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ANISOTROPY IN PATTERNED
PEROVSKITE OXIDES

"WE LIVE IN A UNIVERSE OF PATTERNS."
— JAN STEWART

Patterns are everywhere,[!] from the immense shapes of galaxies down to
the nanostructures in the wings of butterfly species,?l and from the dynamic
development of cloudscapes to the seemingly frozen shapes of fossils. Nature
provides stunning examples of regularities that are not just fascinating by their
looks, but even more so by serving clear purposes while benefiting from millions
of years of evolution. Some of the most intriguing examples include the peculiar
decorations on some spider webs, which are used to attract insect pollinators
by reflecting ultraviolet (UV) light in a similar way as some flowers do;[3! or the
alternating microstructure of hydrophobic and hydrophilic patches on the back
of some beetles, which allows them to collect drinking water from early morning
fog in areas where rainfall is negligible.!*!

Having a multi-million year head start on patterning, nature has been an
inexhaustible source of inspiration to contemporary technology, and many re-
search efforts have aimed for mimicking natural patterns.[>6] For instance, lo-
tus leafs were studied to fabricate superhydrophobic micro- and nanostructured
surfaces,[’] and spider silk inspired other researchers to make artificial fibers
on which directional water collection was illustrated.[®] Besides introducing or
improving functionalities of a certain material, patterning has also been used
to engineer electrical circuits with the aim to fit a maximum number of ac-
tive components (e.g. transistors, diodes, bits) on an area that is as small as
possible. Artificial patterning is clearly rapidly catching-up with nature, and
heading towards the ability to shape functional materials with control in the
atomic limit.



Pulsed laser deposition (PLD) allows manipulating material at an atomic
level, however, only in the direction of film growth. In the utilization of this
technique, single crystalline substrates with matching lattice parameters are
generally used to realize heteroepitaxial growth. These substrates are heated to
several hundred degrees Celsius to promote surface mobilities of the adatoms
and reach full control of growth, yielding thin films that are structurally ordered
with the underlying substrates. The intrinsic properties of the deposited mate-
rials are not necessarily preserved in these films, as effects imposed by lattice
matching may play a decisive role. For example, bulk SrTiOj is not ferroelectric
at any temperature, but can be rendered in such state even at room temper-
ature by straining it to DyScO3.[9] Similarly, the polarization of BaTiO; can
be enhanced by straining the material in an asymmetric environment of SrTiO,
and CaTi05.1*% In the case of artificially layered PbTiO4 and SrTiOj, rotational
distortions lead to new ground states and properties that are not present in the
individual materials.[!]

All three examples were realized by using building blocks of the perovskite
ABOj class of materials, which has tremendous potential for many applications.
It allows an extensive number of cations on either the A or B site, and encom-
passes materials with very divergent properties: ranging from superconducting
and metallic to semiconducting, or from di-, piezo- and ferroelectric, and from
anti- and ferromagnetic, to multiferroic. The foregoing examples illustrate that
the potential uses of these materials are greatly expanded by the possibility
for strain or interfacial engineering, facilitated by the commensurate unit cell
dimensions and common oxygen backbone of the different perovskite materials.

The intention of this thesis is to contribute to the ambitious objective to
hold on to the unprecedented control of film growth that PLD offers, while at
the same time reach for similar control in directions normal to that of growth.
State-of-the-art lithographic techniques like those used for manufacturing logic
or memory chips are incompatible with PLD, because they make use of organic
polymers that degrade at elevated temperatures. Parallel patterning of epitaxial
perovskite materials in arbitrary shapes is therefore still challenging even on
micrometer length scales, illustrating the tremendous gap to reach atomic scale
precision. No methods to achieve atomic accuracy are described in this thesis
as well, but different routes are discussed to pattern epitaxial heterostructures
on micrometer length scales and below. The structures and their properties
are treated with a special emphasis on anisotropy, which may originate either
from the shapes of the patterns, or the crystallographic order resulting from
heteroepitaxy.



In this thesis, patterning of epitaxial perovskites is described from two per-
spectives: either from the viewpoint of a material or its crystal orientation.
Regarding the first aspect, routes are discussed to pattern thin films by using
sacrificial micro- or nanostructures to shield part of a substrate from interac-
tions with a perovskite material. These sacrificial patterns can be introduced
either before or during PLD and selectively removed afterwards. The notion of
using soft lithography to mold metal oxide stencil masks onto single crystalline
substrates is worked out, which allows bottom-up patterning of epitaxial films
during subsequent high temperature depositions. Alternatively, self-organization
events can be used to form nanostructures of one phase into a matrix of a sac-
rificial phase, where both phases may be simultaneously deposited. The second
part of this thesis covers an entirely new concept to pattern the crystallographic
orientation of a thin film rather than the material itself; an idea that is partic-
ularly interesting for materials that exhibit strong anisotropy. In essence, seed
layers of inorganic nanosheets can be used to realize heteroepitaxial growth on
substrates that do not allow for epitaxy by themselves. By patterning nano-
sheets with different lattice parameters, the strain, orientation, and properties
of perovskite thin films can be locally tailored. The different approaches of
patterning epitaxial thin films expounded in this thesis do not inevitably in-
terfere with the high control of growth that can be reached with PLD. As
demonstrated, these structures may have properties that are both reminiscent
of fully oriented unpatterned thin films and simultaneously show clear influ-
ences from patterning, making them potentially useful for different electronic
and electromechanical applications.

OUTLINE

In chapter 2, soft lithographic methods are described to pattern epitaxial films of
Lag 67510 33Mn0O3 and SrRuO; on (sub-)um length scales. A two step, bottom-
up process was developed benefiting from a first molding step to fabricate ZnO
stencil masks, followed by PLD and lift-off to obtain epitaxial micro- and nanos-
tructures. All analyses and characterizations indicated that the high degree of
control in the direction of growth was maintained, while additional functional-
ities were added from shaping these materials. Magnetostatic anisotropy was
found in epitaxial line patterns of La, ¢;Sr; 33MnO3, the significance of which
was illustrated by detailed analyses of all sources of anisotropy. In addition, elec-
trical isolation was found in patterns of SrRuQO;, and signatures of local effects
were found that may have been the result of a different chemical environment at
the edges leading to local relaxation of epitaxial stress. The methods presented



in this chapter offer unique advantages to current alternatives, as they are fast,
inexpensive, practicable in any lab, and allow fabrication of patterns that can
not be prepared by any other parallel patterning technique.

The next chapter discusses the concept of using self-organization to fabri-
cate nanostructured material in a single deposition step. PLD was conducted
with mixed targets consisting of ferroelectric PbZr; ,Ti;, gO5 and (piezoelec-
tric) ZnO, yielding nanocomposite films in which both phases were separated
on nanometer length scales. By carefully controlling deposition conditions, fer-
roelectric nanopillars were formed, of which the tetragonality and piezoresponse
increased after removal of the ZnO matrix. Electromechanical responses did
not reach that expected for PbZr, ,Ti; O3, possibly due to considerable off-
stoichiometry and attack of these features during etching. Nonetheless, the
combination of heteroepitaxy and a high surface area may lead to applications
in, for instance, piezoelectric transducers. Additionally, the work may act as
model for other perovskite/ZnO nanocomposites, extending the potential use
to fields like those of catalysis or sensing.

Chapter 4 illustrates that inorganic nanosheets can be used to control the
morphology, crystal orientation, and magnetic properties of SrRuO; thin films
on arbitrary substrates. Two types of nanosheets were used: Ca,Nb;0, to re-
alize (001), oriented film growth, and Tij ¢;0, to effect growth in the [110],.
direction (pc refers to the pseudo-cubic unit cell of SrRuO;). Lattice matching
between the films and nanosheets led to heteroepitaxy, where the oxygen octa-
hedral backbones of the nanosheets persisted throughout the films. Magnetic
anisotropy was measured for these films, in which a determinant role for the
nanosheets was demonstrated. The perovskite material was also deposited on
a mixed monolayer of both types of nanosheets, illustrating their capability to
locally tailor the structure and properties of thin films.

Chapter 5 continues on the same topic, and describes ways to improve growth
of SrRuQ5 on both types of nanosheets. Atomically smooth growth was realized
on Ca,Nb;0,, by introducing a buffer layer of SrTiO;, and an increased pref-
erence for the (110),, orientation was achieved by using two layers of Ti, 5,0,
nanosheets. Resulting films showed properties that were approximate to those of
fully oriented layers, illustrating that nanosheets provide a viable alternative to
costly single crystalline substrates. A route was developed to pattern both types
of nanosheets on a single substrate, and a perovskite thin films was deposited of
which the strain, texture and properties were determined by the pattern. This
concept opens up completely new avenues to engineer functionalities in thin
films.



Chapter 6 concludes this thesis with an outlook, containing preliminary results
that sprang from the work presented in the preceding chapters. The limits of
soft lithographic molding are discussed, as well as two alternative methods that
may lead to further miniaturization of the patterns. The second part of this
chapter evaluates methods for growing epitaxial films on nanosheets supported
on thermally stable substrates, and transporting these films onto polymeric
substrates for application in flexible electronics.
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PATTERNING OF EPITAXIAL PEROV-
SKITES FROM MICRO AND NANO MOLDED
STENCIL MASKS

A process was developed that combines soft lithographic molding with PLD to make
heteroepitaxial patterns of functional perovskite oxide materials. Micro- and nanos-
tructures of sacrificial ZnO were made by micro molding in capillaries (MiMiC) and
nano transfer molding (NTM), respectively, and used to screen the single crystalline
substrates during subsequent PLD. ZnO was used because of its compatibility with
the high temperatures reached during PLD and because of the ease of its removal
after use by benefiting from its amphoteric nature. Sub-micrometer sized lines of
Lag 67515 33Mn0O5 were made by the transfer molding approach, in which the anisotropic
features expected for a fully oriented thin film were preserved and a magnetostatic
contribution from the line shapes was introduced. Different patterns of SrRuO; were
made with lateral dimensions of a few micrometers, for which electrical isolation was
illustrated. The bottom-up soft lithographic methods can be compliantly utilized for
making epitaxial structures of various shapes and sizes in the ym down to the nm
range, and offer unique opportunities for fundamental studies as well as for realizing

technological applications.



2.1 INTRODUCTION

Physical vapor deposition techniques like PLD have evolved to a level in which
atomic scale control is achieved in the direction of film growth. The high
degree of control has facilitated preparation of artificial oxide materials with
properties that strongly diverge from those of the individual building blocks, and
has made the exploration of a wealth of interesting phenomena possible.[!]
The ability to control the lateral position of materials on substrates is also
required to allow future device integration. Patterning of oxide films can be
accomplished via collisions with highly energetic particles that selectively remove
the undesired parts. An example is focused ion beam (FIB) milling, which is well
developed and allows fabrication of sub-100 nm features, [0 but is limited by
inherent drawbacks including deterioration of the generated surfaces and issues
related to the serial nature of such top-down approaches.[”:81 When it comes
to patterning of complete films on the scale of substrates or wafers, parallel
patterning methods are required to overcome the time-consuming character

and low throughputs that are inextricably bound to serial techniques.

Only a handful of methods are currently available that allow parallel pat-
terning of thin films while keeping the crystallographic orientation in control.
All of these techniques rely on the use of top-down fabricated stencil masks
to shield parts of the substrate and enable bottom-up formation of epitaxial
structures during their depositions. Efforts were made to apply reusable silicon
nitride membranes during PLD,[911 but issues like the need to deviate from op-
timal deposition conditions, limitations in shapes, and rapid degradation of the
masks, led to the development of sacrificial stencil masks. Particular interest has
been given to anodic aluminum oxide (AAO) membranes, with which nm-sized
epitaxial arrays of oxide nanodots were made, but owing to the self-organized
formation of these membranes, patterns were poorly ordered and limited to a
single shape of restricted sizes.['2714] Photolithography was recently used to pat-
tern sacrificial metal oxide stencil masks and fabricate epitaxial microstructures
in arbitrary shapes, however, with lateral dimensions of several micrometers and
with limited throughputs due to the vapor deposition step used to deposit the
sacrificial metal oxide.[15-17]
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Figure 2.1: Schematic representations of the transfer molding and MiMiC processes to make ZnO
stencil masks on single crystalline substrates for patterning of epitaxial oxides by PLD. In the case
of transfer molding, (a) the solution is spin coated on the mold, (b) the mold is then placed on a
substrate coated with a PMMA film, and the assembly is transferred to a hot stage at 80 °C to allow
the pattern to cure. In the case of MiMiC, (a) a PDMS mold is placed on a substrate (coated with
a PMMA film) and the precursor solution is added in front of the channels, which are then filled
spontaneously by capillary action. After complete filling of the channels, (b) the sample is heated to
60°C and a pressure of ~ 1 bar is applied to allow further curing. After curing the pattern (either
made by MiMiC or transfer molding), (c) the mold is removed and the sample is thermally annealed
to convert the polymeric precursor into (d) ZnO.

In spite of all progress made in parallel patterning of metal oxide thin films,
a facile method with which epitaxial micro- and nanostructures can be made
in arbitrary shapes and with high fidelity is still lacking. Originally introduced
by the group of Whitesides,[18-21 3 family of bottom-up methods that uses
patterned elastomeric masks, stamps, or molds, known collectively as 'soft li-
thography’, has evolved to one of the most common approaches to pattern a
wide range of different materials on micro- and nanometer length scales.[2223]
Inspired by the multitude of examples of structures made by soft lithography,
the potential of combining this technology with PLD was explored, aiming to
profit from the distinct advantages of soft lithography while maintaining good
control of nucleation and growth of technologically relevant perovskite oxides.
The approach consists of two consecutive bottom-up fabrication steps, initiated
by molding of sacrificial metal oxide stencil masks on single crystalline substrates
(Figure 2.1), and followed by PLD to form negative and fully oriented replicas
of perovskite-type oxide materials.

Two types of soft lithography were used, namely micro molding in capillaries
(MiMiC) and nano transfer molding (NTM). The transfer molding route was
developed to fabricate stencil masks containing features with lateral sizes well
below 1 pm, while MiMiC was employed to generate larger features. Comparing
these two molding approaches, transfer molding requires optimized spin coating



parameters to guarantee formation of structures that are sufficiently high but
free from residues, while MiMiC does not require such optimization. MiMiC, on
the other hand, is limited to open channels with dimensions in the micrometer
range,[21] while no such fundamental limits apply to transfer molding. For this
reason, both MiMiC and nano transfer molding were considered for the prepara-
tion of stencil masks with micrometer and nanometer dimensions, respectively.
The stencil masks were made from ZnO, which was selected because of its
excellent thermal stability and amphoterism. The first property is required to
prevent any form of decomposition during high temperature PLD, and the lat-
ter property allows removal of these masks after use in either (weakly) acidic
or basic environments, thus creating opportunities to use solutions in wide pH
ranges in order to prevent degradation of the PLD grown epitaxial structures.
Epitaxial patterns of Laj ¢;Sry 33MnO; and SrRuO; were formed at 750 °C
and 700 °C, respectively, of which the crystallographic structure and properties
closely resembled those of unpatterned thin films while additional functionality
was added from the patterns. Both perovskite oxide materials were selected
because of their potential use as electrode in all oxide epitaxial heterostruc-
tures, 2425 e g for ferroelectric capacitors,[26:27] microelectromechanical sys-
tems (MEMS),[829 and field-effect transistors.[3% The half-metallic charac-
ter31:32] and high Curie temperaturel33! of Lag 67515 33Mn03, extend the possi-
ble field of application of this material into spintronic devices such as magnetic

tunnel junctions.[32:34]

Summarizing, the combination of two powerful techniques, soft lithographic
molding and PLD, leads to an unprecedented control of shape and crystal-
lographic orientation. Soft lithographic molding is currently the only parallel
patterning approach with which stencil masks can be made in arbitrary shapes,
and sizes down to nanometer length scales. In addition, the methods presented
here are fast, inexpensive, and practicable in any lab, as no dedicated equip-
ment, nor clean room conditions are required. When used during PLD, the
polycrystalline masks allow patterning of epitaxial oxides of which the crystal-
lographic orientations are fully dictated by the underlying substrates. Keeping
in mind the unrivaled properties found in epitaxial thin films and the challenges
associated with patterning such materials, the approach presented in this chap-
ter may be broadly utilized for future fundamental studies as well as for realizing
(all oxide) devices.

10



2.2 EXPERIMENTAL METHODS

CHEMICALS AND MATERIALS Zinc nitrate hexahydrate (reagent grade, 98%)
and poly(acrylic acid) (PAA, My ~ 1,800 gmol~!) were purchased from
Sigma-Aldrich. A commercial solution of 2% w/w poly(methyl methacrylate)
(PMMA, My, ~ 950,000 g mol~!) in anisole was obtained from MicroChem.
Anisole (99%) and ethanol (99.8%) were acquired from Merck and Assink
Chemie, respectively. An ammonium fluoride etching mixture (AF 875-125,
puranal) from Honeywell was used in a fume hood inside a lab with an emer-
gency Hexafluorine washing station while wearing protective gloves, protective
clothes and eye protection. Ultrapure water with a resistivity of 18.2 MQ cm
was used. All chemicals were used as received, without additional purification.

Soft lithographic patterns were made either with an aqueous solution (NTM)
or with a solution in ethanol (MiMiC). For the first solution, 0.18 g PAA was
completely dissolved in 6 ml water and then 0.36 g Zn(NO;),-6 H,O was added.
The other solution was prepared by dissolving 0.36 g PAA in 5 ml ethanol and
by subsequently adding 0.3 g Zn(NO;), -6 H,O. Both solutions were stirred for
at least 48 h after which they were stored and used within three months.

Nanopatterned silicon masters (part numbers: SNS-C14.3-0808-350-D45-
P, S2D-24D3-0808-250/350-P, S2D-24D2-0808-250-P) were purchased from
LightSmyth Technologies (Eugene, United States), and micropatterned silicon
wafers with a 1 um oxide layer were obtained from LioniX B.V (Enschede, the
Netherlands). The nanopatterned masters were left in the straw (as received)
and placed vertically in a desiccator together with a beaker containing 2 ul
1H,1H,2H,2H-perfluorooctyltrichlorosilane (Fischer Scientific, 97%). The glass
desiccator was then pumped down to 10 mbar with a chemistry pumping unit
(PC 3001 Vario Pro, Vacuubrand), closed off, and left for 13 to 14 h. The
micropatterned masters were silanized with a comparable procedure.

A Sylgard 184 silicone elastomer kit from Dow Corning was used to prepare
polydimethylsiloxane (PDMS). The base agent and curing agent were properly
mixed in a 10 to 1 weight ratio by mechanical stirring. Air bubbles were sub-
sequently removed in a glass desiccator which was pumped down for at least
10 min with a standard diaphragm vacuum pump (Vacuubrand). The desired
silanized master was placed on a piece of weighing paper on a cold heating plate
and was surrounded by a ring of Teflon. The PDMS was then poured on the
silanized master and cured at 60°C for at least 24 h.

11



Single crystal (001) oriented SrTiO; substrates (5 x 5 mm?) were purchased
from CrysTec GmbH. These substrates were treated to obtain a single TiO,
termination according to the procedure of Koster et al.[3%] The substrates where
then protected with a thin layer of PMMA by spin coating 30 ul of a 1% w/w
solution of PMMA in anisole yielding a layer thickness of approximately 20 nm.
The liquid was added to the spin coater (WS-400B-6NPP, Laurell Technologies
Corporation) during a spin on stage at 500 revolutions min~—!. After 5 s, the
spinner accelerated to 6000 revolutions min~' and decelerated 60 s later until
it came to a halt. The acceleration or deceleration between every step was
fixed at 27.5 revolutions s~2. The substrate was subsequently transferred to a
hot plate at 160°C and covered with a Petri dish. After 2 min, the substrate
coated with the ~ 20 nm thick PMMA film was stored.

NANO TRANSFER MOLDING

Just before transfer molding, the mold was released from the master and cut
to 8 x 8 mm?. Both the mold and substrate were cleaned by oxygen plasma
(Harrick plasma) at 30 W for 2 min. The thickness of the PMMA film on
the SrTiO; substrate had reduced to ~ 6 nm after this step. The mold was
then placed on a flat puck which was placed inside the spin coater and held by
vacuum. Prior to actual spin coating, the mold was exposed to a pulse of N, gas,
30 ul of the precursor solution was added to the mold, and complete wetting
of the mold was confirmed. Spin coating was then initiated according to the
program of Table 2.1 where the acceleration was 27.5 revolutions s~2 between
each step. After spin coating, the mold was observed by optical microscopy to
confirm formation of a smooth film without significant contamination. Directly
after this step, the mold was placed onto the substrate and carefully pressed to
ensure complete adhesion. The assembly was then transferred to a pre-heated
hot stage at 80°C and left there for 45 min to allow the pattern to cure. The
mold was released from the substrate and proper transfer was confirmed by
optical microscopy and atomic force microscopy (AFM).

Table 2.1: Program used for spin coating a solution on a mold during transfer molding.

t (s) 15 5 180 15
v (revolutions min—1) 500 1000 5000 500
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Prior to thermal annealing the patterns, the samples were cleaned by repeated
dipping in a water bath for 10 s, followed by dipping in ethanol and drying in a
stream of N,. The adhesive strength between the patterns and the substrates
was found to depend on the humidity of the environment during patterning,
where a high humidity was favorable for stronger adhesion. The patterns were
then annealed in a pre-heated microwave furnace (Microsynth, Milestone Srl)
at 750°C for 15 min.

MICRO MOLDING IN CAPILLARIES

Just before patterning by MiMiC, the desired micropatterned mold was cut into
sizes of 10 x 10 mm? and cleaned by ultrasonication in ethanol for 5 min. The
mold was then dried in a stream of N, and stored in a Petri dish. A microscope
slide (Thermo Scientific) was cleaned on a hot plate at 250°C with a jet of
supercritical CO,. Together with the substrate, the glass plate was subsequently
cleaned by oxygen plasma at 30 W for 2 min. The mold was placed on the
microscope slide, carefully pressed to ensure full adhesion and directly pulled
off. The substrate was then placed on the other side of the microscope slide and
the mold was placed on the substrate and carefully pressed. Using a pipette,
30 pl of the precursor solution was placed just in front of the mold, after which
initial filling of the channels was confirmed by optical microscopy. MiMiC was
continued in the middle of a closed Petri dish containing a few droplets of
ethanol at the sides. After 60 min, the microscopy slide was transferred to a
home made molding machine and a pressure of ~ 1 bar was applied on the
mold and substrate to guarantee proper contact between the two. Maintaining
the pressure, the sample was heated from room temperature to 60 °C, without
allowing the temperature to overshoot. The assembly was released from the
molding machine after 2 h, the mold was removed from the substrate and proper
transfer of the pattern was confirmed by optical microscopy. The sample was
then annealed in the microwave furnace under the conditions given in Table 2.2.

Table 2.2: Temperature program used to anneal the patterns made by MiMiC.

t (min) 15 15 9 30
T (°C) 400 400 620 620
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PULSED LASER DEPOSITION OF LAgg7SRg.33MNO3 AND SRRUOg3

Before PLD, the samples were cleaned by repeated dipping in a bath of 0.0004%
w/w hydrochloric acid. Samples made by transfer molding were dipped into
the solution for 5 s and samples made by MiMiC were cleaned for 30 s. Directly
after this step, the samples were quickly immersed in a beaker containing water
(to stop the slow dissolution of ZnO by the acid), then in a beaker containing
ethanol, and were then dried in a jet of N,,.

Lag 67510 33Mn0O5 was deposited on the samples patterned by transfer mold-
ing. Depositions were carried out in an O, environment of 0.27 mbar. The
temperature of the samples during depositions was controlled by a thermocou-
ple inside the heater, which was set at 750°C. The laser beam was produced
by a 248 nm KrF excimer laser (LPXPro™ from Coherent, Inc.) with a typ-
ical pulse duration of 20 to 30 ns, operated at 21.5 kV. A square mask of

2

99 mm* was used to select the most homogeneous part of the laser beam. The

laser was then focused on the stoichiometric La 4;Sr; 33MnO5 target (Praxair

2 Laser fluence was controlled with a

electronics) with a spot size of 2.3 mm
variable attenuator at 2.0 J cm™2. For all depositions, target and sample were
directly facing each other at a distance of 5 cm. The target was pre-ablated at
5 Hz for 2 min to remove possible surface contaminations. Depositions were
performed at 1 Hz and deposition times were varied to yield a layer thickness of
26 monolayers. Growth was monitored in situ by reflection high energy electron
diffraction (RHEED), allowing the determination of growth rate on a unit cell
level and studying growth dynamics. After deposition, the PLD chamber was
filled with O, to 100 mbar and the heater power was turned off to allow cooling

to room temperature.

