between atoms, as illustrated in Figure 2.4b. Both sets of angles give diffraction
patterns that can be monitored with RHEED during thin film growth. Figure 4.8 show
the diffraction patterns, and the azimuth angle is rotated 30° between a) and b), corres-
ponding to the <1-10> and <11-2> crystal directions. The diffraction spots appear not
as perfect dots, but slightly streaked, meaning that the surface is not perfectly atomically
flat.
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f) t = 1500 s

-

Figure 4.9: The diffraction pattern changes during deposition of thin film X-1. From the onset of
deposition (a), the diffraction pattern changes from a semi-circle to a rectangular pattern through
elongation and weakening of the diffraction spots. Images (a-e) are collected at the same azimuth

angle, while (f) is rotated 30° relative to these.

4.4.2 Diffraction pattern during deposition

Imaging the diffraction pattern during deposition of the thin films can provide information
about the crystal structure and surface roughness. Figure 4.9 shows the diffraction pattern
of sample X-1 before, during, and after thin film deposition. Before deposition, Figure
4.9a, the diffraction pattern has the shape of a semi-circle with three distinct diffraction
spots. During the first two minutes of deposition, new diffraction spots appear along
with additional Kikuchi lines, while other diffraction spots weaken. After six minutes and
throughout the rest of the deposition, the diffraction pattern has elongated spots and is
barely visible. Based on what is visible, the pattern resembles a rectangular diffraction
pattern. Rotation of the azimuth angle by 30° after deposition gives a brighter diffraction
pattern with a clear rectangular shape that resembles a three-dimensional surface, as seen

in Figure 4.91.

4.4.3 Sensitivity of the specular spot intensity to external factors

As mentioned in Chapter 2, the intensity of the specular spot is extremely sensitive and will
be influenced by thermal fluctuations, vibrations, or magnetic fields inside the deposition
chamber. When the periodicity of these oscillating fields is in the same range as the
periodic oscillations induced by film growth, it is hard to verify if oscillations originate
from film growth. The following section presents the influence of throttle valve adjustments

and target rotation on the specular spot intensity.
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Figure 4.10: Oscillations in the background pressure inside the chamber induces oscillations in the

specular spot intensity.

Pressure dependency

It was observed that the intensity oscillated following periods that corresponded to os-
cillations in the gas pressure. The mechanism for pressure fixation in the PLD chamber
works the following way: the vacuum pumps are constantly running and pumping down
the pressure. Simultaneously, the chamber has continuous input of oxygen gas. The flux
of oxygen gas is controlled by a throttle valve, which opening is constantly adjusted to
obtain a set oxygen pressure. The throttle valve is controlled by a feedback loop, that
reduces the gas flow when the pressure is above the setpoint, and the other way around
when it is below the set pressure. Because of this operation mechanism, the pressure inside
the chamber constantly oscillates around the set pressure. The deviation from the optimal
pressure is small, but nevertheless gives an influence on the intensity of the electron beam
that can be described by scattering of the beam on the oxygen atoms, absorption, or that

it causes vibrations.

Figure 4.10 displays the pressure inside the chamber and specular spot intensity when
the pressure is controlled by the Titanium software (control software of the Mantis PLD
system), with the pressure setpoint at 0.010 mbar. The substrate is heated as usual
during deposition, the target rotation is set to zero, and there is no ongoing deposition.
The pressure oscillates around the pressure setpoint with a period of 11-12 s. The intensity
of the specular spot oscillates with the same periodicity. When the throttle valve is set to
a fixed value, the pressure has increased short-term stability, and no such oscillations are

observed for the RHEED specular spot intensity.
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Figure 4.11: The specular spot intensity is influenced by the rotational speed of the target, and
the oscillation period is different for (a) no rotation, 0.2 mm rotation, 2 mm rotation, and (b) 2

mm, 1 mm and 0.4 mm.

Target rotation

Next, it was observed that the intensity of the specular spot was influenced by the rotation
of the PLD target. To determine this effect, the intensity was tracked in vacuum and with
different rotational speeds, as shown in Figure 4.11. First, the rotation was set to zero,
and the intensity had no oscillation. No substantial difference was observed when the
rotation speed was increased to 0.2 mm. However, with the target rotation set to 2.0
mm, the specular spot intensity oscillated with a period of ~ 30 s. Similar behavior is
observed in Figure 3, where it is seen that reduction of the target rotation to 1.0 mm
and 0.4 mm decreases the oscillation period compared to rotation at 2.0 mm. In fact, the
oscillation period is decreased to ~ 100 s and =~ 150 s for rotation at 1.00 mm and 0.4

mm, respectively.

Due to the PLD setup, the target must rotate during deposition to avoid hole-burning
on the target. These oscillations demonstrate that the periodicity of the rotation-induced
intensity oscillations depends on the rotation speed. For rotation speeds between 0.2
mm and 0.4 mm, as used for the depositions in this project, they do not interfere with
layer-by-layer growth oscillations. However, one should be aware of the rotation-induced
oscillations when RHEED data is interpreted, especially for oscillations with a periodicity

corresponding to the rotation speed used during deposition.

4.4.4 Specular spot intensity tracking during deposition

Growth of sample X-1 gave visible intensity oscillations of the specular spot during RHEED
as shown in Figure 4.12. This intensity tracking was performed after optimization of the
RHEED conditions had been performed, including pressure adjustment and target rota-
tion. Presence of intensity oscillations indicates a sharp interface with adequate quality.
The film was deposited by 1500 pulses (1500 s), but only the first 150 seconds are shown

because the signal is dampened and is low for the rest of the deposition.
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Figure 4.12: The intensity of the specular spot of the RHEED pattern oscillates as the film grows
through layer-by-layer growth. The inset shows the first few seconds of deposition, where each

individual laser pulse gives additional ad-atoms that influence the spot intensity.

During this deposition tracking, the intensity of the RHEED specular spot had an average
oscillation frequency of 13 seconds. Assuming the pseudocubic monolayer dy11 spacing for
ordered monoclinic LNMO, di17 = 0.2240 nm, this corresponds to a growth rate of 0.172
A /s and a film thickness of 25.8 nm after 1500 s of growth. There are five clear oscillations
before the signal is dampened too much to see anything more. In the first oscillation, the
intensity drops for the first six laser pulses. For the following six-seven laser pulses, the
intensity increases to a new maximum. In the second oscillation, the intensity drops less
with each laser pulse, and the minimum intensity is only half the way down from the
bottom of the first oscillation. The second intensity oscillation has a maximum at the
same intensity as the first one. The subsequent oscillation has its minima at the same
intensity as the first one, and the stable maximum is just slightly above this minimum
value. The signal is gradually dampened for the following three oscillations, reducing
the visibility of oscillations. After approximately 400 seconds, the signal is dominated
by noise, and neither the roughening from the addition of ad-atoms from individual laser

pulses, nor the oscillations associated with growth of one layer, can be identified.