SrRuO; was deposited on the samples patterned by MiMiC. Depositions were
performed in an O, environment of 0.08 mbar at a heater temperature of
700°C. An image of a square mask with rounded corners (56 mm?) with a

size of 1.8 mm?

was produced on the stoichiometric SrRuO; target (Praxair
electronics). A variable attenuator was used to adjust the laser fluence to
2.1 J cm™2 on the target. The target was pre-ablated at 5 Hz for 6 min and
depositions were carried out at 2 Hz for 30 min (corresponding to a final layer
thickness of ~ 50 nm). After deposition, the samples were allowed to cool to

1

room temperature at a maximum rate of 20 °C min~" in an environment of

100 mbar O,.
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The patterns of ZnO were removed by ultrasonication in an aqueous solution
of 0.04% w/w hydrochloric acid for 5 min. Ultrasonication was repeated twice
in water and once in ethanol, all for 2 min. The sample was then dipped in
ethanol and dried on lens paper (LENSX 90 from Berkshire).

ANALYSIS AND CHARACTERIZATION

The topography of the samples was analyzed with a Dimension Icon atomic
force microscope (Bruker AXS) using the standard tapping mode (TM) option.
A selected sample was further studied using the tunneling AFM (TUNA) op-
tion. The data were processed using Gwyddion 2.30, and some images were
additionally analyzed by ImageJ 1.46r. The height images from the samples
made by transfer molding are visualized with the adaptive nonlinear color map-
ping option, whereas the samples made by MiMiC are visualized with a linear
color range. ImageJ was used to determine the relative coverage of the patterns,
which was used as input for calculation of the magnetic moment per cation.

Crystallographic information was obtained with an X'Pert PRO MRD (PANa-
lytical) using the parallel beam mirror, monochromator and PIXcel 3D detector
modules. The polar and in-plane miscut angles of the substrates were deter-
mined from the w—offsets of the (202) and (022) diffraction planes and corre-
sponding optical planes. Further crystallographic information was obtained by
electron backscatter diffraction (EBSD) performed on a Merlin field emission
microscope (Zeiss), equipped with an in-lens secondary electron (SE) detec-
tor, a high efficiency secondary electron (HE-SE2) detector, an energy selective
backscattered (EsB) detector, and an angle selective backscattered (AsB) de-
tector (NordlysNano from Oxford Instruments).

Magnetization measurements were conducted on a vibrating sample magne-
tometer (VSM) installed on a physical properties measurement system (PPMS
by Quantum Design). The magnetic moments were determined as a function
of the magnetic field and temperature, where the applied field and measured
magnetization were along the same direction. Most samples were cut with a
wafering blade (Isomet, Buehler) in order to fit into the pick-up coil for mea-
surements in the out-of-plane and [110] directions. For selected samples, the
temperature dependence of the saturation magnetization was determined and
fitted to the Brillouin functions from Weiss theory of ferromagnetism assuming
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no external field and for different total angular momenta (.J). Best fits were ob-
tained by iteratively changing Curie temperature (7¢) and absolute saturation
magnetization Mg 41, and determining least squares. T and Mg ,bs were then
chosen from the best fit. Shifts of the hysteresis loops in Heyt were corrected
by measuring a Pd reference sample after every measurement at 300 K. Mag-
netization was also studied by a modified Sagnac interferometer, which could
map the out-of-plane magnetization by making use of the polar magneto-optic
Kerr effect (MOKE).[3¢l

The error bars and deviations used in the entire thesis all represent a confi-
dence of 95% (two times the standard deviation).

2.3 Sub-pm LINE PATTERNS OF EPITAXIAL LAgg7SRo.33MNO3

FABRICATION OF ZNO STENCIL MASKS BY NANO TRANSFER MOLDING
The nano transfer molding process to create stencil masks of ZnO is schemati-
cally illustrated in Figure 2.1 on page 9, and is explained in more detail in the
experimental section. In brief, complexes of Zn?* with PAA were spin-cast on
top of a PDMS mold, then transferred onto a substrate that was pre-coated
with a thin layer of PMMA, and decomposed into ZnO during subsequent ther-
mal annealing. Numerous patterns were made on both Si and SrTiOj, all with
high fidelity and reproducibility. Figure 2.2 shows one of the samples at different
stages in the patterning process (images of a second sample can be found in
the appendix on page 40).

After molding, the samples were analyzed by optical microscopy and by ob-
servation of the interference colors from reflected light (Figure 2.2a). Generally,
nearly the entire sample was covered with the pattern, even though the exper-
iments were performed without specialized equipment in a lab without condi-
tioning of environmental pollutants or humidity. The samples were washed with
water to rinse away all species that were not part of the (cross-linked) PAA-Zn
complex (the evolution of the line profiles is shown in Figure 2.2d, and includes
results before and after washing). The resulting organometallic lines were typi-
cally around 200 nm high, as is shown by the AFM height image in Figure 2.2b.
During annealing, the polymer degraded and ZnO formed, leading to significant
shrinkage of the patterns in both vertical and horizontal directions. After an-
nealing, the atomic steps on the substrates were well visible in between the lines
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Figure 2.2: (a) Optical microscopy image made directly after transfer molding, together with a
photograph of the entire sample (upper inset) and microscopy image made at lower magnification
(lower inset). (b,c,e,f) Tapping-mode AFM height images of the same sample during subsequent
steps in the patterning process, where the scanning direction was aligned to the principal crystal
axis of the substrate. The top two AFM images were obtained (b) before and (c) after thermal
treatment (in both cases after subsequent cleaning) of the patterned complex of PAA and Zn?t. The
other two images were obtained after PLD of Lag ¢;Sry 33MnO3, (e) before and (f) after removal
of the ZnO mask. The insets in the AFM images show height profiles as measured along the lines
in the corresponding AFM images. (d) Additional line profiles of a single line of (precursory) ZnO
after different steps in the fabrication process of the stencil mask, for which the four different steps
were: patterning, washing, calcination, and pre-etching (these steps are described in the experimental
section; the order is indicated by the arrow).

of ZnO, indicating the absence of a residual layer in these regions. The lines
had relatively broad bases before reaching a certain height and to reduce the
width of these bases, a pre-etching step was introduced in which the samples
were exposed to a highly diluted solution of hydrochloric acid, leaving a pattern
of ZnO as shown in Figure 2.2c. These patterns were used as stencil masks
during subsequent high-temperature depositions of La, ¢,Sr; 33MnO5. Figure
2.2e shows lines of La 47Sr; 33MnO; (having a width of 620 nm and a spacing
of 80 nm) that were obtained after PLD but before dissolution of the ZnO
mask. Isolated lines of this material were obtained after removal of the stencil
mask, and are displayed in Figure 2.2f.
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All substrates were covered with a thin layer of PMMA before patterning, so
that the process could be optimized independent of the underlying substrate.
This step led to a more universal process that could be carried out on arbitrary
substrates, and for the work described in this chapter, allowed optimization
of patterning on Si substrates, after which the procedure could be repeated
on SrTiO;. The polymeric films were removed during thermal annealing, and
results discussed below showed no indications for an influence of this way of re-
moval on subsequent growth of epitaxial films. The presence of trace amounts
of organic contaminations can not be excluded though, but may be avoided
either by dissolving the polymer directly after molding or by not using the coat-
ing at all. Regarding the first option, PMMA can be dissolved in a solvent like
acetone (without affecting the organometallic patterns), followed by submerg-
ing the samples in ethanol and drying in N,. Note that this sequence is also
used after single termination treatments,[3* and may thus be useful when the
uncovered parts of substrates should be perfectly free from organic residues.
Patterning was also possible when the use of a coating was omitted, but led to
a reduced reproducibility of the molding step on SrTiO,.

The organometallic lines obtained after patterning were uniform in dimensions
and shape, but they were generally not perfectly symmetrical as can be seen from
the profile in the inset of Figure 2.2b. The observed slight asymmetry may be
due to cohesive rupturing of the organometallic lines during removal of the mold,
as discussed on page 19. The samples were annealed by rapid thermal annealing,
and resulting decomposition and densification led to significant shrinkage, about
a factor of four in height and more than a factor of three in width. Also the
shape of the patterns changed during thermal treatment, leading to narrow lines
(FWHM = 85 nm) that widened near their valleys, indicating that motion of
material at the bottom of the lines was impeded by clamping with the substrates.
To obtain a more square-shaped form, samples were shortly immersed in a
weakly acidic solution of hydrochloric acid (pH = 4.1), during which the width
at the bottom of the lines reduced significantly while the FWHM was barely
affected. Note that shrinkage may be controlled by various means, for instance
by changing the concentration or contents of the solution, or by using a different
mold design.

When the precursor solution was added to the PDMS mold, its channels
filled and the concentration of Zn®* increased as a consequence of solvent
evaporation and diffusion into the mold. Using the area A of a single channel
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of arbitrary length [, the initial number of zinc cations in volume Al can be
calculated from the concentration of the parent solution. Provided that only
fully densified ZnO was left after thermal treatment, the final number of zinc
cations in a typical patterned line of length [ was determined by integrating
the AFM height profile as displayed in the inset of Figure 2.2c. Comparing
the two values, almost 15 times the amount of Zn was present in the annealed
structures than directly after infiltrating the mold. These calculations strongly
indicate that filling of the channels by solution from the outside continued
even at an advanced stage of drying, a process that is essential for obtaining
structures that are sufficiently high to be used as stencil masks.

Patterns of ZnO could be made without residual layers between the patterned
ZnO features, even though no pressure was applied on the mold during curing
and also when the washing step before annealing was skipped (this conclusion
was made from the visibility of atomic steps after the annealing process). In
contrast to this work, soft lithographic patterning is generally associated with
residuals, either by transfer of oligomers from the moldB37l or by incomplete
expulsion of the fluid.38 In related work describing an edge printing process,
absence of residual layers was observed and explained by a relative large ad-
hesive strength between PDMS and PAA.[39 The complex of PAA and Zn?*
is expected to cover the entire sample during patterning, forming a thin layer
that protects the sample from interactions with oligomers on the PDMS mold.
When the mold is removed this protective layer is removed as well due to a larger
adhesive strength with PDMS than with the PMMA film on the substrate. The
precursor that is present in the grooves of the mold is more prone to cohesive
failure, leading to successful transfer in these regions.

ANALYSIS OF THE EPITAXIAL PATTERNS OF LAgg7SRg.33MNQO3g

Growth of La, ¢;Sr; 33MnO; was monitored by RHEED, with the electron beam
aligned parallel to the lines of ZnO and the principal axis of the substrate.
Like for growth of continuous thin films of Laj 4,Sry 33MnO5 on SrTiO; and
typical for layer by layer growth, the intensity of the specular spot oscillated with
deposition time and slowly faded out (Figure 2.3). The period of the oscillations
was determined to control the final layer thickness to 26 monolayers (10.0 nm).
For some of the depositions the intensity of the specular spot increased during
the first few pulses, suggesting that (initial) growth may have been influenced
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Figure 2.3: Time evolution of the RHEED specular spot intensity and FWHM during the initial
stage of growth of Lag ¢,Sry 33MnO; on the sample of Figure 2.2. The RHEED pattern was obtained
with the electron beam aligned parallel to the principal crystal axis of the SrTiO; substrate, parallel
to the line pattern.

by the presence of the ZnO patterns. Note that the increase in intensity does
not necessarily imply that the surface smoothed during this period, since the
increase can similarly be explained by the comparatively high structure factors
of the deposited material (compared to SrTiOj).

After deposition, the original atomic terraces on the surface of the substrate
were replicated on the patterns of Laj ¢,Sry 33MnO; and the films were uni-
form up to the edges of the structures (Figure 2.2e,f). The root mean square
(RMS) roughness of a typical line (0.32 nm) confirmed smooth growth and
was only slightly higher than the roughness measured on an unpatterned film
that was deposited under the same conditions (0.20 nm). Epitaxy was con-
firmed by EBSD (see Figure 2.4), which indicated a single orientation of the
patterns even at their edges. Since the Kikuchi patterns of the substrate and
deposited material were almost identical, the different materials could not be
successfully discriminated, and almost the entire dataset (99.9%) was assigned
to Lag ¢75rp 33MnO5. The subtle differences of the Kikuchi patterns were rec-
ognized though, but incorrectly resolved by a rotation of the [001] direction
between in-plane and out-of-plane. The waviness that is mainly observed in
the lower parts of the EBSD images is due to drifting of the sample during the
measurements.

No detrimental effects of etching the stencil masks were found in the struc-
tures of La, ¢;Sr; 33Mn03, as no significant changes in film topography (rough-
ness) were observed before and after removal of the stencil masks, and charac-
terization discussed below indicated ferromagnetic properties of a well-oriented
film of Lag ¢,Srg 33MnO5. The polycrystalline ZnO stencil masks disintegrates
both under acidic and basic conditions, and for this work only highly diluted
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Figure 2.4: EBSD maps of the line pattern of Laj ¢;Sry 33MnO3, showing the (a) band contrast
and (b,c) inverse pole figure maps with respect to (b) an in-plane y direction and (c) the out-of-plane
z direction. The Kikuchi patterns were fitted simultaneously to the cubic unit cell of SrTiO; (P 3.,
ac = 3.905 A), and a tetragonal unit cell (P4/mmm: @ = b = 3.905 A, ¢ = 3.846; A) that was

assumed for Lao_67Sr0_33MnO3.[4O] Only the legend for the tetragonal solutions is given in the inset.

solutions of hydrochloric acid were used for etching. In the case of using a
solution of pH = 4.1, etch rates were found already to be sufficiently fast, in

the order of ~ 0.5 nm s~ 1.

2.4 MAGNETIC ANISOTROPY IN PATTERNED LAgg7SRg33MNO;3

Merely considering growth dynamics is not sufficient to conclude about the
quality of a film (as defined by Boschker et al.l*]), since properties also strongly
depend on other factors like oxygen stoichiometry*!l and epitaxial strain.[*2
For this reason the effect of patterning was further studied by comparing the
ferromagnetic properties of lines of La, 4,Sry 33MnO5 with those measured in
a thin film deposited under the same conditions. Magnetic properties were
measured primarily to study the influence of patterning on the quality of the
epitaxial films, and to illustrate control of anisotropy resulting from the patterns.
An external magnetic field was applied in the plane of the film in different
directions and for each case magnetization was measured in the same direction
as the external field. Magnetic hysteresis loops of the patterned sample at
10 K and 300 K are shown in Figure 2.5, and the temperature dependencies of
saturation magnetization (1/s), remnant magnetization (M,) and coercive field
(H.) are also displayed in this figure.

When the field was applied perpendicular to the lines, more slanted curves
with lower coercive field and remnant magnetization were obtained as compared
to the curves obtained with parallel magnetization. Since VSM measures the
bulk magnetic properties, the shapes of these curves reflect the uniformity of
the patterns over the complete areas of the samples. Parallel and perpendicu-
lar to the lines, saturation magnetization values were comparable near T, but
started to diverge approximately 80 K below T. Remnant magnetization val-
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ues and coercive forces were different for parallel and perpendicular alignment
over the entire temperature range below T¢, where highest values were obtained
for the case of parallel magnetization. The patterns of Laj ¢;Sr; 33MnO5 had
an absolute saturation magnetization of My = 3.1 ug/Mn and a Curie tem-
perature of approximately Tc = 331 K. Note that the calculated value of
magnetization per Mn is not as accurate as that for unpatterned films, since
calculations are based on topographical information (Figure 2.2f) to determine
the coverage of the lines of Laj 4,Sry 33MnO; (alternatively, the coverage of
the lines of ZnO can be determined from Figure 2.2c to estimate the amount
of Lag 751y 33Mn0O;3, yielding My s = 3.5 ug/Mn).

INTRODUCTION OF THE DIFFERENT SOURCES OF ANISOTROPY

Magnetic anisotropy in epitaxial thin films of Laj 5;Sr; 33MnO5 on SrTiO; was
studied previously and was found to be determined by the crystallographic orien-
tation and atomic terrace steps.[*344] Uniaxial anisotropy from the steps forces
the easy axis along the step edges, while biaxial anisotropy from the crystal
structure forces the magnetization in one of the [110]. directions. To indicate
the direction of the steps, a distinction is made between the [100]. and [010].
directions, which are defined as the crystallographic directions making the low-
est and highest angle to the direction of the atomic step ledges, respectively.
Whether the uniaxial or biaxial component has the upper hand depends on the
polar miscut angle of the substrate and temperature: Low (high) temperatures
and low (high) miscut angles lead to a relatively stronger biaxial (uniaxial)
component.

Because of the epitaxial nature of the patterns of La, ¢,Sr; 33MnO;, simi-
lar contributions of the steps and crystal to the magnetic anisotropy are ex-
pected to add up to the magnetostatic anisotropy from the line shapes, 45! as
schematically illustrated in Figure 2.6. Magnetostatic anisotropy is developed
due to free poles creating a magnetic field in the direction opposite to the di-
rection of magnetization, which value can be calculated for different shapes.[4%]
A magnetometric demagnetization factor N, = 0.030 was calculated, assum-
ing that the lines in this work can be described by rectangular prisms with
thickness a = 10 nm, length b = 5 mm ~ oo (yielding N = 0), and width
¢ = 600 nm. The corresponding demagnetizing field and magnetostatic self
energy are Hy = 12 kA m™! and Eq = 3.3 kJ m~3, respectively,[*>47] for
magnetization perpendicular to the lines at 10 K.
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Figure 2.5: Magnetic characterization of the line pattern of Figure 2.2f measured by VSM. Magnetic
hysteresis curves at (a) 10 K and (b) 300 K, where the field was applied parallel ([100].), perpendicular
([010]c) and at 45° ([110]c) to the lines. (c) Temperature dependence of saturation magnetization,
together with fits to a Brillouin functional dependency for different total angular momentum quantum
numbers (J = 1,2,4,00 and increases in the direction of the arrow). (d) Remnant magnetization
(closed symbols) and coercive field (open symbols) plotted versus temperature.
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Figure 2.6: Schematic representation of lines of Lag ¢,Sry 33MnO; as viewed from the top having
the direction of the step ledges about ¢ = 20° to [100]. The arrows in the insets indicate the
direction of an applied magnetic field (Hext), crystallographic directions, the easy directions from the
different sources of anisotropy and the magnetization itself assuming coherent magnetization rotation
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The situation of Figure 2.6 is described mathematically by Equation 2.1,
which gives the sum of all anisotropy energies. The first term of this equation
is the uniaxial magnetostatic anisotropy energy (from the line shapes), and
was derived by assuming that the lines were perfectly aligned with the [100].
direction. The second term describes the uniaxial part from the atomic terrace
steps, and the third term the biaxial crystal anisotropy energy for a purely in-
plane magnetized film with the easy axis in one of the [110]. directions. The
last term (Ezeeman) is that of the external field energy, for an external field
applied orthogonally to the stripes and in the plane of the film. The meaning of
all individual symbols can be found in Table 2.4 on page 41. Minimizing Eiot
by Equation 2.2, and eliminating 6 using the relation between the length of
the magnetization vector M and the measured magnetization M = Mj sin 6,
gives Equation 2.3, which can be used to calculate the field required to reach
a certain magnetization in the [010]. direction.

2
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EXPERIMENTAL DETERMINATION OF THE ANISOTROPY CONSTANTS AND
DEMAGNETIZATION FACTOR

To study the influence of the different sources of anisotropy, the problem was
simplified by considering an unpatterned thin film of La; ¢;Sr; 33MnO;, which
was deposited under similar conditions as the patterned samples. Analysis and
magnetic characterization of this sample can be found in Figure 2.15 (appendix),
in which the hysteresis curves were measured in the [100];, [010]¢, and [110].
directions. The areas between the different magnetization curves equals the
work done against the anisotropy energy,[**! and so the demagnetization curves
were fitted and integrated from M = Mg to M = 0. The three expressions for
the anisotropy energy in Equation 2.4 (as derived from Equation 2.1) were then
used to calculate K, and K. Alternatively, values for K, and K7 were obtained
by fitting the demagnetization curves of the [010]. direction with equation 2.3,
as displayed in Figure 2.7. The results from both methods can be found in
Table 2.3.

. M\?
E[lOO] = Ku Sln2(¢) + KO + 1/4 Kl + 1/2 Ho <V) NH (24&)
M 2
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Figure 2.7: Field dependence of magnetization in [010] at (a) 10 K and (b) 300 K together with
fits (least squares) to Equation 2.3 for the thin film of Lag ,Srq 33MnO; (see Figure 2.15).
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Table 2.3: K, and K determined by the area method and by fitting the magnetization curves
(value in brackets) of the thin film of Laj ¢,Sry 33Mn0O5 (Figure 2.15).

Temperature K, K

(K) (kJ m—3) (kJ m~3)

10 2.2 (1.0) 6.3 (7.2)
300 0.11 (0.12) —0.02 (0.03)

Like the contribution from atomic steps to anisotropy, the magnetostatic
contribution from the line patterns was of uniaxial nature, which hindered easy
discrimination between these two effects. To obtain a value for the demagneti-
zation factor, two samples were considered that had similar polar miscut angles
but different in-plane miscut angles (¢), and the assumption was made that
the demagnetization factors and anisotropy constants were equal for the two
samples (measured miscut angles can be found in Table 2.5 on page 41). One
of these samples was that of Figure 2.2, with the lines running in the [100].
direction (¢, = 5.6°), and the other sample had the lines directed in the [010].
direction (¢, = 71°), as displayed in Figure 2.14 (appendix).

Two approaches were used to obtain a value for the demagnetization factor:
In a first approach, numbers for the shearing of the magnetization curves were
obtained by fitting their slopes near M = 0, which was done for the two
samples measured at 300 K with the field applied perpendicular to the lines.
The problem was then simplified by considering ¢, ~ 0°, ¢, ~ 90°, and by
assuming K7 = 0, since now simple calculus on Equation 2.3 yields that the
demagnetization factor is the average of the shearing of the two magnetization
curves. Using this approach, N; — N = 0.013 was obtained. Alternatively,
Equation 2.4a and 2.4b were combined in Equation 2.5, yielding N, — N|| =
0.017 and K, = 78 J m—3. The average of these two demagnetization factors
is only half of that calculated from the dimensions of the patterns (see page
22). In fact, the demagnetizing factor is better approximated when an elliptic
cylinder is assumed, [48] yielding N, = 0.016 (for @ = 10 nm, b = oo, and
¢ = 600 nm).
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With the approximations made for the anisotropy constants and demagneti-
zation factor, the angular dependence of the anisotropy energy can be displayed
like in Figure 2.8, for ¢ = 6°. From this figure, a clear influence of the patterns
on the total anisotropy can be seen, both at 10 K and 300 K. At 300 K,
the magnetostatic anisotropy is dominant over the other anisotropies, whereas
at 10 K all sources of anisotropy have a substantial role. The plots indicate
a strong preference for magnetization in the direction of the lines at 300 K,
whereas at 10 K a weak preference for magnetization close to the [110] di-
rection is illustrated (in fact the plots indicate that magnetization can easily
rotate between [110], [100], and [110] in this case, since Ei(#) has a nearly
flat minimum in this range). These results are in line with the measurements
displayed in Figure 2.5, as these measurements indicated that at 300 K, the

easy and hard directions were aligned parallel and perpendicular to the lines,
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respectively; whereas at 10 K a small preference for magnetization in the [110]

direction was observed, as compared to magnetization parallel to the lines.

OTHER EFFECTS OF PATTERNING ON THE MAGNETIC BEHAVIOR OF
LAO.67SRQ,33MN03

Patterning influenced the magnetic behavior of Laj ;Sr, 33MnO; as anisotropy
was clearly observed in the shearing of the hysteresis curves and in the values
of the remnant magnetization and coercive field. Despite the clear effects of
patterning on ferromagnetic hysteresis, magnetic characterization indicated only
a minor influence of patterning on the quality of the films. That is, the absolute
saturation magnetization and Curie temperature measured for the epitaxial lines
strongly resembled those measured for an unpatterned film (for the thin film,
the total angular momentum quantum number J =2, My = 3.5 up/Mn and
Tc = 334 K were obtained). These similarities confirm the ability to maintain
a high degree of control during film growth while using stencil masks made by

nano transfer molding.