The specular spot intensity is altered by each individual laser pulse. Every laser pulse
brings more ad-atoms to the surface. In the segment of surface roughening, these ad-atoms
first deposit at a random spot on the surface, giving a significant drop in the specular spot
intensity. Next, the ad-atoms diffuse on the surface and incorporate on already existing
clusters, so that the degree of ordering is slightly increased, with a subsequent increase in
the intensity. In the inset in Figure 4.12, it is observed that the recovery of the intensity
is largest on top of the oscillation, and smaller at the bottom of the oscillation. This is
because the relative roughness is largest when 6 = 0.5, hence the minor diffusion-induced

ordering has less influence on the overall roughness.
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Figure 4.14: Scans around the (111) diffraction peak. (a) Detector scan aligned to film, (b) 6 — 26
scan aligned to substrate.

4.5 X-ray diffraction

X-ray diffraction scans were performed on sample T-2000 to identify the crystal structure
of the film, confirm epitaxial growth, and measure the film thickness. Here, the results
from 6 — 260 scans, a detector scan and a rocking curve scan are presented. Additional
0 — 26, detector and x-ray reflectivity (XRR) scans were performed, and can be found
in Appendix B. Analysis of the XRD measurements have been difficult, as the film and
substrate peaks are overlapping.

Figure 4.13 shows a 6 — 20 scan covering the angles from the STO(111) peak to the
STO(222) peak, which are the prominent peaks in the scan. Zooming in at the STO(222)
peak, as presented in Figure B.1b, the substrate peak is located at 86.08° with a film
peak at 86.26°. Compensating for the offset between measured and theoretically expected
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Figure 4.15: (a) Rocking curve XRD-scan, aligned to the film and (b) Polarized Raman spectra
from sample T-2000

values presented in Chapter 2, the film peak is located at 85.38°. Compared to bulk
values, the film peak is slightly shifted, which indicates compression of the in-plane lattice
parameter. Based on Figure B.2a, di1; is found to be 2.274 A, compared to 2.240 A
and 2.2517 A for monoclinic and orthorhombic unstrained LNMO, respectively. In the
pseudocubic notation, this corresponds to a lattice parameter ap = 3.9387 A. In addition
to the (111) and (222) peaks, extra low-intensity peaks are observed at 26 = 44°, 64.4°
and 77.6°, in the broad 6 — 20 scan in Figure 4.13. These correspond to lattice spacing
of d = 2.1 A, 1.465 A and 1.2423 A. A detector scan around the (111) diffraction peak
is presented in Figure 4.14a. The scan shows one peak at 39.93° and a lower intensity
peak at 40.02°. For the 0 — 26 scan around the (111) peak in Figure 4.14b an asymmetric
substrate peak is observed at 39.83°, with a lower-intensity peak at the right hand side
at 39.91°. For all these four scans, the substrate peak is accompanied by a film peak
at higher 20, corresponding to smaller d-spacing. The d-spacing is larger than literature
values for pseudocubic LNMO, which indicate that the film is compressively strained,
following epitaxial growth. A rocking curve measurement was performed to measure the
crystallinity of the film, as seen in Figure 4.15a. The rocking curve displays a central peak
at 19.92° and a shoulder at 19.96°. The full-width half maximum of the peak is < 0.2°.

4.6 Raman spectroscopy

Raman spectroscopy was used to identify Raman-active vibrational modes in the sample,
which set is characteristic for different crystal structures. The Raman spectra in Figure
4.15b is measured on sample T-2000 at room temperature. Several polarizations of the

incident light were tested, and all resulted in the same spectra.
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Figure 4.16: Cross-sectional TEM image of the LNMO (black) thin film, deposited on STO:Nb
(dark grey) of sample T-1500. The light grey color is carbon coating, added during TEM sample

preparation. Image acquired by Iryna Zelenina.
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Figure 4.17: Cross-sectional (a) TEM and (b) STEM imaging show that the sample is crystalline
and that the stacking of atoms is similar between film and substrate. The interface is indicated by

white arrows. Images acquired by Iryna Zelenina.
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Figure 4.18: Ellipsometry measurements on (a) T-2000 and (b) T-4000, fitted with the Cauchy
Extended model, gives the refractive index n in red and the extinction coefficient k£ in green, as a

function of wavelength.

4.7 'Transmission electron microscopy

Cross-sectional TEM imaging show that the thickness of sample T-1500 is ~ 23 nm, as
shown in Figure 4.16. This corresponds to a growth rate of 0.1534 A/s. Additionally,
the TEM and STEM images in Figure 4.17 show that the film is crystalline with a sharp

interface between substrate and film.

4.8 Ellipsometry

Ellipsometry is an optical technique for characterization of dielectric properties of thin
films. The change in polarization of light upon reflection of the sample is measured, and
compared to a model. For this thesis, ellipsometry has been used to measure the thickness
and the complex refractive index of thin film T-2000 and T-4000.

For T-2000, the thickness was estimated by two different models. The Cauchy Extended
model gave a thickness of t = 24 £+ 0.545 nm, assuming surface roughness of 0.0 nm but
otherwise with free parameters. The model had a mean square error (MSE) of 37.917.
Next, the Graded Layer model estimated a thickness ¢ = 26.22 + 0.742 nm, also assuming
zero surface roughness while all other parameters were free. This model had a MSE of
33.311. For T-4000, the thickness was estimated to 66.86 + 0.424 nm when the roughness
was assumed to be 0.0 nm, by a model with MSE 23.245. For the Cauchy Extended model
with thickness fixed at 50 nm, the model fited a roughness of 0.51 nm, and the model had
a MSE of 46.917.

Figure 4.18 shows the refractive index n and extinction coefficient k as function of wavelength,
measured for films with two different thicknesses grown by 2000 and 4000 pulses. The
constants are approximated using the Cauchy Extended model. T-2000 has a maximum
refractive index of n = 2.33 at A &= 320 nm, which decreases in both directions. For T-
4000, n reaches its maximum value of 2.37 at A ~ 370 nm, indicating that the refractive

index increases and shifts towards longer wavelengths for thicker films. The extinction
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Figure 4.19: Measurements of the magnetic moments by VSM on sample T-2000 indicate no
ferromagnetic ordering. Hysteresis measurements at 50 K for (a) as-deposited sample and (b)
after additional annealing. (c) Magnetic moment with temperature.

coefficient is largest for low wavelengths, and decreases exponentially, converging towards
zero as the wavelength increases. Approximating the decrease of k with a Tauc plot in its
linear region, the absorption is thus highest for wavelengths in the range of 350-400 nm.
This is ultraviolet light and corresponds to an approximated band gap energy in the range
of 3.10-3.35 €V.