Conceptually, patterns cause shearing of the hysteresis curves but do not alter
the saturation magnetization of a material, whereas in this work an effect of the
patterns on the saturation magnetization at cryogenic temperatures was mea-
sured. This effect is also illustrated by the different best fits to the temperature
dependence of the saturation magnetization with Brillouin functions, indicating
Jeftective = 4 and Jofrective = 2 for magnetization parallel and perpendicular to
the lines, respectively (note that the label effective is used in this context to
distinguish from the actual value for J, which is an intrinsic value that is in-
dependent of direction). The reason for the measured differences in saturation
magnetization can be understood by considering that the patterns of this work
were epitaxially coupled to the single crystalline substrates. Patterning resulted
in periodic interruptions of the lattice of Laj 4,Sr; 33Mn0O;, leaving altered or
dangling bonds at the sides of the lines and leading to local distortions (like
strain gradients) in the lattice, changing crystal field interactions and thus the

magnetic behavior locally.
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2.5 EPITAXIAL MICROPATTERNS OF SRRUO3

FABRICATION OF ZNO STENCIL MASKS BY MIMIC To illustrate flexibility
in terms of size ranges, shapes, and deposited material, soft lithographic molding
was used to make stencil masks of various shapes for fabrication of epitaxial
microstructures of SrRuO;. As noted in the introduction on page 9, micro
molding in capillaries (MiMiC) was used, which is preferable to transfer molding
because it requires fewer experimental parameters to be optimized. The process
of making the stencil masks is essentially similar to the transfer molding process,
except that the channels are filled by capillary action while the mold is attached
to the substrate, as schematically shown in Figure 2.1. Note that alternatively,
a photolithographic approach can be used to pattern stencil masks of arbitrary
shapes with micrometer dimensions, [15-17] but MiMiC offers distinct advantages
in that it requires less experimental operations and is far less time consuming
than a photolithographic approach.

With MiMiC, two different patterns were made and successfully used to make
lines (Figure 2.9) and triangles (Figure 2.10) of SrRuO; (having lateral dimen-
sions around 4-7 pm, separated by 0.5-7 pum). Both samples were completely
covered with the desired patterns as was observed by optical microscopy and
by eye looking at the color from interference of reflected light (image a in both
figures). The lines were designed such that at one side of the sample twice as
many lines were present as compared to the opposite side of the sample. Figure
2.9b shows the ZnO mask at the transition region, where clear differences are
seen between the shape of the narrow and broad lines. The broad lines were on
average lower than the narrow lines and were clearly highest at the edges. This
edge effect was previously observed and explained by preferential wetting and
drying at the corners of the PDMS mold.[*9! Although the height of the ZnO
structures did depend on the exact shape of the mold, no significant variations
were measured at different locations on the samples as long as the geometry was
the same. Similarly as for the patterns made by transfer molding, calculations
indicated that the narrow (broad) lines contained 17 (14) times more material
than could be expected from complete filling of the channels with the original
solution. Although the patterns will not have reached the bulk density of ZnO,
the significant numbers prove that filling and drying occurred simultaneously.
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Figure 2.9: Fabrication and characterization of a line pattern of epitaxial SrRuO; on SrTiOg,
prepared by combining MiMiC with PLD. (a) Optical microscopy images made with a 5x objective
after MiMiC, showing a photograph in the inset. Tapping mode AFM height images show a sample
(b) before, and (c,d) after PLD and subsequent dissolution of the ZnO mask. (e) TUNA image
recorded with a sample bias of 1.5 V DC, and (f) topographical information that was measured
simultaneously. In this case, only one line was connected to a back electrode (ground) for every two
lines. The insets are (b-d,f) height profiles and (e) a current profile, all measured along the lines in
the corresponding images.

ANALYSIS OF THE EPITAXIAL MICROPATTERNS OF SRRUOj3

For the line patterns, the deposition of SrRuO; was followed with RHEED (Fig-
ure 2.11). The observed oscillations were typical for growth of SrRuO5 on
SrTiO5 terminated on the TiO, plane, % as was concluded from a nearly dou-
bled width of the first oscillation as compared to subsequent ones. A coherently
grown pattern with in-plane lattice constants equal to that of the substrate was
confirmed by reciprocal space mapping (Figure 2.12), indicating that epitaxial
strain was preserved after removal of the mask. The patterns of SrRuO5 were
mostly atomically flat up to the edges, but contained pits that were mainly
situated at the atomic step ledges. The pits were concentrated at the edges of
the line pattern (Figure 2.9d), while for the triangles pits were predominantly
observed near their centers (Figure 2.10d; in both images, three blue arrows are

used to indicate three such pits).
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Figure 2.10: A pattern of triangles on SrTiO; made by MiMiC and followed by deposition of
epitaxial SrRuQ;. (a) Optical microscopy images of the organometallic pattern and a photograph in
the inset. AFM height images (b) before, and (c,d) after PLD and removal of the ZnO mask, together
with height profiles in the insets. (e) Magnetic hysteresis loops of this sample and an unpatterned
film of SrRuO;, both were measured by VSM at 10 K with the field applied perpendicular to the
surface of the samples. (f) Map scan showing the Kerr signal of the patterned sample, obtained by
optical magnetometry at 78 K after cooling the sample in a field of 0.2 T.
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Figure 2.11: Time dependence of the intensity and FWHM of the specular RHEED spot during the
initial stage of deposition of SrRuO5 on the sample of Figure 2.9. The RHEED pattern was obtained
with the electron beam aligned parallel to the principal crystal axis of SrTiO, parallel to the line
pattern.
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Figure 2.12: Reciprocal space map around the (013)c planes of the substrate that was obtained
after PLD of SrRuO; and removal of the stencil mask (Q = 4msinf/\). The lattice parameters
(distorted orthorhombic) of the film were refined to a, = 5.56 A, by =557 A, ¢co = 7.86 A and
a =90.1°2, 8 =90.0°, v = 89.4°.

Growth of SrRuQOj is highly sensitive to the chemistry of the underlying sub-
strate and for a purely TiO, terminated substrate, smooth films are expected

e.15051] Pits were observed even in a film

to grow in a step flow growth mod
made for reference (Figure 2.16b on page 43), which was deposited under the
same conditions on a SrTiO; substrate that was treated to obtain a single TiO,
termination. The presence of pits even without patterning demonstrates that
the pits are not solely the result of the patterning process, although the uneven
distribution indicates that there was at least some effect from patterning.

Near the edge of the patterns the surface steps were bending away from the
direction of the steps on the substrate, which is most clearly observed for the
triangles (Figure 2.10d). Bending of the steps implies that growth was not fully
dictated by the underlying substrate and can be explained by considering that
step flow growth leads to an unstable situation in confined areas, as is illustrated
in Figure 2.13. In a pattern the number of steps can be strongly limited (1)
and step advancement (in the direction of the arrow) causes the first (highest)
step to grow in lateral dimension (2-3). After a certain time in the deposition
process (after deposition of a first monolayer in Figure 2.13), the first step
has grown to an extent that not all SrRuO; will diffuse to the step ledge but
will nucleate into islands (4). During advancement of growth, an equilibrium
situation is reached where new islands are formed and existing steps and islands
will keep advancing (in the direction of the arrow, 5-6). In this discussion any
influence of the stencil mask on the adatom sticking coefficient was ignored,
but irrespective of this additional complexity the shape of the steps is influenced
by confinement.
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Figure 2.13: Graphical representation used on page 32 to explain the evolution of the atomic
terraces during step-flow growth of SrRuO; while confined by the ZnO stencil mask (conversion of
termination is ignored). For every image, a top view and a section across the arrow are given. Every
next image corresponds to deposition of half a monolayer of SrRuO;.

CHARACTERIZATION OF THE EPITAXIAL MICROPATTERNS OF SRRUOj3

The line patterns were characterized by TUNA, imaging tunneling current and
topography simultaneously as displayed in Figure 2.9e and f, respectively. The
special design of this pattern was used to connect only half of the lines, which
is why for every two lines only one showed conductivity. This result proves that
the lines were electrically isolated from each other, though it should be noted
that it was only the case after post-annealing (the result before post-annealing
is not included). Possibly oxygen vacancies were formed near the surface of
the substrate during formation of the ZnO stencil mask, rendering the surface
of SrTiO; conductive. By post-annealing the sample in oxygen for 4 h at
600 °C after removal of the stencil mask, vacancies were filled and leakage was
prevented.

In order to obtain a better understanding of the effects of the used pattern-
ing route on the quality of the heteroepitaxial features of SrRuO;, magnetic
characterization was performed on the triangular pattern and compared to the
case of an unpatterned thin film. Measurements were performed by using a
VSM and a scanning optical magnetometer using the polar magneto-optic Kerr
effect.3¢] The typical shape of the patterns is reflected by the magnetic map
in Figure 2.10f, in which the gradual change of the Kerr signal was due to the
probe size of the experimental method (~ 2 um). The Curie temperature of
the sample was determined as T ~ 150 K, which (in line with the diffraction
results) points to preservation of epitaxial strain inside the structures.[®? The
hysteresis curve that resulted from VSM analysis is shown in Figure 2.10e and
was obtained at 10 K with the field applied out of the surface plane. A hystere-
sis curve of the unpatterned film is shown as well, for which similar saturation
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magnetization and coercivity were measured. The most prominent difference
between the two curves is the reduction of squareness that is observed for the
patterned sample, indicating that extra energy was needed to rotate the mag-
netization vector out of the surface plane in the case of the patterned sample.
The rounding is possibly the result of a local change of the magnetocrystalline
anisotropy due to partial relaxation of the stress, either at the imperfections (as
indicated by the higher number of pits in the AFM images) or near the edges of
the patterns. Additional proof for partial stress relaxation was obtained from X-
ray diffraction (see Figure 2.12 as compared to Figure 2.16c on page 43), since
broader and more asymmetric film peaks were observed for the patterns than
for the unpatterned thin film. The minor differences between the ferromagnetic
behavior of the two films, points to near complete preservation of control of
thin film growth after using the MiMiC route.

2.6 CONCLUSIONS AND PROSPECTS

Soft lithographic molding techniques were used to make stencil masks of ZnO
directly on single crystalline substrates, with which isolated features of epitaxial
perovskite oxides were obtained after pulsed laser deposition and lift-off. The
bottom-up approach presented in this chapter is more than a supplement to cur-
rently available alternatives, as functional structures of La, 4,Srq 33MnO5 and
SrRuO; were made that can neither be fabricated by state-of-the-art shadow
masking nor by using self-organized AAO membranes. Micro molding in cap-
illaries (MiMiC) and transfer molding were used complementary to cover both
the micrometer and nanometer lateral size range, and both methods allowed
fabrication of residue-free patterns of ZnO with high fidelity over the entire area
of the substrate. Both molding approaches did not compromise in the control of
growth that is generally achieved for unpatterned films, as surface morphology,
RHEED patterns, crystal structure, and magnetic properties of patterned and
unpatterned films were comparable. Besides, new functionality was added as
e.g. magnetic anisotropy of the lines of La, 4,Sry 33MnO5 was mainly dictated
by the patterns and electrical isolation of the structures was demonstrated for
the lines of SrRuO;. Next to these effects acting on the entire structures, sig-
natures of local effects were measured in both materials, which are the result
of relaxation and ensuing strain gradients at the surfaces, and may offer unique
opportunities to locally engineer strain in epitaxial thin films.
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The ZnO structures presented in this chapter may find uses other than as
thermally stable sacrificial stencil masks, as all structures made by soft litho-
graphic processes and discussed above were well organized over the complete
sample areas and were free from residues. ZnO is a wide bandgap semiconductor
(with a bandgap of 3.37 eV) with an exciton binding energy (60 meV) signifi-
cantly larger than the thermal energy at room temperature (26 meV). Interest
in this material has mainly been focused on its optical properties, in particular
its sharp emission in the near-UV wavelengths for laser applications.[53-5%1 The
conductivity of ZnO is highly sensitive to dopants, adsorbates, interstitials, and
oxygen vacancies, making it an interesting candidate for transparent conduct-
ing and gas sensing applications.[®058] At least some of the aforementioned
applications may be realized with the methods presented in this chapter.
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APPENDICES

LINES OF LAgg7SRp.33MNQO3 RUNNING NORMAL TO THE STEP EDGES
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Figure 2.14: Results from a second line pattern of Lag 4,Sry 33MnO;, where the lines and atomic
step edges ran perpendicular to each other. Tapping-mode AFM height images and height profiles
(insets) after (a) transfer molding and water dipping, (b) calcination, (c) pre-etching and (d) PLD
and dissolution of the stencil mask. The scanning direction of the AFM was aligned to the principal
axis of the substrate. The additional inset in image (a) shows a photograph of the sample after
patterning. (e) Time evolution of the RHEED specular spot intensity and FWHM during PLD. The
intensity of the electron beam was adjusted at several moments indicated by the arrows on the time
axis. Magnetic hysteresis loops measured in-plane in the two principal crystal directions at (f) 10 K

and (g) 300 K using a VSM.
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LIST OF SYMBOLS

Table 2.4: Meaning of the symbols used in the equations.

Symbol Unit Meaning

Eiot Jm™3  Total anisotropy energy density

N — Demagnetization factor; labels L and || are used to
refer to the factor perpendicular and parallel to the
lines, respectively.

Lo N A=2  Permeability of vacuum; 47 - 10~7 N A—2

M, A m? Saturation magnetization

1% m?3 Volume of the specimen

0 © Angle between [100] and M; (see Figure 2.6)

10) © Angle between the average direction of the atomic
step edges and [100] (see Figure 2.6)

K, Jm™3 Anisotropy constant from atomic terrace steps

Ky Jm™3 Anisotropy constant that is independent of the angle
of magnetization; constant for a particular material
and temperature

Ky Jm™3 Crystal anisotropy constant; constant for a particu-
lar material and temperature

Hy Am~!  External magnetic field

MISCUTS OF SUBSTRATES USED FOR EPITAXIAL GROWTH OF LAgg7SRg.33MNQO3

Table 2.5: Polar miscut (#) and in-plane miscut (¢) of substrates used to prepare different samples
of Lag 75r5.33Mn0O5.

Sample Figure 6 (°) o (°)
Thin film 2.15 0.08 20
Lines stretched in [100] 2.2 0.16 5.6
Lines stretched in [010] 2.14 0.17 19
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AN UNPATTERNED THIN FILM OF LAgg7SRg.33MNO3
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Figure 2.15: Results from a continuous film of Lag ¢,Sry 33MnO5 showing (a) the RHEED specular
spot intensity and FWHM during the initial stage of growth of Lag ¢,Sry 33MnO5 on SrTiO5 and (b)
resulting topography as measured by tapping-mode AFM after deposition (the scanning direction was
aligned to the principal crystal axis of the substrate). Magnetic hysteresis curves at (c) 10 K and (d)
300 K measured in three different in-plane directions by VSM (the insets show the hysteresis curves
in the principal directions over a broader range of applied fields). (e) Temperature dependency of
saturation magnetization fitted to Brillouin functions for different total angular momentum quantum
numbers (J =1,2,4,00). The film was deposited under the same conditions as the patterns.
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AN UNPATTERNED THIN FILM OF SRRUOj3
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Figure 2.16: (a) In-situ analysis of the initial growth of a thin film of SrRuO; on SrTiO; monitored
with RHEED (the film was deposited under the same conditions as the patterns). Ex-situ analysis
by (b) AFM and (c) XRD reciprocal space mapping. Note the different peak positions in @ for the
(420), and (240), planes, indicating different values for the a, and b, lattice vectors of SrRuO;. The
lattice parameters of the film were refined to a, = 5.55 A, bo =559 A, co =7.84 A and o = 90.0°,
B =190.0°, v = 89.4°.
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SELF-ORGANIZED NANOSTRUCTURES OF
PBZRQ'QTI()_gOg

Mixed targets consisting of PbZry,Tiy 05 and ZnO were used during pulsed laser
depositions to form self-organized heteroepitaxial nanostructures. The nanocomposite
films that were obtained after depositions on (001) SrTiO; were exposed to aqueous
solutions of hydrochloric acid to selectively remove ZnO and obtain PbZry,Tig 505
features with high surface areas. By carefully controlling the deposition conditions,
(001) oriented ferroelectric nanopillars were formed with periodicities of approximately
40 nm. Increasing the repetition rate of the laser pulses or the O, partial pressure led
to reduced lateral sizes of the patterns, accompanied by a change of the morphology
from a pillars-and-matrix-like pattern into a maze structure where both phases were
meandering through the films. Etching ZnO led to an increase of the tetragonality of
PbZry ,TiggO3, indicating that both phases were coherently coupled and strain was
of elastic origin. The electromechanical response of the nanopillars was measured by
piezoresponse force microscopy, and was found to increase from 18 4 pm V! to

27+ 6 pm V~! upon removal of the matrix.
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3.1 INTRODUCTION

The previous chapter describes fabrication of (sub—)micrometer sized epitaxial
structures, which were obtained from stencil masks of ZnO fabricated by soft
lithographic routes. Restrictions that are inherent to using soft elastomeric
molds limit the aspect ratio (i.e. height/width) of these stencil masks,[! and as
a consequence only planar epitaxial features can be obtained. Applications like
catalysis or gas sensing require the functional materials to have high surface
areas,[? and thus ask for other approaches for patterning.

In 2004, Zheng and co-workers reported on PLD of high-aspect ratio (spinel)
CoFe,0, nanopillars embedded in a (perovskite) BaTiO4 matrix.3l They il-
lustrated a strong coupling of the electric and magnetic order parameters by
the elastic interactions between the two materials. Extensive research fol-
lowed, focusing on understanding and controlling growth, exploiting combi-
nations of other materials, and utilizing the semi-coherency between the two
phases.=9-[*-10] As proposed by Macmanus-Driscoll, targeted dissolution of one
of the phases leads to nanoporous material,['*l which by its single crystal ori-
entation may have superior properties to current (polycrystalline) alternatives.
Nonetheless, apart from a specific example where BiFeO5 was (incompletely)
etched in hydrochloric acid (10%) to expose pillars of CoFe204,[12] this concept
was never explored.

In this chapter, formation of epitaxial nanostructures of PbZr; ,Tiy sO5 from
composites with ZnQ is discussed, as schematically shown in Figure 3.1. ZnO
was chosen for its amphoteric nature (as discussed in previous chapter), and
because formation of nanocomposites between this material and perovskite
Lag 7Srg 3MnO; was already illustrated.[*324] Ferroelectric PbZry_, Ti, O3 (PZT)
was selected for its outstanding piezoelectric properties. Nanostructures of this
material may find use in numerous applications, like MEMS or non-volatile
memory devices.[15-17]

Using relatively low oxygen partial pressures and laser pulse frequencies, high
enough diffusivities of the adatoms were assured while large losses of lead were
inhibited, resulting in successful formation of nanopillars of PbZr; ,Ti; gO5.
These nanostructures were found compressively strained by the ZnO matrix
and relaxed during etching, leading to a significant increase in their electrome-
chanical responses. The features had periodicities of up to ~ 40 nm, and upon
reducing their lateral sizes, patterns gradually changed from a pillars and ma-
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a. SINGLE CRYSTAL SUBSTRATE b. NANOCOMPOSITE FILM ¢. NANOPOROUS FILM

- -

Figure 3.1: Graphical representation of formation of high-aspect ratio heteroepitaxial patterns of
PbZr, ,Tiy gO5 from nanocomposite films. Using PLD, (a) a single crystalline SrTiO; substrate is
covered with (b) a film of PbZr, ,Tij gO5 and ZnO from a mixed target. The latter phase is selectively
etched with an aqueous solution containing hydrochloric acid, leaving (c) a nanoporous film.

trix form into a maze-like distribution of the phases. The piezoresponse of the
nanopillars (dss = 27 £ 6 pm V1) fell behind that predicted for a single do-
main and bulk single crystal of PbZr , Tig O3 (d3s = 87 pm V1) .18 Still, the
high surface area and epitaxial nature of the nanostructured PbZr; , Ti, gO5 pre-
sented here may offer distinct advantages over thin film or bulk counterparts, as
these nanostructures may find use as piezoelectric transducers,[!9 for instance
in hydrophones. In addition, the present work may act as model for growth of
other perovskite/ZnO composites that can potentially be applied in other fields,
like those mentioned at the beginning of this chapter.

3.2 EXPERIMENTAL METHODS

CHEMICALS AND MATERIALS ZrO, (99.978%), TiO, (99.995%), PbO
(99.999%), and ZnO (99.999%), were all from the puratronic class (metals
basis), and were supplied by Alfa Aesar. PbZrO5 (99%, trace metals basis) was
purchased from Sigma-Aldrich. All other chemicals and materials that were
used, were mentioned in section 2.2 on page 11.

FABRICATION OF TARGETS

Using mortar and pestle, PbO, ZrO,, and TiO, were mixed in molar ratios
of 1.2 : 0.2 : 0.8, respectively (the excess of PbO was used to account for
lead evaporation during target fabrication and film deposition). The powder
(~ 20 g) was subsequently mixed for at least 24 h, using milling balls of yttria-
stabilized zirconia (YSZ) in ethanol as milling fluid. The slurry was placed in
a drying oven (Memmert) and dried overnight at 70 °C, after which a ceramic
pellet was pressed from the powder by uniaxial pressing at ~ 140 bar. The
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ceramic disk was placed in a Pt container, which was closed with a cap, and
heated to 850°C in a chamber furnace (Carbolite) where it was kept for 2 h
(ramp rates were 5 °C min~!). Before and after sintering, the pellet was
weighted in order to calculate the amount of lead that had evaporated, which
was 5%.

The sintered pellet was ground and the appropriate amount of ZnO was
added. The powders were mixed, dried and pressed using the same procedure
that preceded the formation of PbZr,,Ti; gO;. After uniaxial pressing, the
pellet was further compressed by an isostatic step at 4000 bar. The disk was
then weighted, and placed in an open Pt crucible that was placed in a closed
Al,O5 crucible (100 ml Coors, purchased from Sigma-Aldrich), containing some
PbZrO5 powder to minimize evaporation of lead during thermal annealing. The
pellet was sintered at 1150°C for 2 h (at maximum ramp rates), and weighted
to calculate the loss of lead.

Two targets with different ratios between PbZr, , Tijy ;O3 and ZnO were pre-
pared: One with a volume ratio (PZT:ZnO) of 53:47, and another of 30:70 (bulk
densities were assumed to calculate volume ratios). Comparing the mass of a
target before and after annealing, and assuming that only PbO had escaped dur-
ing thermal annealing, loss of atomic lead was estimated. Calculations yielded
that the final ratio of Pb/(zr+Ti) was 1.11 in target 53:47, and 1.05 in target
30:70 (the lower excess in this target is explained by prolonged thermal anneal-
ing of this target that resulted from an error in the temperature controller).
XRD analysis was performed on both targets, and all peaks could be assigned
either to PbZr; , Tiy 305, PbO, or ZnO.

PULSED LASER DEPOSITION OF NANOCOMPOSITE FILMS

Single crystalline (001) SrTiO5 substrates were TiO,-terminated by following

[20] A substrate was mounted on a resistive heater

the treatment of Koster et al.
using silver glue, and was then brought into the PLD system with a base pressure
of 1076 mbar. The chamber was evacuated to at least 10~° mbar, after which
a continuous stream of O, and Ar in a ratio of 1 : 9 was supplied to reach a total
pressure of 0.13 mbar. The laser was fired through a square mask of 102 mm?,

2 Laser fluence

and was focused on the target to yield a spot size of 3.0 mm
was fixed on the target at 2.5 J cm~2 by adjusting the operating voltage of the
laser. A thermocouple inside the heater was used to control the temperature

at 600°C, where a ramp rate of 10°C min~! was used during heat-up.

48



Target 30:70 was used for the optimized deposition of nanopillars, which was
pre-ablated at 5 Hz for 6 min to remove possible surface contaminations. A
target to substrate distance of 5 cm was maintained, and the deposition was
carried out at 1 Hz for 60 min, yielding a layer thickness of ~ 95 nm. After
deposition, the sample was allowed to cool to room temperature at a maximum
rate of 20 °C min~! in ~ 100 mbar O,.

To reach optimized deposition conditions, the effects of changing substrate
temperature, laser repetition rate, composition and pressure of the background
gas, and composition of the target were studied. Deviations from the optimized
deposition settings are indicated where applicable.

PULSED LASER DEPOSITION OF SRRUO3

SrRuO, was deposited using the conditions of Kuiper and co-workers,!?!l in a
1 :1 0O, and Ar environment of 0.30 mbar, with the heater at 670°C. A
square mask of 56 mm? with rounded corners was used to select the most
homogeneous part of the laser beam, which was focused on the stoichiometric
SrRuOj target to a spot size of 1.8 mm?.