4.9 Vibrating-sample magnetometry

Control of growth modes is an important step towards control of the functional properties
of the film. The magnetic properties of the thin film were measured with a vibrating-sample
magnetometer. The aim was to measure the saturation magnetisation and the magnetic
transition temperature, but hysteresis measurements at 50 K showed no ferromagnetic
response and therefore no presence of ferromagnetic phases. Further, there was a large
degree of noise in all measurements. As-deposited, the magnetic response of the sample was
solely from the sample holder as seen in Figure 4.19a. Additional annealing caused a change
in the magnetic response, where the induced magnetisation is opposite of the applied field
as seen in Figure 4.19b. Following measurements of the temperature-dependence of the
magnetic moment, presented in Figure 4.19c, showed no temperature dependence of the
magnetisation. As for the hysteresis, a weak induced magnetic field is detected, directed

opposite of the applied magnetic field.
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Chapter 5

Discussion

Herein, the results presented in Chapter 4 are evaluated. First, an evaluation of the
substrate preparation procedure is given. Next, the observed growth characteristics during
pulsed laser deposition of thin film LNMO is discussed, focusing on the effect of substrate
morphology, target-substrate distance and film thickness. A review is then given of the

crystal structure. Finally, the magnetic and optical properties of the films are discussed.

5.1 Substrate preparation

This section evaluates how water purity and annealing parameters used during substrate
preparation, influences the final structure of the surface. Moreover, the resulting surfaces
are compared to those obtained by the standard preparation procedure based on BHF-

etching.

5.1.1 Water purity during etching

Substrate preparation is performed to achieve atomically flat substrate surfaces for sub-
sequent growth of epitaxial LNMO films. Selective Sr-etching was performed with different
water qualities, and UP, DI and tap water all resulted in atomically flat terraces and in-
creased structural ordering. UP water resulted in step edges with a lace-like structure,
while DI water and tap water gave straight step edges. Overall, the structure from tap
water and UP water was more disorganized, and the lace structure is expected to increase
disorder, and thereby promote roughening during growth of films. The concentration of
ions in tap water will differ depending on local variables in countries and labs, thus making

it challenging to develop a standardized procedure based on this type of water [60].

A limitation of the study of the effect of water purity, is the use of only one sample
for testing UP and tap water, providing low statistical significance. The three tested

samples were however prepared in the same batch. The step-edge configuration observed
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by UP-water etching was not observed for any substrates etched with DI-water. Hence,
we interpret that the unique terrace termination of this sample originates from the lower
content of ions in UP water compared to DI water [61]. Consequently, these observations
confirm that DI-water is the preferred purity for water-etching of (111)-oriented STO due
to the straight step edges, in agreement with the procedures used in literature [35-37].

Additionally, DI water offers a standardized ionic concentration.

5.1.2 Annealing parameters

The experimental series where annealing parameters were varied, show some trends in
terms of the effect of annealing temperature and dwell time. Reduction of the anneal-
ing temperature from 1150°C to 1125°C, while the dwell time remained fixed at 2 hours,
reduced the overall amount of step-bunching. However, the resulting surface showed com-
binations of droplet shapes and monolayer steps. Although reduction of the temperature
reduced the amount of step-bunching, it also resulted in a less ordered structure. Com-
parable observations were made when the dwell time was reduced from 2 hours to 1 hour
while the temperature was fixed at 1150°C, which reduced the amount of step bunching
and gave a more uniform step-and-terrace structure with narrower terraces. Consequently,
it indicates that step-bunching is induced by high-temperature annealing and that higher

temperature or longer dwell time can promote step-bunching.

At 1125°C, an increase of the dwell time from 2 hours to 5 hours changed the step mor-
phology from a combination of droplets and steps, to a faceted structure. For straight
step edges, one crystal facet is primarily exposed, while a faceted step edge exposes a
combination of facets with different energy. Then, long, high-temperature annealing has
caused reconstruction of the surface where it is more energetically favorable to expose
other crystal planes. The faceted step edge morphology that was achieved after annealing
for 5 hours resembles the morphology that Hallsteinsen et al. [36] observed by DI water
etching and annealing at 1200°C for 2 hours. For their substrates, the (112) and (121)
crystal planes were exposed on step edges, similar to what is observed in this work, and the
zigzag pattern on the step edge followed the crystallographic axes. However, the obtained
surfaces of Hallsteinsen have a consistent step height of one monolayer. The observed
steps in this work range from one to seven monolayers, with an average step height of
three. Compared to the work of Hallesteinsen et al., where substrates were annealed at
a higher temperature for a shorter time span, the same morphology is observed while it

now includes slight step-bunching.

Differences in the shape of the step edges can originate from different chemical termin-
ations of the terraces. It has been shown that simple thermal treatment of STO(001)
above 1200°C causes a progressive enrichment of SrO on the surface, without increased
surface roughness [39]. The transition is associated with a transition of the surface mor-
phology from straight step edges during TiOs termination to faceted step edges during SrO

termination. A similar transition mechanism may explain the observed faceting by long-
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temperature annealing, and the mixed termination with areas of gradual height increase for
intermediate annealing conditions. Confirmation of this hypothesis would require further

LFM studies to characterize possible regions of deviating chemical termination.

Compared to the state-of-the-art preparation procedure by BHF etching and DI water
etching, the obtained results from substrate preparation are less reproducible, and all
procedures gave more step-bunched surfaces. Annealing parameters should be explored
further, for instance by preparation of more substrates by annealing at 1150°C for 1 hour
and by exploring the effect on the substrate by annealing at 1125°C for 1 hour. When
the correct morphology is achieved in terms of step edge structure and step-bunching,
reduction in the degree of mixed termination might be achieved by additional rinsing with

DI water, as suggested by Hallsteinsen et al. [36].

From the preformed work with substrate preparation, it can not be concluded if the ob-
tained surfaces are purely single terminated. All substrates are dominated by step heights
that are integer multiples of di11. However, half-integer multiples are also observed on
most substrates, indicating mixed termination. The LFM characterization performed on
one substrate give indications of single termination, but with frictional contrast close to
faceted step edges. More LFM characterization, especially on substrates with a more ap-
parent step-and-terrace structure, should thus be performed to confirm single termination

in these cases.

Trends were identified in the effect of annealing time and temperature on the resulting
surface morphology, but the trends were not definite. During the experimental work,
the provider of substrates changed from SurfaceNet GmbH to Shinkosa. The providers
use different techniques to obtain high-purity STO crystals. Hence the concentration of
impurities may differ between substrates from the two providers. During the performance
of experimental work, this was not regarded. Hence, the difference in substrate providers
might explain the deviations in obtained morphology between substrates prepared by the
same method. For future work, optimization should focus on substrates from one provider,

as etching and reconstruction through annealing is highly sensitive to crystal purity.

In conclusion, the most well-defined step-and-terrace structure was observed on two of the
substrates annealed at 1150°C for 1 hour. These were the best among the observed surfaces
due to straight step edges and consistent step height in observed areas, with a quality
comparable to that achieved by etching with BHF. Nevertheless, the substrate exhibited
step heights that were integer and half-integer multiples of one monolayer, indicating a

mixed termination.
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5.2 Film growth

Here, the growth mode of the deposited LNMO films is assessed by evaluation of the AFM-
characterized surface morphology of deposited films and the in-situ growth characterization
through RHEED. The growth rate is estimated, and suggestions are given for further

optimization of the growth process.

5.2.1 Effect of substrate surface morphology on film growth

Results of AFM characterization on films show that the substrate topography determines
the surface topography of the grown films. The large degree of dependence, which indicates
large interactions between film and substrate, is a control parameter for the film. Control
of the substrate topography gives control of the surface morphology and the growth mode,
and the substrate surface should thus be designed to promote the desired structure of the
film.

It is prominent that the growth of the film largely depends on the morphology of the
substrate surface. This is illustrated on the surface of T-2000, where increased roughening
in areas with small terraces compared to large terraces suggests that the growth mode
differs depending on the local environment on the terrace. Step edges are important
nucleation sites for deposited ad-atoms [62], and can induce imperfections in the film
by step-induced strain. When films have an out-of-plane lattice parameter that differs
from the substrate, step-edges induce a shift in the stacking that proceeds as a dislocation
through the film. It is therefore suggested that step-bunched substrates stabilizes layer-by-
layer growth by providing wider terraces and reduced dislocation densities. In summary,
it is not trivial to state if a step-bunched substrate with single termination, or a surface

with mixed termination and many step edges, has the preferred morphology.

Ultimately, studies on surface roughness and growth mode of thin films would benefit from
film growth on substrates with similar chemistry and morphology. This ensures a similar
energetic environment for all deposited films, which is a prerequisite to study the effect
of individual parameters on the growth mode. Thus, establishing protocols for substrate

preparation is an important step toward enabling such studies.

5.2.2 Effect of target-substrate distance on the initial growth mode

Assessing the impact of target-substrate distance on the growth mode, the topography
of all films replicated the topography of the substrate. The films grown with the longest
distance, D-43 and D-46, showed simultaneous growth of multiple layers through a birth-
and-spread mechanism. Indications of such a growth mechanism were not observed for
D-35 and D-40, which appear to grow layer-by-layer with a slight smoothing of substrate

irregularities. The degree of step-bunching varies between substrates, but is relatively sim-
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ilar for D-35, D-40 and D-46. Thus, the observed surface structures can indeed indicate
that smaller target-substrate distance suppresses 2D nucleation and growth of multi-layer
planar sheets, and promotes layer-by-layer film growth during the initial growth period.
This is in accordance with the observations from the fall semester, which motivated per-

formance of this study [10].

For D-35 and D-46, the surface roughness on terraces decreased by film growth. Not only
did the film not roughen the surface, but the roughness went down. This observation
can be explained by incorporation of atoms that make up the slight roughness of the
terrace into the first film layers. The STO surface can be reconstructed, while the surface
of LNMO is more stable. Another aspect that should be considered, is that AFM is
a local imaging technique, and the imaged areas on substrate and film are not exactly
the same. The roughness will deviate across areas, and imaging of different areas will
largely influence the roughness numbers. Additionally, the uncertainty of the numbers for
roughness for both sample substrates, covers the average roughness of the films, and the

observed decrease may be explained by the statistical distribution of roughness numbers.

To understand the effect on the growth of thicker films, closer to the thickness required
for functional application, growth of thicker films would be interesting. Such an experi-
ment would allow for observation of increased roughening and comparison of the surface
roughening of several films with the same thickness. This work observed the effect of

target-substrate distance for the first 500 laser pulses only.

RHEED enables study of the growth process of each individual monolayer and can sup-
plement the AFM-observations of the growth mode. However, RHEED studies were not
successfully performed during growth of these films, due to instabilities in the deposition
system and ongoing optimization of the technique during the semester. If RHEED had
been performed, it would allow for the study of the growth mechanism during deposition
of the initial layers, possibly identifying differences in growth mechanisms between films.

Thus, the indications from AFM can be confirmed or disproved.

The optimal target-substrate distance depends on the laser energy and the background
pressure in the chamber [63], as the combination of these parameters determines the
energy of ad-atoms during deposition. When the target-substrate distance is changed,
other parameters must subsequently be adjusted for the energy of deposited ad-atoms to
be the same. Based on the performed work, it is not possible to quantify how the laser
energy and oxygen pressure should be adjusted. This is however mentioned because the
parameters might be adjusted in later studies, to keep the ad-atom energy constant while
changing the target-substrate distance, which is favourable to reduce the time spent for

each deposition.

In conclusion, the results of this work show that the sensitivity of the growth mode to
target-substrate distance within the explored 35-46 mm range is small, with an indication

that shorter distance is preferential due to prolonged layer-by-layer growth.
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5.2.3 Growth evolution evaluated by AFM

In the study of surface roughening with film thickness, a gradual roughening of the surface
was observed. A transition from layer-by-layer growth was identified in the growth region
between 500 and 1500 pulses. After the onset of roughening, the surface goes rougher as
the film grows. This observation is in accordance with the layer-island growth mechanism,
where the growth mode changes to island growth for strain relaxation. Additionally, it was
observed that the growth mode depends on the substrate morphology, and that smaller
terraces lead to an earlier onset of rough growth. Similarly, wider atomically flat terraces,
as found on T-500 and T-1500, do not roughen as quickly as narrower terraces. This effect
prolonged the critical thickness before the growth mode changed from layer-by-layer to

island growth.

Chakraverty et al. observed that the surface of perovskite SrFeOg 5 grown on STO(111)
was rough with triangular islands, compared to (001)-oriented films that maintained the
original atomically flat surface structure of the substrate [64]. They stated disordered
atomic structures at heterointerfaces as a possible explanation for this difference. In
comparison, the films grown in the work of this thesis are not as rough. However, the film
thickness in the work of Chakraverty et al. was 75-260 nm, while the films deposited in
this work are all below 75 nm. The RHEED pattern is similar with a signal dampening
after 100-200 seconds, thus the initial growth appears to be the same.

The effect of surface morphology becomes especially important in this growth series. Here,
sample T-1500 illustrates the prolonged layer-by-layer growth on wider terraces. It demon-
strates that the critical thickness of the film depends on the substrate surface, and that
wider terraces appear to prolong the thickness for which growth happens layer-by-layer.
Growth on more similar substrates, with the same terrace width, -termination, and step
edge shape, would improve information on the critical thickness and transition of the
growth mode for a given substrate structure. Accordingly, the obtained results can not
be used to give a precise critical thickness. Rather, it demonstrates a gradual roughening
and a transitioning growth mode from layer-by-layer to island growth as the film grows
thicker.