The target was pre-ablated at 5 Hz for 6 min and depositions were performed
at 1 Hz, always with a fluence of 2.1 J cm™2 on the target. Depositions were
carried out for 60 min, yielding a layer thickness of ~ 40 nm. Without breaking
the vacuum, nanocomposite films were deposited on top of these layers.

ETCHING

Etching of ZnO was typically performed in a 40 ml aqueous solution of hy-
drochloric acid (0.01 M) for 60 min. Samples were subsequently immersed in
water for 2 min, rinsed with ethanol, and then dried in a stream of N,.

ANALYSIS AND CHARACTERIZATION

Crystallographic information was obtained with a D8 Discover diffractometer
(Bruker AXS). High resolution scanning electron microscopy (HR-SEM) images
were acquired with a Merlin field emission microscope (Zeiss).

In order to investigate the piezo- and ferroelectric properties of partly etched
films on SrRuOj, piezoresponse force microscopy (PFM) was performed on
a dimension lcon atomic force microscope (Bruker AXS). The samples were
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250 nm 250 nm 200 nm

Figure 3.2: InLens HR-SEM images of nanopillars of PZT, (a) before and (b) after etching the ZnO
matrix. (c) Cross section of the pillars after etching, obtained with the HE-SE2 detector. The film
was deposited on (001) oriented SrTiO5 after deposition of a SrRuO; bottom electrode.

mounted on metal discs using silver glue, which acted as electric contact to
the SrRuO; bottom electrode. In order to convert the amplitude signal of the
microscope (in mV) to mechanical displacement (ds3; in pm V1), the system
was calibrated by measuring the response of a quartz reference sample with
known piezoelectric constant. Piezoresponse was measured by application of
an AC bias of 4000 mV at 50 kHz, while simultaneously a DC bias was swept
between —10 and 10 V.

3.3 EPITAXIAL NANOPILLARS OF PBZRy5T175O3

Nanocomposites were deposited on a substrate with and without a SrRuO4
bottom electrode, yielding similar morphology as measured by HR-SEM. Figure
3.2 shows images that were measured on the film that was deposited on SrRuO;,
both before and after etching. Densely packed nanopillars were imaged before
etching, having a rectangular shape and periodicities in the order of ~ 40 nm
The facets of the rectangular shaped features were running in two direction,
possibly aligning with the principal axes of the substrate. The structures had
rounded off after etching and appeared separated. Firm conclusions on the
extent of separation can not be made though, since the resolution of the cross
sectional image in particular, was limited by the non-optimal measuring angle
and charging of the nanopillars.

XRD patterns were recorded before and after etching, as shown in Figure 3.3a
for the case where no bottom electrode was deposited. Next to the substrate
peaks, all diffraction spots could be assigned either to (00l) PZT or (0002)
ZnO. The XRD pattern of a film on SrRuO; was comparable, with the only
notable differences that a significantly stronger ZnO (1120) peak was found,
and that PZT peaks were largely overshadowed by the stronger peaks of SrRuO,

50



(@ (— Before etching — After etching | (b

ok Zn0O(0002) o %x o %
Il | || ([
P T PZT (00]) P
g * S1TiO; (00]) g
= = pzT
g 8
S = SrRUO,
~ ~
SITIOs
20 30 40 50 60 70 180 90 0 90 180
20 (°) ¢ (0

Figure 3.3: (a) XRD w — 26 patterns of a nanocomposite film deposited on SrTiO; measured before
and after etching, and (b) ¢-scans measured after etching around the (103) diffraction peaks when a
SrRuO; layer was present as well (for this material the pseudo-cubic crystal notation is used).

(especially before etching). Three clear effects of etching were observed: The
PZT (00l) peaks shifted indicating that the out-of-plane lattice parameters
increased from d = 0.404 nm to d = 0.413 nm; the intensities of these
peaks subsided; and the peaks of ZnO vanished completely. XRD ¢-scans
displayed in Figure 3.3b, indicated alignment of the [100] axes of the films with
that of the substrate. Before etching, very weak twelve fold symmetry was
indicated from scanning around the ZnO (1015) plane, indicating that ZnO
was twinned with in-plane [0110]//[110] and [1120]//[110] relationships, as
schematically displayed in Figure 3.4a. Energy dispersive X-ray spectroscopy
(EDX) was performed on the sample before and after etching as well, of which
results are summarized in Table 3.1.

Table 3.1: Summary of EDX analysis showing the elemental amounts of lead and zinc relative to
that of zirconium, for a nanocomposite film on SrRuO;. For comparison, the expected ratios in the
target are displayed as well.

Elements Before etch  After etch Target 30:70
Pb : 5xZr 0.84+0.2 0.6 £0.1 1.05
Zn : 5x7Zr 4+1 0.09 £0.05 6.3
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ELEMENTAL ANALYSIS OF THE NANOCOMPOSITE FILMS

Both from XRD and EDX analyses, complete removal of ZnO was indicated
after etching. The amount of ZnO in the as-deposited films was lower than
that in the target, which was also indicated from the morphology (Figure 3.2)
by a relatively high surface area of the nanopillars (image analysis indicated
~ 60 % of the total surface area was occupied by pillars). The strong deficiency
of ZnO can be explained by the high vapor pressure of metallic Zn, which is
even orders of magnitudes higher than that of Pb.[22

Based on EDX analyses, nanocomposite films were indicated to be lead de-
ficient as well, and further loss of this element was indicated after etching (see
Table 3.1; similar trends were found when no bottom electrode was used). Note
that ZnO can be doped with Pb,[23] which may also explain the further loss of
Pb after etching. Additional hints of partial etching of the PZT features was
provided by the rounding of these nanopillars (Figure 3.2b), and reduced XRD
intensities after etching (Figure 3.3).

CRYSTALLOGRAPHIC ANALYSIS BEFORE AND AFTER ETCHING

Before and after etching, single diffraction peaks were observed for the PZT
pillars, indicating that mainly domains of one kind were present. This indica-
tion was further confirmed by reciprocal space mapping around the (003) and
(103) peaks (not shown), in which single, broad, spots were found for the PZT
phase. After etching, the tetragonality of the PZT pillars increased by out-
of-plane lattice expansion to a lattice parameter close to that of c-domains in
unstrained PbZry ,Ti; 3O5. The lattice parameter that was measured for ZnO
(d = 0.527 nm) indicated that the matrix was elongated in the out-of-plane di-
rection. These observations suggest that the pillars were compressively strained
by the surrounding ZnO, and vice versa that the ZnO matrix was strained
tensilely by the PZT pillars.

Lattice matching between the pillars and matrix may have resulted in het-
eroepitaxial growth between the two phases and build-up of elastic stress, similar
as described for the perovskite-spinel nanocomposites.3 As a result of removal
of the matrix phase, stresses were released and the nanopillars could relax by
adopting to the most favorable configuration. Possible lattice matching be-
tween ZnO and PZT is schematically visualized in Figure 3.4b. Note that
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Figure 3.4: Graphical representations of (a) in-plane alignment of hexagonal (0007) oriented ZnO
(red) on cubic (00I) oriented SrTiO5 (black), and (b) possible lattice matching between PZT and
ZnO. Matching of 5 unit cells of c-domain PZT (001) with 4 unit cells of ZnO (0001) is displayed
on the left, and 4 unit cells of a-domain PZT (100) are matched with 3 unit cells of ZnO (0001) on
the right (the (110) plane is parallel to the paper).

partial degradation of the pillars by the etchant may have also led to changing
lattice parameters, caused by an altered stoichiometry. Milder etching condi-
tions should be used to prevent degradation of the PZT nanostructures and
shed more light on the reason behind its out-of-plane lattice expansion, which
can either be accomplished by further diluting the acidic etchant or by using
basic media to etch ZnO.

3.4 FERROELECTRIC CHARACTERIZATION OF THE NANOPILLARS

PFM was used to determine the electromechanical response of the nanopillars.
In order to study the effects of etching, a partially etched sample was used
(Figure 3.5b). Figure 3.5a shows that the material could be switched, since
two regions with opposite polarization were successfully written, as indicated by
the ~ 180° phase contrast. Due to their dense packing, nanopillars could not
be switched individually though.

Square-shaped hysteresis curves and characteristic butterfly-shaped displace-
ment loops were obtained from the phase and amplitude signals, as displayed
in Figure 3.5c and d for a non-etched and etched part of the film, respectively.
Comparing the hysteresis curves before and after etching, strong differences
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Figure 3.5: (a) PFM phase image of an etched film after writing an area of 2 X 2 um with a tip bias
of +10 V, followed by writing an inner area of 1 X 1 um with a tip bias of —10 V. (b) HR-SEM image
showing the partially etched sample that was used for the PFM measurements, where the right side
was etched and the scale-bar corresponds to 100 nm. (c,d) Representative results from PFM phase
and amplitude measurements on (c) the non-etched part and (d) the etched part of the sample. The
vertical axes in (d) have the same meaning and values as those in (c).

were observed in terms of their coercivity and imprint. Before etching, loops
were found shifted from zero bias to either side, while after etching no imprint
was observed and the coercivity had doubled. Electromechanical displacement
increased by etching, from ds3 = 18 &4 pm V! (calculated from 8 measure-
ments) to ds3 = 27 £ 6 pm V~! (10 measurements).

Deformations of the nanopillars may have been limited by clamping of their
lattices with that of the matrix phase, as this hypothesis explains the lower
dss value before etching. In addition, the measured increases of piezoresponses
and coercive fields that resulted from etching are explained by the increased
tetragonality as measured by XRD.

The facts that imprint was only observed when the matrix phase was still
present and hysteresis curves could shift both to the negative and positive side
of the bias voltage, lead to the conclusions that this effect was not caused by
defects in the nanopillars or strain gradients through the film. A role of the
matrix material on imprint is manifest, but the exact cause remains a matter of
debate. Charged defects in the matrix may have coupled with the polarization in
the nanopillars, causing the observed preferential polarization. Also, ZnO itself
is piezoelectric, and its polarization may have coupled with that of the PZT
phase. Polarization in ZnO is caused by asymmetry in the oxygen tetrahedra,
and its direction will thus depend on the crystallographic orientation of ZnO.
Explaining the observed shifts purely by coupling requires that ZnO should have
been both (0001) and (0001) oriented, with a non-homogeneous distribution of
these two orientations.
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Table 3.2: Summary of EDX analysis showing the elemental amounts of lead and zinc relative to
that of zirconium, for a nanocomposite film on SrTiO; without bottom electrode, deposited at 5 Hz
with target 30:70 in an environment of 0.13 mbar O, (errors are in the order of ~ 20%). For
comparison, the expected amounts present in the target are displayed as well.

Elements 600°C 650°C 700°C Target 30:70
Pb : 5xZr 1.1 0.7 0.05 1.05
Zn : 5XZr 4.5 4.3 3.8 6.3

3.5 VARIATION AND OPTIMIZATION OF DEPOSITION CONDITIONS

In order to obtain nanopillars of PZT, deposition conditions had to be carefully
optimized to guarantee large enough diffusivities while simultaneously prevent
considerable off-stoichiometry. Although only one target was used for the work
described in the preceding sections, two targets with different PZT:ZnO ratios
were used during optimization experiments. Initial experiments were performed

with a laser pulse frequency of 5 Hz in an O, environment of 0.13 mbar.

OPTIMIZATION OF THE HEATER TEMPERATURE

To promote mobilities of the involved species and allow phase separation over
sufficient distances,[624 a heater temperature was selected as high as possible.
Growth temperatures were strongly limited by the volatility of Pb though, as
clearly indicated by the EDX results of Table 3.2. In addition to these results,
ZrTiO, (hhh) diffraction peaks were observed in films deposited at 700 °C, and

@ ®
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Figure 3.6: InLens HR-SEM images of films deposited with target 53:47 at 5 Hz and 0.13 mbar
0,, (a) after growth and (b,c) after etching (image c is a cross section).
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Pb deficiency further increased when the laser pulse frequency was decreased.
Besides lead, zinc was also found to be volatile from the EDX studies, which was
previously discussed in section 3.3 on page 52. For these reasons, the heater
temperature was set at 600 °C for subsequent depositions.

Using a heater temperature of 600°C led to inhomogeneous film growth,
regardless of which of the two different targets was used. In the case of target
53:47 for instance, pyramidal features were observed that protruded ~ 100 nm
from the surface, as displayed in Figure 3.6a. XRD patterns obtained from
such films showed peaks that could be assigned to (111) oriented PZT, thus
indicating that the epitaxial relation with the substrate was lost. Either plane of
PZT that is not belonging to the {100}, family of planes, has a comparatively
high surface energy.l?>2%] The protruding features of Figure 3.6a may thus
have had orientations different from the preferred (001) orientation,[?” and
their pyramidal shapes are explained by faceting along the low energy {100},
planes.

No matrix or pillar phase could be discriminated in these films, but instead
a surface structure resulted that closely resembled that of systems formed by
spinodal decomposition. Typical meandering features had periodicities of less
than 25 nm, and became particularly well visible after etching (Figure 3.6b). A
cross section obtained after etching showed that the porous structure consisted
of two different regions: A bottom part that showed vertically oriented struc-
tures, and a top part that showed tilted structures. This observation indicates
that PZT started growing in the (001) orientation, but could not fully maintain

this orientation when growth proceeded.
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Figure 3.7: HR-SEM images of a film deposited with target 53:47 at 5 Hz and 0.090 mbar O,,
(a,b) after growth as measured with the ESB detector, and (c) after etching as measured with the
HE-SE2 detector.
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OPTIMIZATION OF THE LASER PULSE FREQUENCY AND DEPOSITION PRES-
SURE

The observed inhomogeneities and presence of undesired film orientations poin-
ted to a system that was trapped before it could reach a thermodynamically
favorable arrangement. To promote diffusivities of the adatoms on the sample
and allow them to reorganize into a low energy situation, the oxygen background
pressure was decreased. The idea behind this measure was primarily to increase
the time required for the adatoms to oxidize, leading to increasing diffusivities
before being incorporated into an oxide lattice.

Smooth films resulted from depositions at a reduced pressure of 0.090 mbar
(Figure 3.7), and XRD patterns showed only film peaks of (00l) PZT and (00!)
ZnO. A cross sectional SEM image of such a film is shown in Figure 3.7b, and
shows that the nanostructures were not well vertically aligned, but perturbed
over the thickness of the film. Nearly all ZnO was removed during etching,
resulting in a nanoporous film as shown in Figure 3.7c.

Next to increasing the actual diffusion length by lowering the deposition
pressure, the diffusion time could be increased by decreasing the pulse frequency
of the laser. The effects of both approaches were similar, as was concluded from
comparing a sample that was deposited at 5 Hz and 0.090 mbar (Figure 3.7),
with a sample that was formed at 1 Hz and 0.130 mbar. An SEM image of the
latter sample is displayed in Figure 3.8a, and closely resembled that of Figure
3.7, as also in this case a meandering pattern had formed with periodicities
typically below 25 nm.

When both deposition pressure and pulse frequency were kept low, as was
the case for the sample displayed in Figure 3.8b, nanocomposites with larger
sizes formed (periodicities were typically above 25 nm in this case). From the
surface morphology, this nanocomposite film already bore more resemblance
with the nanopillars discussed in section 3.3.

@) ®
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Figure 3.8: HR-SEM images recorded with the ESB detector of films deposited with target 53:47
at 1 Hz in O, environments of (a) 0.130 mbar, and (b) 0.090 mbar.
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Because of the significant loss of zinc during the depositions, further reduction
of the deposition pressure to 0.013 mbar was only attempted with target 30:70.
Though films were still smooth, XRD patterns showed a strongly reduced PZT
peak (as compared to the deposition at 0.13 mbar). By increasing the total
pressure with Ar this issue was resolved, leading to the results as described in
section 3.3 and 3.4. The origin of the effect of adding Ar was not studied, but
may be found in altered diagnostics of the plasma, lowered (kinetic) energies of
the adatoms that arrived at the sample, or decreased volatilities of the adsorbed
species as a result of the increased background pressure.

3.6  CONCLUSIONS

Self-organized nanostructures of PbZr,,Ti; 405 were formed from composite
targets containing ZnQ, the morphology of which could be controlled by tuning
the diffusivities of the adatoms. Increasing oxygen (partial) pressures or laser
pulse frequencies led to a gradual change of the self-organized features, from a
type where PZT nanopillars existed inside a continuous matrix of ZnO, into a
type where both phases meandered through the film. The spinodal-like patterns
presumably formed to circumvent excessive build-up of interfacial energies, since
the interfacial area is significantly reduced in such a morphology, compared to
isolated pillars in a matrix. Formation of these patterns by actual spinodal
decomposition is unlikely, since the crystal structures of the two phases are
different, and, besides, no solid solution between the two phases was found.
ZnO was removed from the nanocomposite films by wet chemical etching,
which led to an increased tetragonality and correspondingly higher piezoresponse
of the PZT nanopillars. Nevertheless, the electromechanical response of the pil-
lars was low, which may be related to off-stoichiometry in the films or attack of
the PZT features during etching. Milder etching conditions or alkaline etchants
should be employed to reduce the detrimental effects of etching, and targets
with higher excesses of lead and zinc should be employed to compensate for
the losses of these elements during their depositions. The methods described in
this chapter may be used to develop porous piezoceramics, and may contribute
to the realization of high-aspect ratio epitaxial nanopatterns of other materials,
for instance to be used as (gas) sensors, catalysts, or nanoporous electrodes.
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LOCALLY CONTROLLED NUCLEATION OF
EPITAXIAL THIN FILMS BY SEED LAYERS
OF INORGANIC NANOSHEETS

Nanosheets of Tij g;0, and Ca,Nb30;, were synthesized and transferred onto Si sub-
strates by Langmuir-Blodgett deposition. Using pulsed laser deposition, SrRuO; films
were formed on top of these samples. The underlying nanosheets determined both
the morphology and crystallographic orientation of the films. SrRuO; grew prefer-
entially in the [110],. direction on Tijg;0, nanosheets, while growth proceeded in
the [001],,c direction on Ca,Nb;O;, nanosheets. Besides macroscopic control of the
out-of-plane crystal direction, single crystal orientations were measured by electron
backscatter diffraction on the level of individual nanosheets, indicating that epitaxial
growth was achieved on the nanosheets as imposed by their well-defined crystal lat-
tices. The nanosheets also had a clear effect on the magnetic properties of the films,
which showed anisotropic behavior only when a seed layer was used. A monolayer
consisting of a mixture of both types of nanosheets was made to locally control the
nucleation of SrRuO;. In this context, SrRuO; acted as model material, as it was used
to illustrate that nanosheets can be a unique tool to control the orientation of films on
a (sub-)micrometer length scale. This concept may pave the way to the deposition of
various other functional materials and the fabrication of devices where the properties

are controlled locally by the different crystallographic orientations.
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4.1 INTRODUCTION

In the previous chapters, examples are found in which a strong correlation be-
tween the structure and properties of materials is illustrated. One particular
approach to control the properties of a thin film is by changing its crystallo-
graphic orientation. For example, Tebano et al. showed that for films with
thicknesses in the range from 3 to 12 nm, Laj 4,5r; 33MnO5 was insulating on
(001) oriented LaAlO; but behaved as a metal on (110) oriented LaAlO;.[!
Also, the magnetization characteristics of several manganites were reported to
vary with the orientation of the substrate.l?™ In the field of ferroelectrics, the
ferroelectric activity of a material can be tuned by changing its orientation.[>~8l
For instance, the ferroelectric response of epitaxial films of Nd-doped Bi, Ti;0;,
was tuned down to the point were ferroelectricity was completely suppressed
by using differently oriented SrTiO4 substrates.[8] A third example of a field
where the structure and properties of films were found to vary markedly with
the orientation of the substrate is that of nanocomposites made by PLD. These
nanocomposite films are generally formed by self-organization processes that
take place during the simultaneous deposition of two immiscible phases;!912 a
concept that underlies the work described in the preceding chapter.

The above examples show that the crystallographic orientation is an impor-
tant parameter that determines the properties of a film. The reason can be
found in geometric constraints defined by the unit cell®8] but may also be
different. For instance, strain imposed by the substrate,[!*l or anisotropies in
the interfacial, surface, or elastic energies, may play a crucial role.%12 |n all
of the examples, the orientations of the films were completely determined by
the lattices of the single crystalline substrates. A versatile method to control
the orientation of a film on a smaller scale than the typical dimensions of a
substrate has so far not been proposed. If such control will be possible, func-
tional films can be designed where certain position dependent properties are
determined by the orientations of the crystallites. Then, an extra degree of
freedom will become available for the fabrication of materials with advanced
local functionalities.

This chapter describes how different types of nanosheets can be utilized to
locally control the nucleation of a film. The concept to use nanosheets for epi-
taxial growth was first introduced by Kikuta and co-workers in 2007.113] They
showed that the texture of LaNiO5 and Pb(Zr, 5Ti, ;)O5 on glass plates could
be controlled by the introduction of a seed layer of Ca,Nb;O;, nanosheets. The
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films, which were made by chemical solution deposition, showed improved ferro-
electric properties compared to films made without the nanosheet layer. Later,
Shibata et al. used sol-gel processes to deposit textured films of SrTiO;, TiO,,
and ZnO on glass substrates containing monolayers of Ca,Nb;0O;, or MnO, na-
nosheets.['4 Also, PLD was used to form films with certain orientations, even
on plastic substrates.[15-17]

In these previous studies, crystalline nanosheets were deposited on amorphous
substrates in order to imitate costly single crystal substrates. The, in general,
unsurpassed quality of films on single crystal substrates could not be mimicked
though, since the films were in-plane randomly oriented. However, as illustrated
in this chapter, nanosheets can be a unique tool to control the nucleation of
films on a level that can not be attained on single crystal substrates. In brief,
the influence of Ca,Nb;O;, and Tiy 57O, nanosheets on the nucleation and
properties of SrRuQ; is discussed. SrRuQ; is a conductive perovskite, which
is ferromagnetic typically below ~ 160 K.['8] The model material was selected
mainly because strong magnetic anisotropy is expected.1923] PLD was used
to grow the films on Si substrates, most of which were pre-coated with a sin-
gle layer of nanosheets. The morphology and crystallographic orientation of
these films are shown to depend on the type of nanosheets that covered the
substrates. Epitaxial growth is demonstrated and explained by lattice match-
ing with the underlying nanosheets together with continuation of the oxygen

Figure 4.1: Graphical representation of two kinds of nanosheets that are supported on a single
substrate to control the orientation of SrRuQ4 locally. Note the continuation of the oxygen octahedral
rotations.
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octahedral backbones, as illustrated in Figure 4.1. Magnetic properties are dis-
cussed, and were found to be anisotropic when a layer of nanosheets was present
but not when SrRuQO; was directly deposited on a Si substrate. The two types
of (sub-)micrometer-sized nanosheets were also combined on a single substrate
to locally control the orientation of SrRuO5. This experiment illustrates that
nanosheets can be used to create films with position dependent properties that
are determined by the local crystallographic orientations.

4.2 EXPERIMENTAL METHODS

MATERIALS  Anhydrous K,CO; (purum p.a.; > 99.0%) was purchased from
Fluka. CaCO; (A.C.S. reagent, chelometric standard; > 99.95%), Nb,O;
(trace metals basis; 99.99%), and MoO; (A.C.S. reagent; > 99.5%) were ob-
tained from Sigma-Aldrich. TiO, (technical; > 99%) and Li,CO5; (purum;
> 99%) were supplied by Riedel-de Haén. Nitric acid (65% w/w aqueous
solution) was purchased from Acros Organics, an ammonium fluoride etching
mixture (AF 875-125, PURANAL) from Honeywell, and tetra-n-butylammonium
hydroxide (TBAOH) (40% w/w aqueous solution) from Alfa Aesar. Because of
the serious health hazards associated with handling of the NH,F - HF mixture,
the solution was used only in a fume hood inside a lab with an emergency HEX-
AFLUORINE washing station while wearing protective gloves, protective clothes
and eye protection. All experiments that involved nitric acid were carried out
in a fume hood. Ethanol (absolute, > 99.8%) and acetone were acquired from
Atlas & Assink Chemie and ultrapure water with a resistivity of 18.2 M cm
was used. All chemicals were used as received without further purification.

Single crystal B-doped (100) Si wafers (grown by the Czochralski process)
were purchased from Okmetic and single crystalline (001) and (110) SrTiO4
substrates (gown by the Verneuil process) were acquired from CrysTec GmbH.
PLD was performed with a stoichiometric polycrystalline target of SrRuO;,
which was obtained from Praxair electronics.