Roughness variations across sample

Generally, the roughness of the surface was different between the areas that were imaged.
The variation in roughness across the sample surfaces was especially prominent during the
inspection of sample T-4000, where the structure of the surface was prominently different
between the inspected areas (Figure 4.7). This film was grown on a 10x10 pm? large
substrate, and inspected areas were located far away from each other. During pulsed laser
deposition, the plasma plume that transfers ad-atoms to the surface is highly forward-
directed. Accordingly, the energy of ad-atoms in the center of the plume will be larger

than the energy of the atoms that are further out [42]. When the ad-atoms land on the
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substrate surface, the energy will also be different depending on where in the plume the
atoms have traveled, and can give growth in different growth modes [65]. Plasma plume
dynamics is a complicated field of study that has not been regarded in the work of this
thesis. However, the result indicated that the 10x 10 pm? substrate is large enough for the
variations in the plume to have a considerable effect on the growth mode. The effect of
this mechanism was not evaluated in detail for the other samples, although all films had
some degree of variation across inspected areas. However, it is reasonable that the effect

is most prominent for sample T-4000, which is the thickest sample.

5.2.4 Growth mode evaluated by RHEED
Diffraction pattern

During deposition, the diffraction pattern changes from a semi-circle to a rectangular pat-
tern. This shift means that the surface roughens through growth, and is in accordance with

the growth mode observed from AFM surface inspection and RHEED intensity tracking.

During deposition, the intensity of the diffraction pattern always disappeared rapidly. As
seen in Figure 4.9, the diffraction pattern produced by the surface of sample X-1 was weak
at the incident angle, where it was optimized for diffraction from the STO substrate, and
more defined when the sample was rotated by 30°. It indicates that the optimal orientation
of the sample for diffraction is different between substrate and thin film crystal, and can
indicate that the pseudo-cubic unit cell of LNMO is oriented differently from the cubic
unit cell of STO and not placed perfectly on top. For future growth tracking with RHEED,
the system could therefore benefit from alignment to the other 30° symmetry line of STO,
illustrated in Figure 2.4b, as this appears to be the preferred orientation to observe the
diffraction from the LNMO crystal.

Intensity tracking

The intensity of the RHEED pattern dampens quickly after the onset of deposition. Similar
rapid loss of signal is observed in [64] for PLD deposition on STO(111). Chakraverty et
al. relate the rapid dampening to the unstable nature of the surface, which they describe
quickly makes the growth transition to a rougher growth mode [64]. The rapid loss of
intensity of the RHEED diffraction spots is thus because the surface is three-dimensional,
following roughening. Amorphous growth of the film could also describe the loss of the
diffraction signal, which requires a crystalline sample surface. However, TEM imaging of
sample T-1500 contradicts this theory, as the sample is found to be highly crystalline. It
can also be described by relaxation of the growth parameters or domain formation, that
is difficult to identify from the present TEM images. Therefore, we relate the signal loss

to a roughening of the surface after the growth of the first monolayers.
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The RHEED signal in Figure 4.12 confirm layer-by-layer growth for the first monolay-
ers. Additionally, the two first oscillation pulses appear in a pair, where the minimum is
only halfway from the minima in the past pulse. The origin of this is unknown. If we
assume that each layer has a linear increase in roughness, a suggeste explanation is that
two complete perovskites layers are more ordered than one single layer. Another possib-
ility is that the LNMO/LNMO interface is more stable than the LNMO/STO interface.
Similar oscillation patterns were observed by Gunkel et al., that observed appearance
of secondary RHEED oscillations which dampen over time when the growth of A-site
double perovskite praseodymium barium cobalt oxide transitioned from growth of a com-
mon perovskite structure, to an oxygen-vacant ordered quasi double perovskite structure,
following temperature elevation [66]. The additional oscillations resemble those observed
in Fig 4.12. Yet, the number of oscillations in Figure 4.12 is much fewer (only 5), not
enough to observe if the secondary oscillations gradually dampen as observed in the work
of Gunkel. Nevertheless, it indicates that if growth and RHEED signal is stabilized over
longer time, RHEED can provide information about the ordering of double perovskite
structure. However, one RHEED intensity oscillation should correspond to the comple-
tion of the double perovskite unit cell, because all deposits must be consumed to reach the
oscillation maximum [42]. Thus, completion of individual layers containing B-site cation
Ni or Mn alone should not result in a separate oscillation [67], although it could change
the intensity of the maximum or minimum points to give a kind of superstructure in the
pattern. The ordering direction for the system of Gunkel was the [001]-direction rather

than the [111]-direction, which can explain their observed additional oscillations.

RHEED studies were also performed in the lab last semester [10]. Then, the period of
intensity oscillations varied between 7 and 9 laser pulses. In comparison, the one film
that was grown with successfully RHEED tracking during the work of this master thesis,
had intensity oscillation periods between 12 and 14 pulses. As the deposition chamber,
the target material and the deposition parameters are the same, the observed change
in oscillation period was not expected. A possible explanation is that the oscillations
observed last semester came from the RHEED instabilities that was identified in this work.
Specifically, instabilities were introduced from pressure variations and target rotation, as
described in section 4.4.3. Limiting these effects, through fixation of the throttle valve
and reduction of the target rotation speed, made it possible to identify the layer-by-layer
oscillations. The period corresponds well with the expected growth rate of one monolayer,

and we therefore propose that the oscillations are real and originate from film growth.
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5.2.5 Measurements of film thickness

The film thickness was estimated by TEM, ellipsometry and RHEED. Direct measurement
from cross-sectional TEM imaging measured a thickness of 23 nm on sample T-1500. In
comparison, indirect estimates through ellipsometry gave a thickness of 24 + 0.545 nm
for the Cauchy Extended model on T-2000 and 66.86 + 0.424 nm for the Graded Layer
model on T-4000. For growth by 1500 pulses, this corresponds to 18.0 nm and 25.1 nm,
respectively, thus the Graded Layer model on T-4000 fits well with the measurement from
TEM. Note that the surface of T-4000 is considerably rougher than the thinner T-1500
and T-2000 samples, with height deviations up to 4 nm.

The TEM thickness is directly measured from electron microscopy images, and the un-
certainty is generally only a few nanometers. However, uncertainty is introduced to this
method because of the non-optimized preparation method, where the ion beam can ruin
the surface, and the surface roughness can be masked by the carbon top coating. This can

introduce local variations in the thickness of the TEM sample.