PREPARATION OF PRECURSORS

Slightly deviating from the methods described in references [24] and [25], pre-
cursor powders were synthesized and exfoliated into unilamellar nanosheets.
KCa,Nb;0,, was prepared by mixing K,CO; (2.81 g), CaCO5 (7.41 g) and
Nb,Og (14.76 g) using mortar and pestle and annealing the mixed powders
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inside a capped alumina crucible (100 ml Coors purchased from Sigma-Aldrich)
at 1200 °C, following the heating sequence of Table 4.1. The layered compound
was protonated by stirring it at 300 rpm inside a glass screw cap bottle in nitric
acid (1.0 L, 5.00 M) for 72 h. The product was recovered by vacuum filtration
(using Whatman No. 1450-055 filter paper), washed with a copious quantity of
water (at least 6x with 200 ml), and placed inside a petri dish (& = 150 mm)
to allow it to dry at room temperature for 48 h.

To prepare K g[Ti; 75Lig 27]0,, TiO, (10.00 g), K,CO5 (16.70 g), Li,CO,4
(0.722 g), and MoO5 (13.16 g) were ground in ethanol (35 ml) for 48 h using
milling balls of YSZ. The slurry was then placed in a drying oven (Memmert)
and kept overnight at 70°C, after which the powder was calcined inside a closed
Pt crucible at 1150°C. Formation of large crystallites of K, g[Ti; ;5Li525]O,4
was realized under the conditions mentioned in Table 4.1 by formation of a
liquid flux of K,MoO,. The chunk was placed inside a glass screw cap bottle
(500 ml) containing a stirring magnet and after addition of 200 ml water, the
bottle was vigorously shaken until the chunk fell apart. The suspension was
then stirred at 300 rpm for 90 min, filtered by vacuum filtration (using glass
microfiber filter GF8047 from ALBET LabScience), and washed 10x with water
to filter out the flux compound. The residue was added to a glass screw cap
bottle and protonated in nitric acid (500 mL, 2.00 M) under constant stirring
at 300 rpm during 96 h, in the course of which the solution was renewed every
24 h. Similar to the method used to obtain HCa,Nb;O,, - 1.5H,0 (HCNO),
Hy g7 Ti; 730, - H,O (HTO) was recovered after vacuum filtration and drying.

Table 4.1: Annealing sequences used in a chamber furnace (Carbolite) for solid state synthesis of
the parent compounds (a holdback temperature of 20°C was used).

Powder Ramp rate Temperature Duration

°C min—! oC h

5 800 4
KCayNbs;04, 0.5 1200 10

5 25 _

3 1150 0.5
Ko.sTi; 731 25/ 04 0.1 950 —

) 25 _
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EXFOLIATION OF NANOSHEETS

To obtain Ca,Nb;0;, nanosheets, 0.4 g of HCNO was suspended in 100 mL
water and 480 uL of the 40 % commercial aqueous solution of TBAOH (exfoli-
ation agent) was added. The Tij g;O, nanosheets were formed by adding 0.3 g
of HTO and 635 uL exfoliation agent to 200 mL water. Both solutions were
shaken vigorously for 1 min after preparation, and were then kept on a rock-
ing shaker (ST3 from Assistent GmbH, Switzerland). To increase stability, the
solution containing Ca,Nb;O,, nanosheets was diluted 9 times after 14 days
of exfoliation, and the solution containing Tiy g;O, nanosheets was diluted 3.3
times after 21 days. Prior to making these stock solutions, the solution contain-
ing Ca,Nb;0;, nanosheets was stirred until all of the precipitate had dispersed
in the solution, while the other solution was decanted 30 min after it had been
removed from the rocking shaker.

LANGMUIR-BLODGETT DEPOSITION

The silicon wafer with native oxide layer was cut into pieces of about 1x1.5 cm?.
A substrate was first cleaned on a hot plate at 250 °C with a jet of supercritical
CO, and then in an oxygen plasma cleaner (Harrick plasma) at 30 W for
15 min. Langmuir-Blodgett depositions were carried out in a double-barrier
Langmuir trough with a vertical lifting configuration (MiniMicro from KSV
NIMA, Finland) under a constant rate of compression (3.0 mm min~—!). The
development of surface pressure was monitored (Figure 4.2a) and compression
was continued until the isotherm leveled off, indicating a dense monolayer film
of nanosheets had formed on the surface of the liquid. Especially depending
on the kind of nanosheets and age of the stock solution that was used, the
required surface pressure for a high coverage was II ~ 15 mNm~! (Il ~
20 mN m™!) for Ca,Nb;0,, (Tig g70,) nanosheets. By continuous movement
of the barriers (£3.0 mm min—!), the surface pressure was maintained while
the substrate was lifted out of the liquid at a constant rate of 1.0 mm min~",
during which the monolayer was transferred to the substrate. AFM height
images of resulting samples with a high coverage of Ca,Nb;0,, and Tij ¢,0,
nanosheets are displayed in Figure 4.2b and c, respectively.

Three types of monolayers were deposited on the substrates, i.e. Tijg,0,,
CayNb;0;, and a mixture of both types of nanosheets. Tij g, O, nanosheets
were deposited after further diluting the stock solution 12.3 times, while the
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Figure 4.2: (a) Three isotherms that were recorded prior to the deposition of densely packed
monolayers of Ca,Nb;0,,, Tigg,0, and a combination of the two types of nanosheets. (b,c) TM-
AFM images of the resulting monolayers for films of Ca,Nb;O,, and Tij 5,0, respectively.

stock solution of Ca,Nb3;0,, was used as prepared. In the case when a mixture
of both types of nanosheets was desired, 10 mL of each stock solutions were
mixed with 30 ml water, and a deposition was performed at IT = 17.5 mN m™".

PULSED LASER DEPOSITION OF SRRUOj3

SrRuO; films were deposited by pulsed laser deposition using the conditions of
[26] ' as also described in section 3.2 on page 49. All depositions
were carried out for 60 min, yielding a layer thickness of 34 + 7 nm.

Kuiper et al.

ANALYSIS AND CHARACTERIZATION

The topography of the samples was analyzed with a Dimension Icon atomic force
microscope (Bruker AXS) using the standard tapping mode option. For selected
samples, the relative coverage of nanosheets on the substrates was determined.
In these cases, AFM scans were made on at least five different locations on the
sample. The data were subsequently processed using Gwyddion (2.29 or higher)
and the resulting images were analyzed by ImageJ (1.45s or higher) to obtain
a value for the relative coverage of nanosheets.

Crystallographic information was obtained with a D8 Discover diffractometer
(Bruker AXS). HR-SEM was performed on a field emission microscope (addi-
tional information about the equipment can be found in chapter 2). EBSD was
performed using a probe current of 250 pA and 4 X 4 binning, and resulting
Kikuchi patterns were fit to a cubic unit cell (P53, ac = 3.928 A) using
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Aztec 2.0. In addition, an ultra-high vacuum Orion Plus helium ion microscope
(Zeiss) equipped with an Everhardt—Thornley detector (to record images based
on secondary electrons) was used.

The samples were cut to sizes of 17 4+ 2 mm? after which magnetization
measurements were conducted on a vibrating sample magnetometer (PPMS
by Quantum Design). Magnetic moments were determined as a function of
magnetic field and temperature, with the magnetic field applied parallel or
perpendicular to the surfaces of the samples.

43 INFLUENCES OF NANOSHEETS ON GROWTH OF SRRUO;

ANALYSIS OF THE MORPHOLOGY OF SRRUO3 ON NANOSHEETS As can
be seen from the TM-AFM images in Figure 4.3, the topography of SrRuO; was
influenced by the underlying nanosheets. On the parts of the substrates that
were not covered by nanosheets, larger and more separated grains were found
than on the areas that did contain nanosheets. This observation is corroborated
by the values for the RMS roughness. For SrRuO3 on Ca,Nb;0,, nanosheets,
Tiy g70, nanosheets, and parts free from nanosheets, the RMS roughnesses were
R, = 5.8 nm, 4.4 nm, and 11 nm, respectively. These values are significantly
larger than those measured for SrRuO; deposited on single crystalline substrates
such as (001) SrTiO; (SrRuO; deposited on this substrate using the same
conditions had an RMS roughness of R, = 0.24 nm). Note that the AFM
images of Figure 4.3 were made on samples with a relative sparse distribution of
nanosheets. The reason to show these images is that the different morphologies
of SrRuO; on and off the nanosheets are well visible. Similar film morphologies
were obtained on densely packed monolayers of nanosheets (not shown), which
were used for all further analysis and characterization.

Marked differences were observed between the morphologies of the films on
CayNb30;, and Tij 5,0, nanosheets. The films on Ca,Nb;O;, nanosheets
(Figure 4.3 a,b) were atomically smooth but contained deep trenches that
formed a maze of nanostructures that meandered over the substrate. The
trenches preferentially ran into two directions on a single nanosheet. This ob-
servation is also illustrated by the inset in image 4.3b, which shows the existence
of fourfold symmetry in the two dimensional slope distribution analysis of the
AFM image. The symmetry in the slope distribution analysis is a strong indi-
cation for epitaxy on the Ca,Nb30O;, nanosheets, where facets follow preferred
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Figure 4.3: TM-AFM height images of SrRuO; deposited on Si substrates containing seed layers
of (a,b) Ca,Nb;O,, and (c,d) Tig 5,0, nanosheets. The inset in (b) shows the slope distribution
analysis from the corresponding AFM height image. (e) Height profiles measured along the lines in
(b) (upper, red line) and (d) (lower, blue line).

crystallographic planes of SrRuO;. On Tij g;O, nanosheets the SrRuO; layer
had a typical grain structure in which no such symmetry could be found (Figure
4.3c,d). Regardless of the type of nanosheets that was used, the morphologies
of the films were not significantly influenced by changing the deposition pres-
sure between 0.03 and 0.6 mbar, or the substrate temperature between 600
and 700°C.

The observed strong variation in morphologies may be explained both by
thermodynamic and kinetic considerations. Kinetically, roughness is determined
by surface chemistries (e.g. surface charges, contaminations, or dislocations),
which may affect sticking coefficients or diffusivities during deposition.[26:27]
Thermodynamically, roughness can be caused by stress or by large surface or
interfacial energies.[28] In the next chapter, experimental results are presented
that suggest a thermodynamic origin for the observed roughening of films of
SrRuO; on Ca,Nb;Oyy.
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Table 4.2: Lattice structure and parameters of the two kinds of nanosheets and SrTiO;, together
with the lattice mismatch of SrRuO; with these materials.

Material Lattice Lattice Mismatch
structure parameters SrRuO,
Ca,Nb, 0, 2D square a=b=386A +1.7%
Tig 705 2D rectangular  a = 3.76 A +4.3%
b=297A —6.9%
SrTiO, 3D cubic ac = 3.905 +0.6%

XRD and EBSD results discussed below indicate epitaxial growth of SrRuO,
on the individual (single crystalline) nanosheets. Relatively large lattice mis-
matches between the nanosheets and SrRuO;, and consecutive large elastic
strain from registry of the two lattices led to rapid development of stress and
may explain roughening of these films. Table 4.2 shows the lattice mismatches
for (001)pc and (110)pc oriented SrRuO; on Ca,Nb;0,, and Tij g,0,, respec-
tively. The excessive growth of crystallites that was observed in between the
nanosheets may be explained by suppression of nucleation due to absence of a
periodic potential in the amorphous oxide layer on Si.

Large interfacial energies may have also caused roughening of the films. In
particular, the (110),. oriented film may have coarsened due to anisotropy in
the surface energy. Generally in perovskite oxides, the (001). planes have the
lowest surface energy.2932 The facts that the (001)pc oriented crystallites
on Ca,Nb3;0,, nanosheets had atomically smooth surfaces and square-shaped
facets, indicate that SrRuO5 forms no exception to this generality. Therefore,
the (110) . oriented film may have preferentially formed (001),,. surface planes,
thereby increasing its roughness. This theory is further enforced by the high
roughness that was measured on a film deposited on (110) SrTiO; (Rq =
3.5 nm).

ANALYSIS OF THE CRYSTAL ORIENTATION OF SRRUO3 ON NANOSHEETS

The XRD data in Figure 4.4a show the result of w — 260 scans on different films.
The bottom curve was obtained from a sample where SrRuO; was deposited
directly on a silicon substrate, the middle curve was obtained when a layer of
Tiy g70, nanosheets with a relative coverage of 96.3 &= 0.9 % was used, and
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Figure 4.4: (a) XRD patterns of SrRuO; deposited on silicon (bottom curve), on silicon containing
a monolayer of Tij 4,0, nanosheets (middle curve, multiplied by a factor of 10), and on silicon
containing Ca,Nb; O, nanosheets (top curve, x100). The black lines above the patterns indicate
the theoretical positions of the diffraction spots of bulk SrRuO; and Si. Rocking curves that were made
on the sample containing (b) Ca,Nb;0,, (260 = 46.28°), and (c) Tiy 570, nanosheets (20 = 32.26 °).
The curve in (b) was fitted with a single Gaussian function, while two Gaussian functions were used
to fit the curve in (c) (the background was fitted with a linear function).

the top curve was obtained with a seed layer of Ca,Nb;0;, nanosheets having
a relative coverage of 95.7 + 1.6 %. When SrRuO; was directly deposited on
silicon, no significant peaks other than those from the substrate were found.
When Tij g;0, nanosheets were used, the strongest peak was found at 20 =
32.3°. A rocking curve was made at this angle by scanning w in a window
of 18° (Figure 4.4c), yielding a FWHM of 3.4°. A different orientation was
measured on Ca,Nb;0,, nanosheets, where peaks were observed at 20 = 22.7°
and 46.3°. In this case an additional peak was observed at 20 = 44.4°, having
an intensity of 4% compared to the peak at 260 = 46.3°. The rocking curve
that was made at 20 = 46.3° had a FWHM of 1.3° (Figure 4.4b).

Control of the crystallographic orientation by nanosheets is illustrated by
the fact that film peaks were observed only when SrRuO; was deposited on
nanosheets. The absence of film peaks in the case where SrRuO; was directly
deposited on silicon can be explained by the lack of a preferred orientation in
this case, together with the absolute amount of material in the films. The peak
observed for the film on Tij 5;O, nanosheets is matching well with the (110),,.
orientation of SrRuQ;. Also, the (001),. and (002),. planes of SrRuO; diffract
at angles where the two main peaks were found for the film on Ca,Nb3O,,
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nanosheets.[33] The w rocking curves further confirmed preferred orientations
of the crystallites when deposited on nanosheets. Thus, preferred out-of-plane
orientations of the films were confirmed when seed layers of nanosheets were
present.

The observed preferential out-of-plane orientation was in both cases expected
from lattice matching with the underlying nanosheets (Table 4.2). After all,
pseudo-cube on cube epitaxy of SrRuO5; on Ca,Nb;0,;, nanosheets is most
likely in the [001],. direction, while the rectangular structure of the Tij 4,0,
nanosheets most likely promotes growth in the [110],. direction. Besides, epi-
taxy is likely in these directions because then the oxygen octahedra of the films
and nanosheets are aligned (Figure 4.1), resulting in a continuous octahedral
backbone through the nanosheets and films. The FWHM of the two rock-
ing curves are significantly different, suggesting that the crystallites were more
strongly oriented on Ca,Nb30,, than on Tij g;O, nanosheets. This observa-
tion was also in accordance with the expectations, since the lattice mismatch
between Ca,Nb;0,, and SrRuQj; is significantly smaller than that between
Tiyg70, and SrRuQ;.

The positions of the peaks for both SrRuO; on Ca,Nb;0,, and Tij; 4,0,
nanosheets indicate that the films were free from strain (dpo1 = 3.91 nm and
di10 = 2.77 nm). Most probably, elastic relaxation was accommodated by
a large number of dislocations and grain boundaries in the films, which is in
line with the observed morphologies, as discussed above. Another cause for
release of strain may be found in the 'flexible nature’ of the nanosheets, which
may have resulted in a relaxed film on a strained seed layer.'”] A rational
condition for the latter explanation is that the nanosheets should not clamp
to the substrate at the high deposition temperatures. Fractions of the film on
CayNb;0;, nanosheets may have been compressively strained, as that would
explain the presence of the small peak (dggp2 = 2.04 nm). It is possible that
a fraction of SrRuO; was strained by the unilamellar nanosheets or by thicker
crystallites that had not been completely exfoliated into unilamellar sheets.

4.4 MAGNETIC ANISOTROPY IN SRRUQOj3 FILMS ON NANOSHEETS

Temperature dependent magnetization measurements showed anisotropy when
either a layer of Tijg,0, or Ca,Nb3O,;, nanosheets was used, but not when
SrRuO; was directly deposited on Si (Figure 4.5). For both films on nanosheets,
the easy axis was parallel to the surfaces. Fits of the saturation magnetization
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Figure 4.5: Magnetic characterization of SrRuO; on (a) Ca,Nb;O,, nanosheets, (b) Tij 4,0,
nanosheets, and (c) silicon without a layer of nanosheets. The data represented by closed symbols
were obtained by applying the magnetic field parallel to the plane of the surface, while the field was
applied out-of-plane for the data represented by the open symbols. The left side shows magnetic
hysteresis curves of films at 20 K, 120 K, and 160 K, for which the diamagnetic background signals
from the silicon substrates were extracted. Temperature dependency of the saturation magnetization
is displayed on the right, together with fits to Brillouin functions calculated from Weiss theory of
ferromagnetism. With the assumption of zero external field and for different angular momenta (J),
the theoretical curves were fitted (up to 155 K) to the data. Best fits were produced for different
values of J by an iterative process, where alternately the absolute saturation magnetization (Mg abs)
and the Curie point (T'c) were varied. Mg .15 and T'c where then chosen from the fit with the lowest
least squares. Brillouin curves are shown for J = 1, 4, and oo, where J increases in the direction of
the arrow.
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Figure 4.6: Coercive field as a function of temperature for SrRuO; deposited on silicon containing
CayNb; 04y, Tig 6705, and no nanosheets. The data obtained with the field applied in the plane of
the surface are represented by closed symbols, while the open symbols represent data obtained with
the field applied out-of-plane. The solid lines are fits to a third order function and serve only to guide
the eye.

versus temperature to theoretical Brillouin functions with J = 1, 4, and oo
showed that all data were best followed by the Langevin functional dependency
(ie. J = o00). Ferromagnetic behavior was measured up to ~ 160 K in all
three cases (Figure 4.5 and 4.6). The only exception was found when the field
was applied in the plane of the surface for the case of SrRuO5 on Ca,Nb;0,,
nanosheets, where the Curie temperature appeared ~ 6 K lower.

The anisotropy in the magnetic response for films deposited on nanosheets
clearly illustrates that the control of orientation had a significant effect on the
properties of the films and was therefore most probably of magnetocrystalline
nature. In contrast to these results, the preferred direction of magnetization
was measured to be out-of-plane when SrRuO; was deposited under the same
conditions on (110) and (001) oriented SrTiO; substrates (see e.g. Figure 5.13
on page 109). These films on SrTiO; were compressively strained while those
on nanosheets were free from strain. Due to the strong spin-orbit coupling in
SrRuQj;, strain has a substantial effect on the magnetization. This was pre-
viously observed for SrRuO; on both (110) and (001) oriented SrTiO5, where
the strain was tuned between compressive and tensile by the introduction of a
buffer layer.343%] |n both of these cases, the easy axis rotated into the plane
of the surface after changing the strain from compressive to tensile. Besides by
strain, the direction of the easy axis may have been influenced by the roughness.
The films were found to be rougher on the nanosheets than on the SrTiO; sub-
strates. A preference for out-of-plane magnetization due to surface anisotropy
might have been reduced because of the higher roughness of SrRuO; on the
nanosheets. It is noted that on a macroscopic scale, the SrRuO; films were
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randomly oriented in the surface plane, because the nanosheet templates were
also randomly oriented. On the other hand, the orientations of the films on
the single crystalline substrates were fixed in all directions. The two classes of
films were therefore essentially different and only for this reason differences in
the magnetization behavior are expected.

The measured Curie temperatures are close to the value measured for bulk
SrRuO; (T'c = 165 K).[181 When SrRuQ; is strained, for example, by clamping
on a substrate, the Curie temperature decreases. For example, Gan et al. found
a Curie temperature of 150 K for SrRuO; on a (001) oriented SrTiO5 substrate
and showed that this temperature had increased by 10 K after decoupling the
film from the substrate.[3 With respect to this study, the comparatively high
Curie temperatures found in this work form yet another indication of relax-
ation of the films. The deviant value for the Curie temperature of SrRuO; on
Ca,Nb;0;, nanosheets may be explained by assuming that this film was partly
strained, which is in line with the side peak observed in the XRD pattern of
Figure 4.4.

Signatures of high concentrations of defects were seen from the magnetiza-
tion measurements, for instance by the high coercivity as plotted in Figure 4.6
and the large switching areas in the hysteresis curves of Figure 4.5. These ob-
servations can be explained by a large number of free poles, which add up to the
magnetostatic energy of the system. Free poles are formed both at the grain
boundaries and at imperfections (e.g. dislocations) inside the grains, the latter
ones cause pinning of the domains during domain wall motion resulting in an
increase of the coercive force (compared to films with less imperfections). The
magnetic characterization is in accordance with the AFM and XRD analyses, as
all results indicate an abundance of grain boundaries and imperfections in the
films. The coercive field was significantly lower when SrRuO; was deposited on
Ca,Nb; 0, than when it was deposited on Tijy g;O, nanosheets. This observa-
tion is also in agreement with the XRD data, which indicated that crystal growth
was controlled to a higher extent by Ca,Nb;O;, than by Tij g;0, nanosheets.

The large concentration of defects and high roughness explains the observed
classical magnetic behavior by the Langevin functional dependency. In addition,
the absence of a preferred in-plane orientation may have caused the total of all
magnetic spins in the films to show classical rather than quantum mechanical
behavior. Note that a VSM is sensitive only for the complete magnetization of
a sample. Therefore, no conclusions can be drawn on the magnetic behavior of
SrRuO; on individual nanosheets.
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45 TWO PREFERENTIAL ORIENTATIONS ON A SINGLE SUBSTRATE

One of the great promises of nanosheets is that different kinds can be de-
posited on a single substrate to locally control the orientation of a film deposited
thereon. To illustrate this concept, a mixture containing both Ca,Nb;O,, and
Tiy g70, nanosheets was made and transferred onto a single substrate. On top
of this monolayer, SrRuO; was deposited.

After the deposition of nanosheets, a densely packed monolayer with a relative
coverage of 95.7+2.0 % was obtained (Figure 4.7). The two types of nanosheets
could be distinguished in the AFM height images by their respective heights
(Tig 5705 nanosheets have a thickness of 0.75 nm, while Ca,Nb30,, nanosheets
are 1.44 nm thickl31). From the contrast in height, the relative coverage of
Tiy g70, nanosheets was determined to be 69.6+2.3 % and the relative coverage
of Ca,Nbs0,, to be 26.1 + 2.8%. After PLD, both AFM (Figure 4.7b) and
helium ion microscopy images (Figure 4.8) showed two clearly distinct surface
morphologies on the SrRuO; film. Both a smooth layer containing trenches
(typical for films on Ca,Nb;0O;, nanosheets) and more regular grains (typically
observed on Tij g;0, nanosheets) were observed.

In the XRD pattern (Figure 4.9), both peaks corresponding to the (000)p
and (hhO0),. planes were found. The FWHM of the two peaks were a bit larger
than those found when SrRuO; was deposited on a substrate with just one of
the two nanosheets. However, also in this case the rocking curve on the (110),
planes was significantly broader than that on the (002), planes. Assuming that
the shapes of the two rocking curves were independent of the rocking direction,
the volumes (V') under the two curves were estimated by equation 4.1. This
equation was obtained after taking a volume integral over the Gaussian function
(Io is the intensity at the center of the curve). In a powder diffractogram,
the relative intensities of the (002)pc and (110),. peaks are 35 % and 100 %,
respectively.[33] After correcting for these values, the relative amounts of SrRuO4
in the two particular orientations were estimated to be respectively 83 % and
17%. This result is another indication that the crystallographic orientation
was significantly less well controlled on the Tij, g;0, nanosheets than on the
Ca,Nb30,, nanosheets.
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Figure 4.7: TM-AFM height images of a monolayer of mixed Ca,Nb;0,, and Tij 57O, nanosheets
on silicon (a) before and (b) after deposition of SrRuO;. The height profiles of the lines drawn in (a)

and (b) are shown in (c).