In contrast, the estimates from ellipsometry are found through indirect measurements
based on reflection, and use a model fitting with several degrees of freedom. For ellipso-
metry, the model is regarded as a "good fit" if the mean-square error between the measured
data and the fitted model is below 10, while the MSE is between 20 and 40 for the utilized
models. Although the fit is not ideal, the quality is acceptable to give thickness estimates
but has a significant uncertainty that exceeds the uncertainty stated by the model, as seen
in the numbers given above. The uncertainty is also higher for this method, as it is used

to characterize thicker films with surface roughness up to several nanometers.

In RHEED, the observed layer-by-layer oscillations during the growth of sample X-1,
correspond to a thickness of 25.8 nm after 1500 s of growth. Again, the uncertainty is of a
few nanometers due to the unknown d-spacing, and measuring error during measurement
of the oscillation frequency. It should also be noted that the growth rate can change as

the growth mode proceeds to island growth, although the deposition rate is constant.

To conclude, the utilized techniques for thickness characterization indicate a film thickness
of =~ 25 nm for films grown by 1500 laser pulses. This thickness corresponds to a growth
rate of ~ 0.1667 A /s. These numbers are associated with uncertainty, as a small number
of samples have been characterized by each technique. Perhaps even more important,
improved numbers require optimization of the utilized techniques for the material system.
More specifically, improvement of the sample preparation procedure for preparation of
cross-section TEM-lamellas, ellipsometry on more films to create a more precise model
for the optical constants, and confirmed stabilization of the RHEED system, is required.
Unfortunately, such optimization was past the scope of this thesis, and the results should

be regarded as preliminary estimates.
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In thin film studies, the ability to measure the film thickness by robust, easy, quick and non-
destructive methods is important to understand the structure of deposited films. These
capabilities are offered by ellipsometry and x-ray reflectivity (XRR). However, a weakness
with ellipsometry is that it is an indirect measurement technique based on model fitting.
During this work, the models were not adequately fit to the optical constants of STO and
LNMO, which is required for high-quality estimates. On the other hand, XRR and XRD
provide direct measurements of the thickness with the similar advantage of being non-
destructive, without the requirement of finding model parameters. X-ray-based thickness
measurements were, however, not successfully performed in the work of this thesis, and
the performed measurements showed no thickness fringes. Lack of thickness fringes in
XRD can be because of poor sample quality, as dislocations, local point defects, interface
or surface roughness blurs the fringe pattern [68]. For XRR, the signal might have been
reduced because of interface roughness, poor density contrast between substrate and film,

or poor alignment of the sample and XRD system [69].

5.2.6 Effect of glue on substrate temperature and growth mode

Proper RHEED intensity tracking was only achieved during deposition of the last film,
sample X-1. Although instabilities in the electron beam due to the discussed fluctuations
in the chamber caused reduced electron beam signals during prior deposition, there is
one other possible explanation for the rapid dampening of the specular spot intensity.
During deposition of most films (all except T-4000 and X-1), epoxy glue was used to
fixate the substrate to the substrate holder due to a misunderstanding of the procedure.
The substrate is heated during deposition to provide energy for ad-atom diffusion. A
heating element heats the substrate holder, which the substrate is fixed to with this glue.
Normally, silver paste is used for gluing due to its thermal conductivity, which ensures
sufficient heat conduction to the substrate and surface atoms. In contrast, the epoxy glue
has much lower constants for thermal conduction [70, 71]. Lack of thermal transfer reduces
the surface energy on the substrate, lowering the actual substrate temperature during
deposition and, subsequently, the kinetic energy of ad-atoms. The reduction in kinetic
energy of ad-atoms can cause amorphous or less crystalline growth, or faster transition to
island growth, observed as a rapid change of the diffraction signal from bright diffraction
spots to a blurry shadow from the randomly scattered electron beam. Amorphous surfaces
are expected to create a continuous semi-circle diffraction pattern rather than a blurry
shadow, so the information from diffraction patterns is inconclusive [72], but indicate a
rapid transition to a rougher surface. TEM characterization of sample T-1500, deposited
with epoxy glue, showed that the sample was crystalline. Therefore, the growth process is
not amorphous. However, the lowering in deposition temperature could reduce the crystal
quality and change the growth mode. For future studies, it is therefore advised to use

silver glue for sample fixation for increased control of the substrate surface temperature.

Control of the growth temperature is important, as it influences the crystal quality and

growth mode. Additionally, it influences the degree of B-site ordering in grown double-
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perovskites. Singh et al. compared growth of LNMO at 500°C and 800°C, and identified
that Ni/Mn-ions ordered during high-temperature deposition [22]. Even though there was
a difference in the crystal structure, they identified epitaxial, crystalline LNMO for both
deposition temperatures. In the work of this thesis, the deposition temperature was set to
500°C. This was chosen because of the unstable nature of (111) substrates, where lower
deposition temperature has been found to stabilize the growth process of perovskites [73].
Nevertheless, further, uncontrolled reduction of the temperature through poor thermal
conductivity from substrate heater to substrate can have caused unexpected changes in

both deposition temperature and growth mode.

5.2.7 Summary of key findings

In summary, control of the film surface is achieved during growth of LNMO thin films
on (111)-oriented STO substrates. Variations in surface roughness indicates that shorter
target-substrate prolongs layer-by-layer growth. The growth mode changes from layer-by-
layer growth to island growth after a critical thickness, that is found to depend on the
structure of the substrate surface, which give rise to surface roughening. The growth rate
is estimated to 0.1667 A/ s. For further optimization of the growth process, it is suggested
that films are grown on substrates with the same structure to enhance comparability.
Additionally, RHEED can possibly be optimized by aligning the electron beam to the
other symmetry direction of the crystal, and silver paste glue should be used to fixate the

substrate to increase the control of deposition temperature.

5.3 Measurements of crystallinity

This section reviews the characterization methods that have been used to identify the
crystal structure of the prepared thin film samples. TEM characterization of a cross-section
confirmed that the film was crystalline. The observation was supported by XRD, lacking
amorphous or polycrystalline observations while suggesting epitaxy. However, neither
XRD nor Raman provided the expected precise information on strain and symmetry group

due to shadowing from the substrate.

5.3.1 TEM

The high-resolution TEM images confirm that the inspected film is crystalline and without
grain boundaries in the inspected areas. The film appear to be fully epitaxial, although
more accurate measurements are needed to tell so for certain. However, the crystalline
quality of the TEM cross-sectional sample was not good enough to perform electron energy
loss spectroscopy (EELS), to fully confirm short-range order or identify the valence state
of the transition metal oxides, which is relevant for both the crystal structure and the

magnetic state [20]. The TEM sample preparation method was not good enough, which led
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to bending of the sample and distorted the crystal structure, with subsequent appearance
of amorphous domains [74, 75]. Even though TEM-imaging was only performed on one
sample, it confirms that the deposition parameters produce crystalline films with a sharp

interface between substrate and film.

5.3.2 XRD

The performed XRD scans support that the grown LNMO films are crystalline and indicate
that the film is epitaxial on the substrate. Specifically, this is seen through the distinct
diffraction peaks of the film on the detector scan around the (111) peak, corresponding
to the expected alignment of the film on the substrate, supported by the width of the
rocking curve, which is < 0.2° [68]. Additionally, the film peak is observed on the right-
hand side of the substrate peak, which is expected for epitaxial growth of LNMO on
STO [50, 76]. Ultimately, it would be beneficial to collect reciprocal space maps that use
multiple scans to observe the substrate and film peaks. This would provide more precise
information about the strain and crystallography of the films and contribute to increased

understanding of the asymmetrical peaks.

Next, the #—20-scan, presented in Figure 4.13, displays weakly visible additional diffraction
peaks. Similar observations were done by Singh et al., who detected four additional peaks
around the STO(111)-peak, for a § — 26 scan from 15° to 65° on a Ni/Mn-ordered thin film
[22]. They stated two possible explanations for these reflections. The first is that the film
had a monoclinic symmetry with several domain orientations that are stable on STO(111)
by a subtle relative change in the lattice distortions. The next proposed explanation
for the additional peaks, is presence of superlattice reflections, observed as symmetric
satellite peaks around the (111) and (222) peaks. These superlattice reflections originate
from additional Ni/Mn ordering [77]. Only one peak in the broad 6 — 26 scan performed
during the work of this thesis overlaps with the scan that Singh performed, and it is located
at 44° compared to 46°. Thus, it has not been possible to make a direct comparison of
the structures. Broader scans around the (111) and (222) peaks would provide additional
information and, if symmetrical, could be used to identify Ni/Mn ordering. The additional
peaks in proximity to 20 = 66° and 20 = 77° may be identified as monoclinic (400) and
(402) peaks originating from distortions in the orientation of the LNMO unit cell.

As the lattice constant of LNMO and STO is very similar, the film and substrate peaks
overlap, making it hard to distinguish the film from the substrate. Something is seen from
XRD, but not enough to determine the crystal structure or the amount of B-site cation
ordering. Super-symmetry peaks from cation ordering are not observed either. In order
to optimize scans, it might be helpful to characterize thicker films. Additionally, using
a substrate with a more significant lattice mismatch, like LSAT, would make it easier to

separate diffraction peaks belonging to the film from those belonging to the substrate.
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5.3.3 Raman spectroscopy

Polarized Raman spectroscopy did not provide any information about the crystal structure
of the characterized thin films. In fact, the obtained Raman spectra only show peaks that
originate from the STO substrate, which is known to produce a strong Raman signal
[78]. The strong Raman background signal of STO is known to hinder Raman studies on
thin film growth on this particular substrate [79] since Raman spectra of both the film
and the substrate are detected in the given experimental setup with such ultra-thin films.
Thus, thin film characterization by Raman requires the possibility to separate the Raman
spectra of the film from that of the substrate. To achieve such separation, the film should
be grown on a substrate without Raman excitations that mask those from the film. For
Raman studies of LNMO thin films, LSAT and LAO would be better substrates than
STO, as they are not associated with these challenges [79].

5.4 Magnetic properties

VSM measurements of the magnetic properties of sample T-2000 displayed no ferromag-
netic signal from the as-deposited film. A transition to diamagnetic behavior was observed
following additional post-deposition annealing at 700°C in an oxygen atmosphere. After
the first VSM measurement, when it was observed that the film was non-magnetic, it was
assumed that the films were non-stoichiometric, specifically with a deficiency of oxygen
atoms. Thus, additional annealing in oxygen was performed in an attempt to introduce
more oxygen into the material, as the magnetic properties of LNMO originates from Ni?*-
O-Mn?* exchange interactions that will be suppressed by the appearance of secondary

phases, locally disordered Ni and Mn ions, and oxygen deficiencies [49, 53].

Kitamura et al. grew LNMO thin films on (100)-oriented STO by pulsed laser depositon
and found that the parameter window of optimized conditions for ferromagnetism was
very narrow [53]. In their work, ferromagnetic phases were only achieved when the oxygen
pressure was above 0.5 mbar, which is several orders of magnitude larger than the pres-
sure used during growth in this work. Similarly, optimized conditions required a growth
temperature of 700°C, compared to the set point temperature of 500°C used in the work
of this project. Although the work of Kitamura was done on (100)-oriented films, this in-
dicates that an increase in deposition temperature or ambient pressure might be required
to obtain a ferromagnetic phase in the deposited LNMO thin films. Unfortunately, this
has not been possible for the work of this thesis, as a component of the utilized deposition
system, the heater shield, degrades when exposed to high temperatures and high oxy-
gen pressures. However, the performed experiments show that post-deposition annealing
changes the degree of magnetic ordering, thus this can be explored further as a solution
to improve the stoichiometry and magnetic properties. Additionally, an increase in the
deposition temperature from 500 to 700°C has been found to make the growth process of

films in the [111]-direction less stable, which reduces the critical thickness before island
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formation [32]. Therefore, the reduction of oxygen vacancies by post-growth annealing
rather than elevated growth temperatures is suggested as an approach that can improve

stoichiometry and maintain the layer-by-layer growth mechanism.

Unless highly surface sensitive, characterization methods used to study the properties of
thin films measure signals from both the substrate and the film. This is also the case for
VSM, which measures the magnetic response from both LNMO film and the STO sub-
strate. STO has an intrinsic diamagnetism [80]. Usually, this contribution is subtracted
during analysis to identify the contribution from the thin film on the magnetic signal [32].
The diamagnetism from the substrate might explain the measured diamagnetism after
annealing. However, the question of why this is not measured before annealing remains,
as the annealing procedure should not alter the magnetic properties of the substrate. Nev-
ertheless, the results indicate that post-growth annealing induces a change in the sample’s
magnetic properties, whether in the LNMO thin film, the substrate, or glue residue on
the substrate. Unfortunately, the VSM machine was shut down following the acquisition
of this data, hence the source of the magnetic response change was not investigated fur-
ther. Repeated measurements, and characterization on more samples, can be performed
to identify the source of the diamagnetic response. Suggestions for work include annealing
of more samples to see if the same change in magnetic behavior is observed, measurements
on STO substrates alone, and further investigation of the magnetic properties of the epoxy
glue that had left residues on the back-side of the substrate.

However, the key takeaway from the VSM measurements is that the growth parameters
used in this work produced non-ferromagnetic LNMO thin films. Further optimization of
growth parameters is needed to obtain correct stoichiometry in the films, which is required
for the ferromagnetic and photoferroelectric properties that is aimed for when LNMO is

grown for photovoltaic applications.