Figure 4.8: Helium ion microscopy images of SrRuO; on mixed Ca,Nb;0, and Tij - O, nanosheets
on silicon. Two different regions are shown that are characteristic for SrRuO; on (a) Ca,Nb;0,, and
(b) Tig g70, nanosheets (acceleration voltage was 35 kV, working distance was 5.5 mm and sample

tilt was 20°).
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Figure 4.9: (a) XRD patterns of SrRuO; on silicon containing both Ca,Nb;O,, and Tij 4,0,
nanosheets. Rocking curves (b) and (c) were obtained with 26 fixed at 46.30° and 32.36°, respectively.

Both rocking curves were fitted with two Gaussian functions.
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Part of the sample was mapped by EBSD, the results of which are shown in
Figure 4.10. Areas with a clear (001),, orientation were present, as can be seen
from the inverse pole figure map of the direction perpendicular to the surface
(z). More interestingly, the inverse pole figure map of a parallel (z) direction
showed that the individual (001);, oriented areas had a single orientation parallel
to the plane of the surface. On the areas where no strong (001),. orientation
was observed, the grains were mostly oriented with the (110),. planes parallel
to the surface. The preference, however, was less clear in these areas than in the
areas which showed a (001),. orientation. Two different areas were selected
for which a single underlying nanosheet was expected. The two pole figures
in Figure 4.10d and e were constructed from the resolved diffraction patterns
obtained from these areas. A preferred (001),. orientation is observed in Figure
4.10d, while Figure 4.10e mainly shows (110), oriented SrRuOs.

The inverse pole figure maps and pole figures demonstrate that the orien-
tation of the crystallites was controlled both parallel and perpendicular to the
direction of growth. Particularly, the two pole figures clearly show that both
(001)pe and (110)p oriented SrRuO; had a single preferential orientation in
all directions. This observation forms a strong indication for epitaxy, where
the crystallographic orientations in the film were determined by the underly-
ing nanosheets. The preference was more pronounced for the (001),, oriented
parts than for the (110), oriented parts. The difference is partly explained by
the higher roughness of the film in the (110),. oriented areas, which led to a
smaller band contrast in the diffraction patterns (Figure 4.10a). Stronger de-
viations from the (110),. orientation were also indicated by the XRD patterns
and divergence of solutions in the inverse pole figure maps. Nevertheless, the
single crystal orientations that were most clearly demonstrated by the two pole
figures indicate that SrRuO; grew epitaxially on both Ca,Nb;0,, and Tij, 5,0,
nanosheets.

Magnetic characterization of the film on the mixed nanosheets is shown in
Figure 4.11. Magnetization properties of this sample are expected to be the
convolution of SrRuO5; on Ca,Nb;O;, and Ti, g;0, nanosheets. Markedly,
the preference for the magnetization parallel to the surface plane was less pro-
nounced than when only one of the two types of nanosheets was used. This
difference was probably caused by small experimental variations during fabrica-
tion and measurements of the samples.
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Figure 4.10: Electron backscatter diffraction images showing the (a) band contrast, (b) inverse pole
figure map of the z-direction normal to the surface, (c) inverse pole figure map of the z-direction
parallel to the surface, and (d,e) pole figures constructed from the two areas highlighted in the band
contrast image (contouring was applied).
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Figure 4.11: Magnetic characterization of SrRuO; on silicon containing both Ca,Nb;0,, and
Tig g70, nanosheets. (a) Magnetic hysteresis loops for 20, 120, and 160 K. (b) Saturation magne-
tization versus temperature, together with fits to Brillouin functions (J increases in the direction of
the arrow from 1 to 4 to 00). (c) Coercive field plotted versus temperature, where the third order
fits serve to guide the eye. Open symbols represent measurements in which the magnetic field was
applied perpendicular to the surface of the sample, while closed symbols are used for the data that
was obtained with the magnetic field applied parallel to the surface.
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Only data about the complete magnetization of a sample can be obtained
with a VSM, so local variations within samples could not be mapped. Since
the orientation of SrRuQj; is controlled locally by the different nanosheets, one
may postulate that the film had position dependent magnetic properties that
were determined by the type of nanosheet under the film. The relative dis-
tribution of the two kinds of nanosheets was completely random in this case,
which was solved by developing a method to attain control of the positioning of
nanosheets, as discussed in the next chapter. Such control may pave the way
to advanced functional films where the properties are controlled locally by the
crystallographic orientation.

46 (CONCLUSIONS

Inorganic nanosheets of Ca,Nb;0,, and Tij 5,0, were placed on silicon sub-
strates and used to control the nucleation of SrRuO; during growth by PLD.
The nanosheets proved to influence both the crystallographic orientations and
magnetic properties of the films. Magnetic anisotropy was measured when
SrRuO; was deposited on one of the two types of nanosheets but not when it
was deposited directly on a silicon substrate. The typical dimensions of nano-
sheets allow to control the orientations of films on much smaller length scales
than what is typically achieved on single crystalline substrates. This concept
was explored by deposition of SrRuO; on a mixed monolayer comprising both
types of nanosheets. Compared to single crystalline substrates, nanosheets are
still considered inferior because of poor control of their dimensions, shapes, po-
sitioning, and orientations. However, nanosheets may offer unique advantages
over costly single crystalline substrates. For example, previous work proves that
nanosheets can be placed on all sorts of (amorphous) substrates to gain control
of the crystallinity of films deposited thereon. In this chapter, the aim was to
show that another advantage lies in the ability to locally control the nucleation
of materials, which allows tailoring their properties on a (sub-)micrometer scale.
Possibly, such control will be having important implications in various fields and
will prove useful for applications in, for instance, data storage and MEMS.
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CONTROLLED GROWTH AND PATTERNED
ORIENTATIONS OF PEROVSKITE OXIDE
THIN FILMS ON NANOSHEETS

Perovskite oxide heteroepitaxy was realized on top of the amorphous oxide surfaces
of Si substrates by making use of inorganic nanosheets that acted as single crystalline
templates during film growth. Thin films of SrRuO; were deposited in a (001),. and
(110)p. orientation on nanosheets of Ca,Nb;04 and Tigg;0,, respectively. When
deposited on a layer of Ca,Nb;0;4, the roughness of these films was reduced down
to the atomic-scale by introducing a buffer layer of SrTiO5. A stack of two layers of
Tig.g70, nanosheets was required to obtain a film of SrRuO; that was well textured in
the [110],. direction, because the first layer of nanosheets reacted with the substrate
at the elevated deposition temperatures. The films had resistivities close to those
measured for fully oriented ones, and showed magnetic anisotropy with the easy axes
and Curie temperatures determined by the underlying nanosheets. The two types
of nanosheets were patterned to locally tailor the crystallographic orientation and
properties of SrRuO;. The success of this approach was demonstrated by EBSD and
spatial magnetization maps. An unprecedented control of perovskite film growth on Si
substrates is illustrated in this chapter, and the methods that were developed to deposit
SrRuOj thin films are a viable starting point for growth of artificial heteroepitaxial thin
films that require a bottom electrode. Control was not just reached in the direction
of film growth, as the crystal orientation was regulated laterally on the surface of
micropatterned nanosheets. The concept of being able to pattern the orientation and
properties of thin films creates new prospects for fabricating heterostructures that may

find use in future generation devices.
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5.1 INTRODUCTION

The past years have seen an inexhaustive interest in complex oxide electronics,
which has largely been fueled by the atomic scale precision with which metal ox-
ide thin films can be deposited and the associated phenomena originating from
the artificial interfaces, epitaxial stress and strain, and/or crystallographic ori-
entation.[!8] Development and commercialization of perovskite-based devices
has for a large part been hampered by the challenge to interlace the technology
with existing (Si-based) processes, which is related to the requirement for a
lattice-matching inert crystal to direct the film formation. Ideally, full control
of the crystal structure as can be reached on single crystalline substrates should
not only be retained, but also scaled-down in order to achieve miniaturization.
Textured growth of various metal oxide layers on arbitrary substrates was re-
cently illustrated by epitaxy on inorganic nanosheets, 915! which by their lateral
sizes in the (sub-)um range and variety of crystal lattices!'® allow for new pos-
sibilities to locally tailor the important structural parameters of a thin film. This
opportunity is exploited in this chapter, for which a perovskite oxide thin film
was fabricated in which the strain, crystallographic orientation, and properties
were patterned for the first time. Therewith, one of the restrictions for the
design of functional devices is lifted, as this approach allows to locally control
the growth and properties of thin films without changing their compositions.

PLD was used to form thin films of SrRuO; on silicon substrates with amor-
phous oxide surfaces, during which two different kinds of nanosheets were used
to orchestrate crystal growth: Crystalline templates of Ca,Nb;0,, led to epi-
taxial growth in the [001],. direction, while seed layers of Tijyg,0, yielded
(110)p oriented films. The conducting perovskite was deposited not only as
model material to illustrate the ability to locally tune its magnetic behavior, but
also because of its widespread application as electrode in all oxide heterostruc-
tures.[17] Results on growth of this material on substrates covered exclusively
with nanosheets of either Ca,Nb;O,4 or Tij 5,0, are discussed first, and the
purpose of these studies was to comprehend and improve growth on the indi-
vidual nanosheets. Several ways are introduced to master film growth on top
of the two-dimensional seed crystals, which led to thin films of SrRuO; that
showed strong resemblance to fully oriented ones when e.g. roughnesses or
resistivities were compared. The properties of the films are shown to depend
on the underlying nanosheets, and by fabricating micropatterns of both types
of nanosheets, these properties were combined into a single sample.
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5.2 EXPERIMENTAL METHODS

EXFOLIATION AND DEPOSITION OF NANOSHEETS The same materials and
precursors were used as mentioned in the previous chapter from page 66. The
precursor powder of choice (0.4 g) was added to a screw cap bottle (250 ml
polypropylene from Kautex) containing 100 ml water. The bottle was shaken
vigorously for 1 min, after which TBAOH (40% w/w; 479 ul in the case
of HCNO and 845 ul in the case of HTO) was added and mixed with the
dispersion by flipping the bottle upside-down (10x). The bottle was then
placed horizontally on a rocking-shaker operating at 30 oscillations per minute,
and was kept there for 9 (HCNO) or 6 days (HTO). The content of the bottle,
including all precipitate, was then diluted in water (400 ml in the case of HCNO
and 1900 ml in the case of HTO) and stored for 5 (HCNO) or 4 (HTO) days
before use.

Prior to a Langmuir-Blodgett deposition, the surface of the Si substrate was
cleaned in a similar way as described in the previous chapter, that is by snow
jetting and plasma cleaning. Samples that already contained one or more layers
of nanosheets and required an additional layer were cleaned by plasma only (for
2 min). When Ca,Nb;0,, nanosheets were to be deposited, a syringe was used
to carefully extract 50 ml of the top part of the stock dispersion and add the
dispersion to the Langmuir trough. For the deposition of Tij 4,0, nanosheets,
a pipette (Eppendorf) was used to transfer the stock dispersion (4 x 5 ml)
to a screw cap bottle (100 ml polypropylene from Kautex) after which water
was added (30 ml; without further agitation). After 15 min of waiting, this
dilution was poured into the Langmuir trough. After waiting for (another)
15 min, the cleaned substrate was clamped on the dipper and the Wilhelmy
plate was hanged in place on the microbalance after completely immersing it
in the dispersion. The dipper was then lowered to submerge the substrate in
the liquid, and after again 15 min the microbalance was tared and movement
of the barriers was initiated. The actual transfer of a monolayer of nanosheets
was done in a similar way as described on page 68. Before conducting any
further experiments other than topographic analysis by AFM, all samples were
annealed in a microwave furnace (Microsynth, Milestone Srl) that was heated
from room temperature to 600 °C at maximum power (1.0 kW) for 30 min.
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PATTERNING OF NANOSHEETS

To make alternating line patterns of Ca,Nb;0,, and Tij g;0, nanosheets, first
two monolayers of Tij 5,0, nanosheets were deposited and annealed. On top of
this sample, hexamethyldisiloxane (Merck) was spin coated first (at 4000 rpm
for 45 s), followed by casting a 1.7 pum thick layer of photoresist (OiR 907-12
from Olin Microelectronic Materials Inc.; spin coated at 4000 rpm for 30 s)
and heating at 90 °C for 2 min. The sample was then optically exposed (in a
Karl Suss MA56 Mask Aligner for 10 s with a Hg lamp emitting at wavelength
v = 365 nm and yielding a surface power density I = 10 mW cm~2) under a
mask containing various line gratings ranging from 2 um to 50 pm in width.
The photoresist was subsequently developed (for 1 min using OPD 4262 from
Arch Chemicals) and baked on a hot plate at 110 °C for 2 min. Prior to
the Langmuir-Blodgett deposition of a layer of Ca,Nb3O;, nanosheets, the
patterned sample was treated with a plasma of oxygen (at 30 W for 2 min;
Harrick plasma). After the deposition, the sample was held upside-down in a
beaker containing acetone, carefully moved back and forth for 1 min, dipped
in and then rinsed with ethanol, and finally dried in a stream of N,. HR-SEM
images of the resulting pattern can be found in Figure 5.1, which demonstrate
the success of patterning.

PULSED LASER DEPOSITION OF SRTIO5; AND SRRUO,

Pulsed laser depositions were carried out in a vacuum system equipped with
high pressure RHEED (TSST, the Netherlands) and using a KrF excimer laser
(LPXpro from Coherent Inc.; operated at 21.5 kV and v = 248 nm). The
central part of the laser beam was selected with a mask (rectangular shaped
with rounded corners and an aperture of 56 mm?) and focused on the target
of choice to a spot size of 1.8 mm?. The laser output was controlled with a
variable attenuator to yield a fluence of 1.30 Jem™2 or 2.10 Jcm™2 on the
stoichiometric targets of SrTiO; (single crystalline target) or SrRuOj (sintered
powder from Praxair electronics), respectively. Using a continuous stream of O,
gas, the vacuum chamber (P,ase < 1-107% mbar) was brought to a pressure
of P = 0.080 mbar, after which the targets were pre-ablated (at 5 Hz for
6 min) to remove possible surface contaminations. The resistive heater was
then placed in deposition position (directly facing the target at a distance of
5 cm) and heated to 700 °C at 50 °C min~! (controlled by a thermocouple
inside the heater). For deposition of SrTiO;, the pressure was reduced to
P = 0.010 mbar, whereas SrRuO5 was deposited at the same pressure as used
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25 um

Figure 5.1: High-resolution SEM images of a pattern of 25 um wide lines of Ca,Nb;0,, nanosheets
on top of two layers of Tiy 5,0, nanosheets supported on a Si substrate, measured using (a) an in-lens
and (b) an EsB detector. The latter detector is particularly sensitive to compositional contrast, in
the present case to the different atomic numbers of Ti and Nb.

during pre-ablation. In general, SrTiO; was deposited for 10 min and SrRuO4
for 20 min, in the course of which both targets were ablated at 1 Hz. After
deposition, the samples were cooled in 100 mbar O, at a maximum rate of
20 °C min~!.

ANALYSIS AND CHARACTERIZATION

X-ray reflectivity and diffraction were performed either on an X'pert PRO MRD
or an X'pert PRO Powder diffractometer (from PANalytical), both equipped
with a Gobel mirror and a PIXcel detector (3D in the case of the MRD; 1D in
the case of the Powder). In addition, a four-bounce Ge(220) monochromator
was used on the MRD and for selected experiments the PIXcel®P detector was
replaced by a proportional counter with a triple axis module. For the films
on nanosheets, w was aligned on reflectance rather than the diffraction peak
of the substrate. Lattice parameters were determined by fitting the different
diffraction peaks with Gaussian functions, after which the Nelson-Riley function
was used to determine the expected values and errors.

AFM, HR-SEM, EBSD, and magnetization measurements (VSM and scan-
ning MOKE) were performed with the same equipment as mentioned in chapter
2, but the EBSD data discussed in this chapter were fitted using the refined
indexing option (Aztec 2.2). Resistance was measured with a PPMS, using a
probe current of 1 A, at which a resistance in the k{2 range was measured
for the native Si substrate (in contrast to the thin films, the resistance of the
substrate was non-ohmic of origin). Before conducting magnetization measure-
ments, the samples were cut using a wafering blade (Isomet, Buehler) to fit in
the pick-up coil, and their back-sides were polished to remove possible magnetic
contaminations.
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5.3 GROWTH AND PROPERTIES OF SRRUO3; ON CA3NB3Oqg

OPTIMIZATION OF GROWTH OF SRRUO3 BY INTRODUCTION OF A BUFFER
LAYER Nanosheets were transferred onto Si substrates by Langmuir-Blodgett
depositions, after which AFM was used to confirm successful formation of dense
monolayers. An example of a resulting image is given in Figure 5.2a, in which
single nanosheets can be recognized that collectively formed a closely packed
film, of which only a minor part consisted of overlapping or stacked sheets.
Based on AFM images recorded at six random locations, the coverage of nano-
sheets on this sample was determined to be 95 4+ 2 %.

Utilizing RHEED during subsequent PLD of SrTiO5 and SrRuO;, growth was
monitored in situ by measuring the intensity and FWHM of the specular spot.
It developed from a faint elongated spot before growth (Figure 5.3a) into a
spot of much higher intensity which remained clearly visible during the entire
depositions of both SrTiO; (Figure 5.3b) and SrRuO5. As shown in Figure
5.3c and observed in all of the experiments performed, the intensity of the
specular spot dipped during deposition of the first one or two monolayers of
SrTiO3, after which it sharply increased and started to oscillate while it further
increased steadily.

The low intensity of the RHEED specular spot observed before growth can
be explained by the small number of crystal planes in the nanosheets. During
the first few pulses of SrTiO;, the intensity of the specular spot dropped even
further due to increased scattering of the electrons from the coarsened surface.
Continuation of growth led to formation of additional crystal planes from which
the electrons could diffract, causing the (sharp) increase of intensity. Most
importantly though, oscillations were observed which are a footprint of atomic
layer-by-layer growth and enable monitoring and controlling thin film growth
on the atomic level. Note that similar observations have only been reported on
lattice-matching single crystalline substrates, while in this case epitaxial registry
with the substrate was absent.

Figure 5.2b shows an AFM image of this sample after growth of the SrTiO,
and SrRuO; heterostructure. The sample was analyzed by X-ray reflectivity
(XRR) and XRD as well, and resulting values for the thicknesses, roughnesses
and out-of-plane lattice parameters of both perovskite layers are given in Table
5.1. This table also includes values for the same variables of a SrRuO; thin
film that was deposited under similar conditions on a (001). oriented single
crystalline substrate of SrTiO;, which was made for reference. XRD data in
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Figure 5.2: TM-AFM height images of (a) a layer of Ca,Nb;0,, nanosheets on Si measured directly
after Langmuir-Blodgett deposition and (b) the same sample after PLD of SrTiO; and SrRuQO;. The
insets show height profiles measured along the (red) lines in the corresponding images and values for
the RMS roughness (Rq) are given as well.
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Figure 5.3: RHEED images (a) before and (b) after growth of SrTiO; together with (c) the
evolution of specular spot intensity (red) and FWHM (blue) during initial growth of SrTiO; (the
inset is a magnification of a single oscillation).
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Figure 5.4: XRD patterns of a film of SrRuO;|SrTiO; on a Si substrate covered with a monolayer
of Ca,Nb;0,, nanosheets, showing results from (a,b) 26 — w scans, and (c) w-rocking around 20 =
46.08°. The pattern in image (b) was recorded using a triple axis module, and the rocking curve in
(c) is displayed together with fits to two Lorentzian functions.
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Figure 5.4 indicate that both layers of SrTiO; and SrRuO; were epitaxially
coupled to the underlying nanosheets. In the 20 — w scan of Figure 5.4a, all
peaks could be assigned either to the (00l)./p. planes of the perovskite oxide
layers or of the Si substrate. The out-of-plane lattice parameters indicate that
at least the layer of SrRuO; was compressively strained on the SrTiO; buffer
layer. The lattice spacing of the interlayer was also larger than that of bulk
SrTiO;, but the obtained value does not necessarily signify that the buffer
layer was compressively strained. Film peaks were found when similar growth
conditions were used to deposit SrTiO; on a single crystalline substrate of
SrTiO;, suggesting that the increased lattice parameter may just as well have
resulted from off-stoichiometric growth. Clear Laue oscillations were observed
around the (001)/pc
corresponded well with the thicknesses of the two layers as determined from

diffraction spots (Figure 5.4b), the periodicities of which

XRR. A strong preferential orientation of the layers was confirmed from w-
rocking scans around the (002)/,,. peaks assigned to SrTiO5 (at 20 = 46.47°)
and SrRuO; (at 26 = 46.08 ©); the latter rocking curve can be found in Figure
5.4c. The rocking curves were best fitted with two Lorentzian functions having
a combined FWHM of 0.10°, which is the smallest value ever reported for
a film on nanosheets. Still, the spread of crystal orientations is larger than
that measured for the film of SrRuQO; deposited on a (001). oriented SrTiO,
substrate (FWHM = 0.03°).

Films grown on nanosheets were almost as smooth as those deposited on
single crystalline (001). oriented SrTiO; substrates, and even atomic terraces
were observed, as illustrated by the height profile in Figure 5.2b. Growth clearly
benefited from the presence of the interlayer of SrTiOj, since islands of SrRuO,
were obtained when the buffer layer was excluded. The reason for the strong
influence of the buffer layer on the morphology of SrRuO; may be twofold:
The newly created interfaces lead to alteration of the interfacial energies and
chemistries, which influences growth kinetics of SrRuQO;; and epitaxial strain
may be released in the interlayer, which leads to slower evolution of stress
during epitaxial growth of the conducting perovskite. To distinguish between
these two possible causes, the effect of reducing the thickness of the interlayer
on the morphology of the films of SrRuO; was studied ex situ (see Figure 5.5).
These studies showed that the first unit cells of SrTiO5 played a crucial role in
the formation of islands during deposition of SrRuO;, since only four to six unit
cells were required to obtain smooth films of SrRuO;. Smooth interlayers were
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Figure 5.5: TM-AFM height images of films deposited on Si substrates containing monolayers
of Ca,NbyO,, nanosheets, recorded after deposition of the buffer layer of SrTiO; (top) and after
growth of the buffer layer followed by growth of approximately 14 nm SrRuO5 (bottom). In the
different experiments, the thickness of the buffer layer was varied between 0 and 44 unit cells (U.C.)
as indicated above the AFM images. In all images a horizontal line can be found, marking the location
from which the height profile in the corresponding inset was obtained.

obtained in every case, and the AFM data indicate that three unit cells were
sufficient to completely cover the surfaces of the nanosheets. Still, nucleation
of islands was not completely suppressed in this case, which suggests that island
formation can not be explained solely by interfacial effects.

The other hypothesis to explain the effect of the buffer layer that remains
standing, namely that the initially large lattice mismatch between SrRuO; and
the nanosheets (+1.7%) was reduced by the introduction of an interlayer of
SrTiO;, is more plausible. Since the roughness of the SrRuO; thin film was
determined by the first unit cells of the buffer layer, this hypothesis requires
that elastic strain was relieved in the first few atomic layers of SrTiO;. Relax-
ation of the buffer layer may have resulted from formation of dislocations to
reduce stress caused by lattice matching with the nanosheets, but may also be
explained by transfer of strain into the nanosheets. The latter option considers
the nanosheets to be flexible as a result of their two-dimensional nature,[12:13]
but requires them to be attached to the substrate by weak (non-directional) in-
teractions only during PLD of the initial atomic layers. When a film with larger
lattice parameters than that of the nanosheets is grown (like in the present
case), sufficient space should be available for the nanosheets to allow their
lateral expansion. Considering the dense packing of nanosheets, large atomic
displacements in the nanosheets were obstructed with the result that generation
of defects in the film was inevitable.
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Figure 5.6: Magnetic and electrical characterization of the film of SrRuO; on Si containing a
seed layer of Ca,Nb;O,, nanosheets and a buffer layer of SrTiO;. (a) Magnetic hysteresis curves
obtained at 10 K measured with the field applied in the surface plane (blue squares) and out-of-
plane (red circles). (b) Temperature dependence of saturation magnetization (closed circles) and
remnant magnetization (open circles) for the out-of-plane direction, together with Brillouin curves (in
yellow) from Weiss theory of ferromagnetism for different total angular momentum quantum numbers
J =1,2,4,00, where J increases in the direction of the arrow (the best fit is displayed in bold, the
other curves use the values of the absolute saturation magnetization and Curie temperature obtained
from the best fit). (c) Sheet resistivity (p) plotted versus temperature.

MAGNETIC AND ELECTRICAL CHARACTERIZATION OF THE (001),. ORI-
ENTED FILM

Since SrRuQj; is a good conductor and possesses large magnetocrystalline ani-
sotropy that is highly sensitive to its condition in a thin film, the material has
served as electrode in various perovskite heterostructures, and has evolved as
model system for studying magnetism.['7l Here, magnetic and electrical prop-
erties were studied to evaluate the applicability of the film as conducting layer,
and to understand how properties are determined by the seed layer, putting this
film in perspective with a fully oriented one.