5.5 Optical properties

Ellipsometry estimated the refractive index and extinction coefficient as a function of
wavelength through a Cauchy Extended model. The results from ellipsometry character-
ization showed an increase in the refractive index and a shift of its maximum value towards
longer wavelengths, following a increase of the film thickness between sample T-2000 and
sample T-4000. It is observed that only ultraviolet light is absorbed and that the absorp-
tion decreases for longer wavelengths, in agreement with the observed slight yellow color
of the deposited thin films. Thus, the material is a poor absorber of most of the visible
spectra. The band gap estimate of 3.10-3.35 €V is far higher than the optimal 1.1 eV band
gap, that makes LNMO interesting for IBSC applications. Previous studies have shown
that LNMO thin films can absorb light from the ultra-violet, visible, and half of the near-
infrared region of the solar spectrum [81], thus the potential for absorption is larger than

what is achieved for the investigated samples. Hence, the deposition parameters must be
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adjusted, and more work must be performed for the band gap of LNMO to obtain the

requested value.

A critique of the used method is that the Cauchy Extended model is a poor model for band
gap measurements. For improved estimates and band gap measurements, the use of higher-
quality oscillator models, better suited for oxides, is suggested [82, 83]. Additionally, more
samples should be characterized to improve the models and increase understanding of

ellipsometry data collected from the material system.
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Chapter 6

Further Work

Herein, suggestions for further improvement of the procedures for pulsed laser growth of
(111)-oriented LNMO thin films are given.

The surface of the substrate a thin film is grown on, was seen to have a sizable effect on
the growth process, particularly the critical thickness. The surface preparation procedure
with DI water would therefore benefit from further optimization and confirmation of the
reproducibility, focusing on substrates from one provider. More specifically, exploration
of annealing parameters around the 1500°C for 1 hour procedure is suggested, like 1125°C
and 1175°C for 1 hour. LFM studies should be performed to increase the understanding
of the polarity of the surface. If mixed termination is identified, the effect of an additional

water rinse on the termination can be assessed.

To increase the understanding of growth of LNMO thin films, the critical thickness should
be identified by comparing films grown on substrates with a more similar surface structure.
This will make it easier to identify how different deposition parameters influence the growth

process, particularly the critical thickness, in later growth studies.

Future studies will benefit from methods for characterization of the crystalline quality,
epitaxy, and cation ordering, beyond those utilized in this project. Further characterization
of the crystal structure and epitaxy through XRD is suggested. Herein, analysis of the
observed additional diffraction peaks is of particular interest. Films grown during this
work have been sent to a synchrotron facility for 2D mapping of the reciprocal space,
to investigate the additional peaks and separate the film peaks from substrate peaks.

Hopefully, this will contribute to an increased understanding of the structure of the films.

Another suggestion is to grow LNMO thin films on LSAT(111) substrates. Because the
substrate does not have the reported problems of overlapping diffraction peaks and Raman-
signals during characterization, this can ease the characterization of the film’s crystal
structure. As for growth on STO, growth on LSAT has been found to promote B-site

cation ordering [50].
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Improvement of the characterization methods for functional properties is also suggested.
Specifically, the model used for band gap measurements in ellipsometry should be advanced
using oscillator-based models and larger sample sets. Other methods, like photoemission

spectroscopy, can also be used to measure the band gap.

In order to confirm that the lack of ferromagnetic phases arises from stoichiometry de-
viations in the films, EELS measurements of cross-sectional samples is suggested. EELS
can be used to map the content of elements in the sample, thereby quantifying the or-
dering of ions in the structure. Ultimately, it can provide an improved understanding of

stoichiometric challenges.

To improve the stoichiometry of the films and enhance the chances of accomplishing the
functional properties that are desired for application in intermediate band solar cells, it
is prominent that deposition parameters must be adjusted. In particular, the oxygen
pressure during deposition should be increased to enhance the oxygen content, which is
indispensable for magnetic exchange interactions. This adjustment might require sub-
sequent changes in the laser energy or target-substrate distance to maintain a stable
growth process. Further iterations of the growth parameters are required to increase

the understanding of intermediate band formation in double perovskites.
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Chapter 7

Conclusion

In double perovskites, several band gaps can be introduced to advance the performance as
solar absorbers, producing intermediate band solar cells. A prerequisite is precise control
of the growth process of the material. By analyzing the surface morphology, crystal
quality, magnetic and optical properties of LNMO thin films grown on STO in the [111]-
direction, this master thesis has shown that such control can be achieved through pulsed

laser deposition.

The surface structure of films was found to replicate that of the substrates they were grown
on. Ordered substrate surfaces, that promoted high-quality growth, were achieved by
preparation with DI water and subsequent annealing at 1150°C for 1 hour. The preparation
method yielded ordered substrate surfaces with satisfactory quality for further thin film

growth, using a safe, simple, and environmentally friendly method.

The target-substrate distance during PLD growth seemingly has a minor impact on the
initial growth mode, although results indicate that shorter distance prolongs layer-by-layer
growth. Additionally, it has been shown that the surface of films becomes rougher with
increasing film thickness, due to a transition of the growth mode from layer-by-layer to
island growth. Step bunched substrates, and subsequent wider atomically flat substrate

areas, is found to stabilize the growth mode and increase the critical thickness.

It was shown that further optimization of the growth parameters is required to obtain the
desired functional properties, specifically ferromagnetism, photoferroelectricity, and a 1.1
eV band gap. Although TEM characterization confirmed growth of crystalline films with
a sharp interface to the substrate, VSM measurements of the magnetic moment showed
that the inspected film was non-magnetic. Hence, the stoichiometry and cation ordering

that was aimed for, was not achieved.

To conclude, control of the surface morphology of LNMO grown on STO(111) by PLD
has been obtained. Further work is required to optimize the deposition parameters for
synthesis of stoichiometric, cation-ordered double perovskite thin films with the functional

properties requested for solar applications.
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Appendix A

Parameters during pulsed laser

deposition

The table is found on the following page.
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Appendix B

Additional XRD measurements

Here are results from additional XRD measurements on sample T-2000, where substrate
and film peaks were hard to distinguish.
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Figure B.1: Magnification of the (a) (111) and (b) (222) peaks from the 6 — 26 scan in Figure 4.13
show that the peaks are asymmetric and consists of contribution from substrate and film.
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Figure B.2: (a) Detector scan around the (222) diffraction peak, aligned to film. (b) 6 — 26 scan
around the (033) diffraction peak. Both scans show asymmetric diffraction peaks, but it is not
possible to distinguish film from substrate.
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Figure B.3: X-ray reflectivity (XRR) scan. The scan does not display thickness fringes, that are
necessary to determine film thickness from reflectivity scans.
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