Figure 5.6a shows magnetic hysteresis loops of the sample measured at 10 K
for the in-plane (blue squares) and out-of-plane (red circles) directions. In
both cases a coercive field of H. = 0.8 - 105 A m~! was measured, and the
easy axis was found to be pointing out of the surface plane. The temperature
dependence of saturation and remnant magnetization measured along the easy
direction is shown in Figure 5.6b, and includes the best result from fits of
the saturation magnetization with Brillouin functions for different total angular
momentum quantum numbers (.J). The best fit was obtained for the Langevin
functional dependency (J = o0), yielding an absolute saturation magnetization
and Curie temperature as given in Table 5.1. This table also includes values for
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the room temperature resistivity and residual resistivity ratio obtained from the
graph displayed in Figure 5.6¢c. Values resulting from magnetic and electrical
characterization of the reference film of SrRuO; on single crystalline SrTiO;
are also included in Table 5.1.

Clear magnetic anisotropy was observed together with a Curie temperature
lower than that of bulk SrRuO;. The reduced Curie temperature was the result
of strain in the layer of SrRuQ3, as strain is known to affect both electrical and
magnetic properties of the material.['819] An even lower Curie temperature was
observed in the film on (001), oriented SrTiO; (see Table 5.1 and Figure 5.13 in
the appendix). This observation indicates that SrRuO; experienced more strain
from the single crystal than from the buffer layer on nanosheets, which is in
accordance with the out-of-plane lattice parameters. Variation of stoichiometry
between the single crystal and buffer layer may explain the different amounts
of strain between the two films of SrRuO,. In addition, imperfections existing
in the interlayer may affect growth of SrRuOj;, and lead to partial relaxation of
strain.

Upon further comparing the magnetic properties of the fully oriented film and
the film on nanosheets, a stronger anisotropy was found in the former case. Full
comparison between the two samples in this context is not meaningful, since
one sample had a single crystallographic orientation while the other had an
orientation that was only fixed in the out-of-plane direction. Still, this difference
may be explained by unequal strain states between the two films, as strain
has a strong influence on anisotropy in films of SrRuQ,.1*% Another difference
between the two samples is that Brillouin fits suggest classical behavior (J = o0)
of the spins in SrRuO; on nanosheets, while partial quantization of the angular
momentum (J = 4) is indicated for the fully oriented film. This difference is
possibly the result of the slightly better out-of-plane crystallographic order in
the film on the SrTiO; substrate, resulting in detection of quantization only in
this case.

Even though the film of SrRuO; and SrTiO5 on Ca,Nb;0,, nanosheets con-
sisted of multiple grains with different in-plane orientations, its resistivity was
only slightly higher than that of SrRuQ; on single crystalline SrTiO5, and resid-
ual resistivity ratios were comparable. In combination with the atomic scale
roughness and well-controlled crystal structure, these results reveal the potential
of using nanosheets to prepare artificial epitaxial heterostructures with SrRuO4
bottom-electrodes, as nanosheets offer a high degree of control during PLD and
remove the restriction of having to use specific substrates with matching lattice
parameters.

98



54 GROWTH AND PROPERTIES OF SRRUO3; ON T1jg709

OPTIMIZATION OF GROWTH OF SRRUOj3 BY DEPOSITION ON TWO NA-
NOSHEET LAYERS Two consecutive Langmuir-Blodgett depositions were per-
formed to coat a Si substrate with two layers of Tij g7 O, nanosheets, of which
the first layer covered 97.7 + 0.8 % of the substrate, and the second layer cov-
ered 94.8 + 0.9 % of that surface. An AFM image recorded after deposition of
the second layer is shown in Figure 5.7a, where the height profile in the inset
was obtained at one of the rare locations where the substrate was still exposed,
and clearly reveals the two layers of nanosheets. The AFM image of Figure 5.7b
was measured after PLD of SrTiO; and SrRuO;, and shows that the surface
morphology had coarsened by formation of sub-100 nm grains. Table 5.1 con-
tains values resulting from XRR and XRD analyses of this sample and a (110),
oriented film of SrRuO; that was deposited under similar conditions on a single
crystalline SrTiO; substrate.

Figure 5.8 shows XRD patterns of two samples where SrTiO; and SrRuO,
were deposited under similar conditions, but on substrates that were covered
by either one or two layers of Tijg,O, nanosheets. When just a single layer
of nanosheets was used (covering 97.3 + 0.2 % of the substrate), undesired
crystallographic orientations were observed, which could not be suppressed by
changing the PLD growth temperature between 650°C and 800°C. Using a
second layer of nanosheets led to complete suppression of undesired orientations
and an over tenfold increase of the peak intensities of the preferred (hh0)
orientation, which is even more significant when considering that the monolayer
of nanosheets consisted for 5 4+ 1% of overlaps and stacks.
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Figure 5.7: TM-AFM height images of Tij 53,0, nanosheets on Si (a) after the second Langmuir-
Blodgett deposition and (b) after PLD of SrTiO; and SrRuQO;. Both images include a value for the
roughness (Rq) and a height profile measured along the (red) line in the corresponding image.
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The second layer of nanosheets was required because at elevated temper-
atures the first layer reacted with the substrate and underwent partial struc-
tural transformations, impeding epitaxial growth of the perovskite film. These
transformations did not involve long-range migrations of atoms, since no sig-
nificant morphological changes were observed by AFM before and after heat-
ing a Si substrate containing a single layer of Tijg,0, nanosheets. X-ray
photoelectron spectroscopy (XPS) was used to study changes of chemistry
in the nanosheets and substrate by comparing the spectra of samples be-
fore and after thermal treatment, the results of which are displayed in Fig-
ure 5.9. Various changes were observed after heating a sample under deposi-
tion conditions. The intensity of the Si 2p peak of silicon bound to oxygen
(around a binding energy of BE =~ 104 eV) clearly increased compared to
that of bare Si (around BE =~ 100 eV), which means that the originally na-
tive oxide grew at elevated temperatures. At the same time, the intensity
of the O 1s peak around BE = 533 eV did not show such increase, in-
dicating that although the thickness of the SiO, layer increased, x actually
decreased. Small shifts to higher binding energy were observed in the Ti 2p
peaks (ABE = +0.13 £+ 0.02 eV) while the O 1s and Si 2p peaks from
the native oxide layer shifted to lower binding energies (the peaks shifted by
ABE = —0.26 £+ 0.11 eV and ABE = —0.25 4+ 0.07 eV, respectively). No
significant peak shifts were found for the O 1s peak of the nanosheets and the
Si 2p peaks of the substrate, and no signs of formation of silicides were found.
Also, no significant change of the atomic ratio in the titania nanosheets was
found before and after heating. The spectral shifts indicate (small) changes
of chemistry in the nanosheets and SiO, layer, suggesting that the first layer
of nanosheets may have been prone to formation of titanium silicates by reac-
tion with the amorphous silicon oxide surface, provoked by the direct contact
between the two.

Using two layers of Tij 5,0, nanosheets instead of one did not only influence
the crystallographic orientation, but also resulted in a smoother film (the rough-
ness of the film on just a single layer of nanosheets was R, = 3.9 nm). Still,
this film was significantly rougher than that discussed in the preceding section,
which is attributed to the high surface energy of the (110),. planes of SrRuO;,
as discussed in the previous chapter. The roughness of SrRuO; on two layers of
nanosheets was similar to that of the film deposited on a (110). oriented single
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Figure 5.8: XRD patterns of films of SrTiO;|SrRuQO; on substrates covered with Tij 4,0, na-
nosheets, including results from (a,b) 20 — w scans and (c) rocking w around 20 = 32.35°. The
red curves (the ones that show highest intensity around 20 = 32.35°) were obtained on a sample
containing two layers of nanosheets, the blue curves were acquired from a sample containing just a
single layer of nanosheets. The curve in image (b) was fitted to three Gaussian functions, where one
was used to fit the peak of the Si substrate, and two to fit those of the film. The w-rocking curves
in image (c) are displayed together with Gaussian fits that were used to determine the FWHM (the
value for the FWHM applies to both rocking curves).
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Figure 5.9: XPS spectra obtained from scanning two samples at two different emission angles around
the O 1s, Ti 2p and Si 2p peaks. Both samples consisted of a single layer of Tij ¢;O, nanosheets on
a Si substrate with oxide layer, of which one (in blue) was measured directly after Langmuir-Blodgett
deposition of the nanosheets and the other (in red) after bringing the sample to deposition conditions.
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crystalline SrTiO; substrate. Crystallographically these two films differed to a
greater extent, since XRD studies on the fully oriented film indicated partial
preservation of strain, as well as a smaller angular spread of the crystallographic
orientation (rocking w around (110),. yielded a FWHM of 0.04°). Substantial
lattice mismatch between the perovskite layers and Ti, 57O, nanosheets (Table
4.2) lies at the basis of the reduced control of crystallographic orientation, and
the absence of strain in these films.

MAGNETIC AND ELECTRICAL CHARACTERIZATION OF THE (110),. ORI-
ENTED FILM

Magnetic and electrical characterization was performed on the film deposited
on two layers of Tijg,0, nanosheets. The results can be found in Figure
5.10 and Table 5.1. Comparing the hysteresis curves measured in the two
directions, almost equal coercivities (H. = 1.0 to 1.1-10 A m~1) but different
saturation and remnant magnetization were measured, which showed highest
values when the field was applied in the surface plane. Compared to the film
on Ca,Nb;0;, nanosheets, the easy axis pointed in a different direction and
the anisotropy appeared weaker. The latter observation can be explained by
considering that the easy axis of the film on Tij g;0, nanosheets did have an
in-plane component, meaning that the magnetostatic energy could never be
completely minimized (since the in-plane orientation of the nanosheets could
not be controlled). Evidently, the magnetic properties of the film on Tij 5,0,
nanosheets were different from those on Ca,Nb;0,, nanosheets, illustrating the
ability to manage material properties by using lattice matching nanosheets.

In contrast to the film on Tij 5;O, nanosheets, the easy axis of the SrRuO,
thin film on a single crystalline (110). oriented SrTiO5 substrate was point-
ing out-of-plane (Figure 5.13). Rotation of the easy axis can be explained by
differences in strain between the two films, as Jung and co-workers illustrated
that the magnetic anisotropy and direction of the easy axis in films of (110),
oriented SrRuO; changed under the act of strain engineering.[29] Another dif-
ference between the film on nanosheets and that on single crystalline SrTiOs,
is that in the former case no signs of quantization of the magnetic spins were
observed, while in the latter case J = 4 was found. In addition, although the
room temperature resistivities of the two samples were of the same order of
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Figure 5.10: Magnetic and electrical characterization of the stack of SrRuO5 on SrTiO;3 on two
layers of Tij 5,0, nanosheets supported on Si. Magnetic characterization includes (a) hysteresis
curves measured at 10 K for the in-plane (blue squares) and out-of-plane (red circles) directions and
(b) temperature dependence of saturation magnetization (closed circles) and remnant magnetization
(open circles) when the field was applied in-plane. Similar as in Figure 5.6, Brillouin curves are
displayed that resulted from the best fit (indicating J = o). Electrical characterization includes (c)
the sheet resistivity of the sample plotted versus temperature.

magnitude, values diverged when the temperature was reduced, as clearly re-
flected by the higher residual resistivity ratio of the fully oriented film (Table
5.1). These differences possibly originate from the inferior crystallographic or-
der of the film on nanosheets, as reflected by its multitude of grain boundaries
and poorer film texture.

55 FILMS OF SRRUO3; WITH MICROPATTERNED ORIENTATIONS

The preceding discussion illustrates the potential of nanosheets to control crys-
tal nucleation, which not only provides a low-cost alternative to single crystalline
substrates, but also an entirely new toolbox to locally tune the structural param-
eters and properties of thin films. To illustrate the latter concept, Ca,Nb;04,
nanosheets were micropatterned on top of two layers of Tij, g;0,, and used to
locally tailor the orientation of SrRuO;. Crystallographic information of this
film was obtained by EBSD, see Figure 5.11. The inverse pole figure maps in
this figure indisputably prove the ability to control the crystal structure, since
line patterns altering between an (001),. and (110),. orientation can clearly
be recognized. Strong proof for epitaxy can be found in the maps containing
the in-plane crystallographic information, in which the shapes and sizes of the
different domains corresponded to those of the nanosheets.
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A texture map showing misorientation from the ideal [001],. and [110], di-
rections is found in Figure 5.11e, from which clear differences in microtexture
can be observed that are directly related to the control of crystal nucleation
and growth that was achieved on the two types of nanosheets. The (110),.
oriented part consisted of small subgrains that did not show any mutual corre-
lation, which was caused by the significant mismatch between Tij g;0, and the
perovskite film. In contrast, a more gradual change of orientation was indicated
on the (001), oriented film and intra-grain boundaries were observed in some
of the (larger) domains. Note for instance the misorientation profile in Figure
5.11f that was made along a single (001),. oriented domain, which indicates
coexistence of two subgrains having a boundary approximately halfway. This
kind of microtexture may have originated from imperfections in the seed layer,
like undulations or cracks of the nanosheets, but may have also developed during
relaxation events.

The spatial Kerr maps in Figure 5.12 demonstrate that patterning of the
orientations allowed local tuning of the magnetic characteristics of the film.
At 78 K, the complete film was ferromagnetic and the (001),. oriented lines
showed highest magnetization of the two. Upon increasing the temperature,
half of the material could be rendered paramagnetic, while the other (110).
oriented half remained ferromagnetic until T ~ 150 K. These observations
are corresponding with the measurements performed on the unpatterned thin
films. For instance, dissimilar Curie temperatures were measured for the film
on Ca,Nbz;0,, and Tijg;0, nanosheets (see Table 5.1). As most markedly
recognized in the area enclosed by the dashed box, the paramagnetic lines still
contained traces of ferromagnetic material. These erratic features shared their
Curie temperature with the (110),. oriented lines, and appeared at the same
location and with the same shape at 78 K by showing a lower magnetization
than their surrounding. These observations strongly indicate that these regions
actually contained SrRuOj oriented in the [110],. direction. Such deviations
from the intended crystal orientation may have resulted from an incomplete cov-
erage of Ca,Nb;0,, nanosheets, as can also be discerned in the EBSD images.
Note that the spot size of the modified Sagnac interferometer corresponded
to ~ 2 pm, implying that the ferromagnetic features may appear larger than
they actually were. Considering the overall picture, the magnetic characteristics
of the patterned lines are matching well with those measured for the two thin
films discussed in the previous sections, indicating that the deposition was not
influenced by the act of patterning.
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Figure 5.11: Inverse pole figure maps at (a,b) low (step size of 300 nm); (c,d) high (step size of
10 nm) magnification measured by electron backscatter diffraction (EBSD). For both magnifications,
the orientation of the film is displayed from (a,c) the out-of-plane and (b,d) an in-plane perspective.
(e) Out-of-plane texture map of the (110)pc and (001)pc oriented grains using a green and purple
color gradient, respectively (both maps cover a total misorientation range of 1.5°). (f) Misorientation
profiles measured along the lines in the texture map (the color of the profiles and the lines along which
they were measured are equivalent). The inverse pole figure maps are overlayed on the band contrast
image whereas in the case of the texture map, the band contrast image is displayed only for the
locations without solution. All maps are viewed as measured, without application of any form of
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Figure 5.12: Spatial Kerr signal of SrRuO5 with patterned orientations obtained by optical magne-
tometry at (a) 78 K, and (b) 135 K after cooling the sample in a field of 0.2 T. The values on the
color scales are in urad, and both map scans show the same area.
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5.6 CONCLUSIONS

Perovskite oxide thin films were deposited on Si substrates covered with inor-
ganic nanosheets of Ca,Nb;0,, or Ti;g;0,. These nanosheets were used as
crystalline templates to control the nucleation of the films, which consisted of
a SrTiO5 buffer layer and a SrRuO; top layer. Films were (001),. oriented
on Ca,Nb;0,, nanosheets, and (110),. oriented on Tiy g;O, nanosheets. The
buffer layer of SrTiO; was introduced to decrease the roughness of the films
on Ca,Nb;O;, to the point where atomic steps could be recognized. At the
elevated deposition temperatures, the first layer of Tij 5,0, nanosheets reacted
with the substrate, impeding control of nucleation of the perovskite film. This
issue was resolved by adding a second layer of nanosheets to the substrate.
Micropatterns of Ca,Nb;O;, were fabricated on two layers of Tij g, O, nano-
sheets, which allowed us to locally control the structure and properties of a
perovskite thin film.

Inorganic nanosheets can act as templates for growth of heteroepitaxial thin
films on substrates that are unsuited for epitaxy by themselves. They allow to
control the morphology, crystal structure, and properties of films to a nearly
similar extent as can be achieved on lattice-matching substrates. Since growth
can be mastered in the atomic limit by in situ monitoring of RHEED, nanosheets
enable strain and interfacial engineering in similar ways as costly single crys-
talline substrates do. Their tunable lateral sizes and variable lattice parameters
offer completely new pathways to tailor nucleation and growth on micrometer
length scales. The control of topography, crystal structure, and properties il-
lustrated in this chapter may serve as foundation for prospective work on all
oxide heterostructures, as the atomically smooth thin films of SrRuO; are ide-
ally suited for bottom electrodes. Besides, the whole new degree of freedom to
locally tune the structural parameters, as illustrated by patterning the orienta-
tion of SrRuO; thin films, may have important implications in the design and
realization of electronic or electromechanical devices.
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APPENDIX: SRRUO, ON SINGLE CRYSTALLINE SRTIO,
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Figure 5.13: Analysis and characterization of fully oriented films of SrRuO5 on SrTiO5 (001)c and
(110)c, deposited under the same conditions as those on Si covered with nanosheets. Course of the
intensity and FWHM of the RHEED specular spot during initial growth on a (a) (001)c oriented and
(b) (110). oriented substrate. (c) Topographical and (d) structural analysis of the (001). oriented thin
film by TM-AFM and XRD, respectively, and (e,f) similar analyses performed on the other film. The
lattice parameters of the (001). oriented film were refined to a, = 5.57 A, bo =5.55 A, co = 7.80 A,
a =89.9%, B =89.9°, v = 89.2° and that of the (110). oriented film to ac = 5.54 A, by = 5.53 A,
co = 7.86 A, a = 90.6°, B = 89.3°, v = 90.5°. Magnetic and electrical characterization of the
(g-i) (001)c and (j-1) (110)c oriented films include (g,j) hysteresis loops measured at 10 K, (h,k)
temperature dependence of saturation magnetization together with the best fit to Brillouin functions
obtained when total angular momentum quantum number J = 4 (the different curves were obtained
for J = 1,2,4, 00, where J increases in the direction of the arrow), and (i,|) sheet resistivity versus
temperature.
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TOWARDS REACHING NANOMETER RES-
OLUTION IN PATTERNING EPITAXIAL
THIN FILMS AND ENABLE THEIR TRANS-
FER ONTO FLEXIBLE SUBSTRATES

In the first section of this chapter, limits of the nanotransfer molding approach of
chapter 2 are discussed, and two alternative approaches are proposed to aim for further
miniaturization. When the aspect ratio of the patterns on the soft elastomeric mold
were increased, different kinds of failure occurred, like collapsing, buckling or rupturing
of these features. The first potential method that may yield smaller structures is to
make stencil masks by infiltrating self assembled monolayers of polystyrene beads with
a metal oxide precursor solution, and the second suggestion is to use hot embossing for
obtaining the nanostructures. Only preliminary work is presented on these approaches,
but both may lead to practicable methods to pattern sacrificial stencil masks with
nanometer dimensions.

In the second half of this chapter, the idea of transferring oriented films onto poly-
meric substrates is presented. Nanosheets are in principle bound to the substrate by
non-covalent bonds, but after PLD this bonding appeared too firm to realize lift-off
by mechanical means. Still, nanosheets allow for growth of epitaxial films on many
different substrates, and therefore sacrificial substrates were considered to support
growth and facilitate transfer of thin films. Mica was used among other things, which
is a material that can be cleaved along its layered structure, and is also thermally sta-
ble and inexpensive. Growth of epitaxial films and transfer onto polymeric substrates
were both realized, but films blistered during cool down after growth. Nonetheless, the
concept of transferring oriented thin films from thermally stable supports onto flexible
substrates was illustrated, which may open new pathways for studying the behavior
of such films upon bending and may lead to the application of epitaxial thin films in

flexible electronics.
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6.1 LIMITS OF AND ALTERNATIVES TO MOLDED STENCIL MASKS

Patterns with periods down to 700 nm were fabricated and discussed in chap-
ter 2, but further reduction of lateral sizes is desired for several reasons. One
of these reasons is the ongoing pursuit of increasing the information densi-
ties in functional devices, like in (ferroelectric) memories.l!! Also from a more
fundamental point of view further miniaturization is required, for instance to
study and control physics resulting from confinement or substrate clamping ef-
fects. In addition, some types of experiments require patterns with nanometer
dimensions. For example, the self-organization processes used to form epitax-
ial nanocomposites (like those discussed in chapter 3) may be controlled by
pre-patterning a substrate.[23!

Various phenomena were observed that hindered further size reduction in
stencil masks prepared by soft lithography. The transfer molded line patterns
were made directly after the molds were peeled off the master, which was
required to prevent lateral collapse of the features, typically observed a day
after storing these molds in air (Figure 6.1a). Reducing the period to 600 nm
led to immediate collapse, rendering these molds unusable. Due to the relatively
low Young's modulus of PDMS (~ 2 MPa), together with the high surface-to-
volume ratio and associated high surface energy, pairing can be initiated already
by the forces used when peeling the mold from the master.[*]

Also, attempts were made to pattern with molds having hexagonally ordered
pillars, which, owing to the small lateral sizes in both dimensions, turned more
challenging than transfer molding of line patterns. Indications of buckling (Fig-
ure 6.1b; note the asymmetric pore shapes and disordered periodicity) and
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Figure 6.1: (a) Optical microscopy image of a mold containing a line pattern that appears disrupted
at several locations because of lateral collapse. (b) HR-SEM image illustrating the effect of buckling
on the final geometry of a ZnO stencil mask. (c) TM-AFM (top) height and (bottom) phase images
of a patterned organometallic membrane on which fractured PDMS pillars can be recognized.
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cohesive failure (Figure 6.1c) were regularly found for these zero dimensional
patterns, and became more problematic when the aspect ratio (height/width) of
the features was increased. Lateral collapse and buckling may be inhibited by
using PDMS with a higher Young's modulus,5 but features in this type of
PDMS are more prone to fracture by the lower toughness compared to standard
PDMS, [ which is why experiments in this direction were not performed.

Instead of only focusing on soft lithographic techniques, two possible al-
ternative routes were evaluated that could lead to further miniaturization. A
first route involved using polystyrene (PS) nanospheres that self-assembled into
hexagonally close packed mono- and multilayers during evaporation of the sol-
vent of a commercially available colloid. Resulting self-assembled monolayers
(SAMs) were infiltrated with solutions containing PAA and Zn*, were then
exposed to toluene to remove the PS beads, and were finally annealed to form
a porous network of ZnO. In a second route that was just briefly explored,
a hard mold was used in a hot embossing step to pattern a film of PMMA
directly onto a single crystalline substrate. This step was then followed by a
second step that comprised negative replication of the pattern by deposition of
Zn0O, followed by lift-off of the PMMA structures. None of these routes did
yet lead to a viable route for fabricating epitaxial nanostructures, but the initial
work demonstrates the potential success of both approaches.

7ZNO STENCIL MASKS MADE FROM SAMS OF PS BEADS

The process of making ZnO stencil masks from self-assembled PS nanospheres
with an average size of 199 + 6 nm is schematically illustrated in Figure 6.2. A
singly terminated SrTiO5 substrates was cleaned by oxygen plasma (30 W for
4 min), and then covered with 1 ul of a 3x dilution of a commercial colloid of

a. DRYING OF NANO- b. INFILTRATION OF SAM ¢. PSREMOVAL AND d. RESULTING PATTERN
SPHERE DROPLET WITH ZnO PRECURSOR THERMAL ANNEALING

ZnO Pattern

Figure 6.2: Schematical description of formation of nanostructured ZnO by utilizing SAMs of
polystyrene spheres. (a) A substrate is covered with a droplet of the commercial colloid that is
allowed to dry, forming self-assembled mono- and multilayers. (b) The ZnO precursor solution is then
spin cast on top of the sample and cured on a hot stage. (c) The PS beads are then dissolved in
toluene and the sample is heated under the conditions of Table 2.2 to form (d) ZnO.
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nanospheres (1% w/w; catalog # 3200A; from Duke Scientific Corporation).
Formation of SAMs was achieved at room temperature by allowing the film to
dry in a petri dish (¢ = 50 nm) in which the air was saturated with water
vapor; a process that typically took less than 5 min. The sample was then
observed by optical microscopy, with which the number of layers and stacking
faults could clearly be recognized. Stock solutions containing 0.05 g PAA and
0.197 g Zn(NO3), - 6 H,O in either water or ethanol (6 ml) were prepared, and
spin cast using a similar sequence as that of Table 2.1, with the only difference
that the sample was coated for 2 min at 5000 rpm. The sample was then
placed on a heating stage that was heated from room temperature to 180 °C,
on which it was left for 30 min. The polymeric nanospheres were then removed
by dissolving them in toluene (99.0%; from Alfa Aesar), after which the sample
was annealed in a microwave furnace using the sequence of Table 2.2.

By varying the solvent of the ZnO precursor solutions, the shape of the
organometallic structures could be tuned. Using aqueous solutions led to an
open nanostructured network (Figure 6.3a), indicating that the solution dewet-
ted from the PS beads during solvent evaporation (the structures had a height
of h &~ 65 nm). The pores were smaller in the case when ethanol was used as
solvent (Figure 6.3c), suggesting that the nanospheres were completely wetted
by the solution during the entire process of solvent evaporation (h &~ 165 nm,
close to the diameter of the original PS spheres).

To confirm the tendency of the ethanol based solution to dry by forming
a shell surrounding the PS beads, the experiment was repeated with a 4x
diluted ZnO precursor solution, resulting in a pattern as displayed in Figure
6.3e. The pattern had a similar height (A ~ 150 nm) as that made with
the non-diluted solution. In addition to the circular pores, smaller triangular
pores were found at the three-point boundaries in this case. Both the constant
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Figure 6.3: HR-SEM images (in-lens) of patterns made by infiltrating SAMs of PS beads with (a,b)
aqueous and (c-e) ethanol based solutions of PAA and Zn?*t. These measurements were conducted
after removal of the nanospheres, both (a,c,e) before and (b,d) after annealing. The scale bars of the
first four images correspond to a distance of 500 nm, while the last image has a scale bar of 200 nm.
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height and triangular pores form strong indications that the PS beads were
entirely wetted during evaporation of the solvent. Also note the opal structure
in Figure 6.3e, which was obtained on a location that originally contained a
double layer of self-assembled beads. Such double layers can potentially lead
to fabrication of epitaxial nanostructures that are significantly smaller than the
size of the nanospheres.

After annealing the samples, the original shape of the pattern made from
the aqueous solution was preserved (Figure 6.3b) without showing significant
shrinkage in any direction (h ~ 50 nm). This result is in clear contrast with
the pattern made from a solution in ethanol (Figure 6.3d), which had shrank
and ruptured after annealing (hayverage &~ 20 nm). The observed strong differ-
ences are explained by the deviant wetting behavior, as drying of the ethanol
based solution (compared to the aqueous one) led to less compaction of the
organometallic material and formation of a weak spot at the hemispheres of the
beads (due to the direct contact between beads midway their heights). Relat-
ing these observations to the aim of the present work, using aqueous solutions
results in nanostructured ZnO that appears to be most promising for utilization
as stencil masks. In essence, this method is experimentally very simple and may
allow bottom-up fabrication of epitaxial nanostructures, but its downside is that
the shapes of these nanostructures are limited as they are defined by the SAMs.

ZNO STENCIL MASKS MADE BY HOT EMBOSSING

Another possible route to fabricate ZnO stencil masks with nanoscale dimen-
sions is schematically described in Figure 6.4. A layer of PMMA was spin coated
onto TiO, terminated SrTiO5 at 4000 rpm for 50 s (the commercial solution
was the same as that used for chapter 2, and added during a spin-on stage at
500 rpm for 10 s). The film was then cured for 2 min on a hot plate that was
pre-heated at 160 °C. Nano-imprint lithography (NIL) was used to transfer pat-

a. HoTEMBOSSING L b. REACTIVE 10N ETCHING Jl c. DEPOSITION 0FZn0 Jl d. RESULTING PATTERN
WHHHHHL

Hard mold ZnO Pattern

Substrate .

Figure 6.4: Schematic description of steps taken as an attempt to fabricate stencil masks of ZnO
by (a) hot embossing of PMMA, followed by (b) reactive ion etching to remove any residual layer
and (c) deposition of ZnO, of which (d) nanostructures may be obtained after lift-off.
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terns from an imprint template into the PMMA film. The template contained
circular pores having depths of ~ 120 nm and diameters ranging from 80 to
200 nm, separated by the same or double amounts. The process was carried out
with an Eitre NIL system (from Obducat) at 195°C for 18 min, in the course
of which the pressure was increased from 0 to 40 bar, 3 min after the tem-
perature was reached (the stack was demolded after the temperature dropped
below 50°C). A parallel plate reactive-ion etching (RIE) system (home-built)
was used to remove (part of) the residual layer (using a power of 10 W for 30 s
in an O, background gas of 0.20 mbar).

A typical pillar structure that resulted from the imprint step is shown in
Figure 6.5, which was recorded after a short RIE step to remove parts of the
residual layer. Still, some traces of PMMA were left in the recessed parts, but
as long as a continuous mask of ZnO can be formed that is sufficiently fixed to
the substrate (so that it will not detach during subsequent processing), small
residual material in this step will not necessarily hinder the intended fabrication
of epitaxial nanostructures.

Efforts to fabricate stencil masks from these patterns were limited to a single
attempt, during which PLD was used to deposit approximately 25 nm ZnO at
room temperature, and acetone was used to aim for lift-off of the sacrificial
polymer. The laser was focused on a homemade polycrystalline target of ZnO
to a spot size of 1.5 mm?, and was fired at 1 Hz for 20 min reaching an
energy density of 2.5 J cm™2 on the target. Target-to-substrate distance was
6 cm, and O, was used to reach a pressure of 0.001 mbar. This attempt was
unsuccessful, as AFM studies indicated that the patterns had partly collapsed
during PLD, and almost all material was removed from the substrate after
putting the sample in a beaker containing acetone.

2 um

Figure 6.5: TM-AFM height image of PMMA on singly terminated SrTiOj, after NIL and RIE.
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The drawbacks of using soft elastomeric molds do not apply to hot embossing
with a hard mold, and therefore further miniaturization of the patterns could be
realized. The resulting structures in PMMA were not successfully translated into
a ZnO stencil mask though, and further experiments are required to evaluate
the applicability of NIL for fabricating thermally stable stencil masks. Either the
PLD conditions should be optimized, or alternative methods should be sought
to deposit a sacrificial metal oxide. In this context, a solution based process
may for instance be considered to infiltrate the PMMA nanostructures with a
metal oxide precursor.

6.2 PROSPECTS OF NANOSHEETS FOR TRANSFERRING ORIENTED
FILMS TO FLEXIBLE SUBSTRATES

In the two preceding chapters, perovskite oxide heteroepitaxy was demonstrated
on arbitrary substrates by covering these substrates with crystalline nanosheets
having the appropriate lattice parameters. New possibilities stem from such
seed layers, like the capability to pattern the orientation and properties of a
thin film, as discussed in chapter 5. Epitaxial growth of perovskites was once
restricted to a small set of single crystalline substrates, but since this constraint
is now lifted, one has become virtually free to choose between many different
substrates. The major condition for successful growth is that the nanosheets
and substrate should be stable under the deposition conditions, which, in the
case of PLD, means that they should resist temperatures that are generally
above 500°C.

Polymeric substrates are generally inexpensive, of light weight, chemically
robust, and bendable. They play an important role in current technological
developments for application in flexible electronics like solar cells,[®l piezoelectric
energy harvesting systems, (%1% and wearable or implantable sensors.['Y On the
other hand, several hundred degrees cause these substrates to deform, melt,
or decompose, rendering them incompatible with high temperature depositions.
A general method to place oriented perovskite layers on thermally unstable
substrates remains lacking, while such a method is in demand as it will allow
studying the performance of these films upon bending and working towards their
application in flexible electronics. Using a thermally stable support during film
growth and transferring these films onto flexible substrates in a second step may
be a way to attain such a method deviously, where nanosheets may be used
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Figure 6.6: Schematic representation of the method that was followed to transfer epitaxial films
from ZnO to PET substrates. The different steps are briefly described above the images, and the tem-
peratures at which these steps were performed are given below the images. Additional experimental
details are provided in the main text.

to control the crystal orientation of these films. The transfer may either be
realized by using (inexpensive) sacrificial substrates that can be etched under
mild conditions, or by pealing the film and substrate apart. Both approaches
were explored.

EXPERIMENTAL METHODS FOR TRANSFERRING THIN FILMS

The exfoliation and deposition of nanosheets was carried out using methods
similar to those described in chapter 4. Besides on silicon, Langmuir-Blodgett
depositions were performed on copper, (0001) zinc oxide, (1120) sapphire, and
phlogopite mica grade V-1 substrates, obtained from Goodfellow Cambridge
Limited, Crystec (2x), and SPI Supplies, respectively. Prior to depositing
the nanosheets, some of the mica substrates were annealed in a tube furnace
(Nabertherm) at 700°C under ambient conditions for 24 h. Also just before
PLD, these substrates were annealed at 700°C inside the vacuum chamber at
base pressure, for a duration of 45 min or 3 h dependent on whether or not
these substrates were already annealed in the tube furnace.

PLD was carried out under the conditions described in chapter 5, except
that a spot size of 2.5 mm? was used and that both SrTiO; and SrRuO,
were deposited for 15 min. After depositing SrRuO;, a third layer of BiFeO,
was deposited from a target containing bismuth in an excess of 10 % (Praxair

2 and

electronics). In this case, the laser fluence was controlled at 2.4 J cm™
depositions were carried out at 0.5 Hz for 60 min in 0.30 mbar O,. Detailed
analysis and characterization of this film is not provided, since the main focus
is on the different attempts to transfer these films onto flexible substrates.

Films that were deposited on ZnO were transferred to poly(ethylene tereph-
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Figure 6.7: Schematical representation of the method to transfer thin films from mica to plastic

substrates, where the experiments are briefly described above the images and the temperatures are
given below.

thalate) (PET) substrates (supplied by Sigma Aldrich) by following the proce-
dure of Figure 6.6. The film was placed upside down in a layer of molten wax
(Quickstick 135 mounting wax) on a mica substrate, which was heated on a hot
plate at 150°C and then cooled to room temperature. The sample was then
immersed in an excess of aqueous hydrochloric acid (0.5 % v/v) until the sub-
strate was completely etched (several days). The downside of the film was then
rinsed with water and ethanol, dried in a stream of N, gas, and applied on the
PET substrate supported by a large piece of silicon. The plastic substrate was
smaller than the film in order to prevent wax from leaking in between the two
parts. The wax was softened by heating the stack on a hot plate at 80 °C, while
the center of the film was pressed down firmly onto the PET substrate. The
stack was allowed to cool to room temperature again, after which the supports
(mica and silicon) were carefully removed. The wax with mica residues was
removed by rinsing with acetone, which was followed by rinsing with ethanol
and drying with N, gas.

Films on mica substrates were transferred by mechanical cleavage within the
substrate, of which the different steps are displayed schematically in Figure 6.7.
The film was attached onto a silicon support containing wax that was softened
at 120 °C and subsequently allowed to cool to room temperature. No wax was
applied near the edges of the film, so that the substrate could be peeled off while
minimizing the amount of residual mica left on the thin film. The downside of
the film was then applied on a PET substrate (having a larger size than the
film), the wax was then molten and the silicon support was carefully removed
by sliding it over the flexible substrate. The plastic substrate was then cooled
to room temperature and residual wax was removed by rinsing in acetone, after
which the sample was further rinsed with ethanol and dried in a stream of N,.
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GENERAL CONSIDERATIONS FOR TRANSFERRING THIN FILMS

Nanosheets were found to be loosely bound to their substrates after Langmuir-
Blodgett depositions, which was attributed to the presence of interfacial tetra-
n-butylammonium cations that adhered to the nanosheets to compensate their
charges. The alkyl chains attached to the substrates by Van der Waals forces
only, and prevented close contact between these substrates and the nanosheets.
After decomposing the organic compound by thermal annealing or irradiation
of the samples by UV light (for 24 h with an effective energy density of
56 mW cm~2), the nanosheets could no longer be mechanically separated from
their substrates by using adhesives, regardless whether Si, Cu, ZnO, or Al,O4
substrates were used. The increased bonding strength may be attributed to elec-
trostatic interactions between the nanosheets and partial charges on the surface
of the substrate, hydrogen bonds between substrate oxygen atoms and the inter-
facial ions (possibly NH,™),[*?] or even covalent bonds like formation of silicates
as discussed in chapter 5. Additional prove for clamping can be obtained by high
temperature XRD measurements after PLD. For instance, clamping on a sub-
strate of low thermal expansion, like Si (o = 3.8-1076 K~1), will suppress the
in-plane expansion of a film and consequently induce a larger out-of-plane expan-
sion. A film of SrTiO; was deposited on a Si substrate containing a single layer
of Ca,Nb30,, nanosheets and indeed appeared to be clamped, as the out-of-
plane thermal expansion coefficient of this film (a = 15.7-1076 K1) was larger
than that of a single crystalline substrate of SrTiO; (o = 10.8 - 1076 K™1).
Apparently, films on nanosheets can not simply be removed from their substrate
by mechanical means, as even without growing a film and by using substrates
that are considered stable at their surfaces,[*3] lift-off could not be effected.

One way to overcome the challenge to detach the epitaxial thin films from
their substrates is to use sacrificial ones, which are preferably inexpensive and
etched under mild conditions. To evaluate the feasibility of this concept, ori-
ented films were deposited on ZnO substrates that were covered with nano-
sheets, and these films were then transferred onto flexible PET substrates, as
confirmed by XRD and AFM. Still, ZnO substrates are costly and thus do not
seem to be of use for practical applications, creating the demand for alternative
substrates. Though many metals are relatively inexpensive and easily etched,
severe oxidation generally occurs when heating these substrates. Such degrada-
tion was experimentally verified under PLD conditions for Cu substrates covered
with nanosheets.
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TRANSFERRING THIN FILMS FROM CLEAVAGE WITHIN MICA SUBSTRATES

Mica crystals exhibit a layered structure with interlayer cations that enable
cleavage of separate layers, and are additionally inexpensive and thermally sta-
ble. For these reasons, substrates of this material were used to support the
growth of oriented films on nanosheets, and selected for the ease of tearing
them off the grown films. General concern of using natural phlogopite mica
substrates is that non-structural water is entrapped between the silicate layers,
which is responsible for the anomalously high thermal expansion of these ma-
terials.[**] The entrapped water led to substantial blistering in the final stage

of cooling, even when low cooling rates of 1 °C min~*

were used. Blistering
also hindered successful film transfer, since films were no longer intact and wax
could creep in between fractions of these films and the PET substrates. The
magnitude of blistering could be reduced by annealing the substrates prior to

PLD, but flaking could never be completely suppressed.

AFM height images after PLD and after transfer are displayed in Figure 6.8a
and b, respectively. Apart from the cracks that had formed during cooling, a
smooth film was obtained after PLD, of which the roughness was R, = 0.3 nm
on the level of single nanosheets. After transferring this film to a PET substrate,
its morphology remained largely intact, but the roughness of the film on the
nanosheets increased to Rq = 0.8 nm. EBSD was used to confirm the transfer
of an oriented film, the results of which are displayed in Figure 6.9. These
results clearly demonstrate that mechanical cleavage within mica substrates is
a route that allows the transfer of oriented films, since a single out-of-plane
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Figure 6.8: TM-AFM height images of a thin film of BiFeO;|SrRuO;|SrTiO; on Ca,NbsO,, na-
nosheets (a) after growth on a mica substrate and (b) after its transfer to a flexible plastic substrate.
The insets of both images contain a value for the root mean square roughness (Rq), and a height
profile obtained along the red lines.
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Figure 6.9: EBSD images showing the (a) band contrast and inverse pole figure maps in the (b) out-
of-plane and (c) in-plane directions of a film of BiFeO3|SrRuO;|SrTiO; on Ca,Nb;O,, nanosheets
after its transfer onto a PET substrate.

orientation was measured. In addition, the domains shared their shapes and
sizes with those of the nanosheets, pointing to an epitaxial relation on the level
of individual nanosheets (Figure 6.9¢).

Nanosheets allow for growth of thin films in preferred crystallographic orien-
tations on substrates that do no longer require to have matching lattice param-
eters. They therefore offer new possibilities to engineer functional structures
on a wide range of substrates. This ability also yields new prospects to transfer
epitaxial thin films to polymeric substrates, which is relevant for studying the
behavior of these films when bended and applying them in flexible electronics.
The nanosheets were in principle attached to the substrate by non-covalent
bonds only. However, after heating the samples to temperatures that are typ-
ically used during PLD, the bonding appeared too firm to be broken just by
mechanical means. Here, a sacrificial mica substrate was used that could later
be removed by cleaving it along its layers, but blistering of these film could
never be prevented and requires further optimization. Also plenty of alternative
routes to lift-off thin films may still be exploited. For instance, metals may
be coated with anti-corrosion layers to prevent their oxidation during PLD, or
sacrificial layers can be used to support the nanosheets. These supports may
be removed after growth to separate the epitaxial films from their substrates.
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SUMMARY

The perovskite class encompasses a multiplicity of oxide materials with widely
divergent properties and many potential applications. The similar unit cell di-
mensions and common oxygen octahedral backbone of the different perovskites
allow stacking their building blocks on top of each other in a structurally or-
dered fashion. In the form of such heteroepitaxial thin films, properties can be
fully exploited and manipulated under the act of strain or interfacial engineer-
ing. Pulsed laser deposition (PLD) is exceedingly suitable for growing artificial
films of perovskite-type oxides, where single crystalline substrates with match-
ing lattice parameters are required to completely dictate the crystal orientation.
The technique allows manipulating material at a unit cell level in the direction
of film growth, but lacks standardized approaches to control the deposition in
other directions. Such lateral control is indispensable for future device inte-
gration, but particularly complicated by the elevated substrate temperatures
that are required for the adatoms to reorganize into an energetically favorable
configuration.

In this thesis, different routes are introduced that are compatible with PLD
and enable parallel patterning of epitaxial perovskite heterostructures on mi-
crometer length scales and below. Patterns were made either by selective-area
epitaxial growth of a perovskite oxide or by locally tailoring the crystal orienta-
tion of a thin film. Regarding the first option of patterning a material, sacrificial
micro- or nanostructures were used to screen parts of a single crystalline sub-
strate and permit epitaxial growth of a perovskite on particular areas only.
Regarding the second option of patterning the crystal orientation, inorganic na-
nosheets with different lattice parameters were combined on a single substrate
to locally tailor the nucleation and growth of a thin film that was deposited on
top. Most of the different approaches to pattern epitaxial thin films did not
interfere with the unprecedented control of growth that can be achieved with
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PLD, since properties were measured that are reminiscent of well-oriented thin
films. Simultaneously, properties were influenced by the patterns and showed
to clearly depend on the position or direction of a measurement, reflecting the
potential use of these patterned heterostructures for different electronic and
electromechanical applications.

A first approach to pattern heteroepitaxial perovskite-type oxide materials
combines soft lithographic molding with PLD. This approach consists of two
consecutive bottom-up fabrication steps, started by molding sacrificial ZnO
stencil masks on single crystalline substrates, and followed by PLD to form
negative and heteroepitaxial replicas. Micro molding in capillaries (MiMiC) and
transfer molding were used complementary to cover both the micrometer and
nanometer lateral size ranges, and both methods allowed fabrication of residue-
free patterns of ZnO with high fidelity over the entire area of the substrate. ZnO
was used because of its compatibility with the high temperatures reached during
PLD and because of the ease of its removal after use by benefiting from its
amphoteric nature. Sub-micrometer sized lines of La, ¢;Sr; 33MnO; were made
by the transfer molding approach, in which the anisotropic features expected
for a fully oriented thin film were preserved and a magnetostatic contribution
from the line shapes was introduced. Different patterns of SrRuO; were made
with lateral dimensions of a few micrometers, for which electrical isolation was
illustrated. Both molding approaches did not compromise in the control of
growth that is generally achieved for unpatterned films, as surface morphology,
RHEED patterns, crystal structure, and magnetic properties of patterned and
unpatterned films were comparable. The bottom-up soft lithographic methods
can be compliantly utilized for making epitaxial structures of various shapes
and sizes in the ym down to the nm range, and offer unique opportunities for
fundamental studies as well as for realizing technological applications.

Restrictions that are inherent to using soft elastomeric molds limit the aspect
ratio of the stencil masks, and as a consequence only planar epitaxial features
can be obtained. Applications like catalysis or gas sensing require the func-
tional materials to have high surface areas, and thus ask for other approaches
for patterning. An approach that was explored makes use of mixed targets
consisting of PbZry,Ti; 305 and ZnO to form self-organized heteroepitaxial
nanostructures. By carefully controlling the deposition conditions, ferroelectric
nanopillars were formed with periodicities of approximately 40 nm. Increasing
the repetition rate of the laser pulses or the O, partial pressure led to reduced
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lateral sizes of the patterns, accompanied by a change of the morphology from
a pillars-and-matrix-like pattern into a maze structure where both phases were
meandering through the films. Etching ZnO led to an increase of the tetrag-
onality of the nanostructures of PbZr,,Ti; 3O, indicating that both phases
were coherently coupled and strain was of elastic origin. The electromechanical
response of the nanopillars was found to increase upon removal of the matrix,
but fell behind that predicted for a single domain and bulk single crystal of
PbZr, ,Tiy gO5. Still, the high surface area and epitaxial nature of these nanos-
tructures may offer distinct advantages over thin film or bulk counterparts, and
the work may act as model for growth of other perovskite/ZnO composites that
can potentially be applied in other fields.

Instead of patterning materials, thin films with position dependent properties
can be made by locally controlling the crystallographic orientation. As reported
in this thesis, nanosheets can be a unique tool to control the nucleation of films
on a level that can not be attained on single crystal substrates. Inorganic nano-
sheets of Ca,Nb30,, and Tij g;0, were placed on silicon substrates and used
to control the nucleation of SrRuO; during growth by PLD. The underlying
nanosheets determined both the morphology and crystallographic orientation
of the films, and SrRuO; preferentially grew in different directions on the two
types of nanosheets. Epitaxial growth was demonstrated and explained by lat-
tice matching with the underlying nanosheets together with continuation of the
oxygen octahedral backbones. The nanosheets had a clear effect on the mag-
netic properties of the films, which showed anisotropic behavior only when a
seed layer of nanosheets was used. The crystallographic orientation of SrRuO;
was locally controlled by depositing this material on a single layer that com-
prised both types of nanosheets, which suggests that nanosheets can be used
to deposit films with position dependent properties.

Several ways were introduced to master film growth of SrRuQO; on top of the
two-dimensional seed crystals. When deposited on a layer of Ca,Nb;0,,, the
roughness of these films was reduced down to the atomic-scale by introducing
a buffer layer of SrTiO;. A stack of two layers of Ti,g,0, nanosheets was
required to obtain a film of SrRuO; that was well oriented, because the first
layer of nanosheets reacted with the substrate at the elevated deposition tem-
peratures. The films had resistivities close to those measured for fully oriented
ones, and showed magnetic anisotropy with the easy axis and Curie tempera-
ture determined by the underlying nanosheets. The two types of nanosheets
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were patterned to locally tailor the crystallographic orientation and properties of
SrRuO;. An unprecedented control of perovskite film growth on Si substrates
was illustrated, and the methods that were developed to deposit SrRuQO; thin
films are a viable starting point for growth of artificial heteroepitaxial thin films
that require a bottom electrode. Control was not just reached in the direction
of film growth, as the crystal orientation was regulated laterally on the sur-
face of micropatterned nanosheets. The concept of being able to pattern the
orientation and properties of thin films creates new prospects for fabricating
heterostructures that may find use in future generation devices.

This thesis is concluded with an outlook, containing preliminary results that
sprang from the work presented in the preceding chapters. Limits of the na-
notransfer molding method are discussed, and two alternative approaches are
proposed to aim for further miniaturization. In addition, the concept of trans-
ferring oriented films from thermally stable supports onto flexible substrates is
illustrated. This ability may open new pathways for studying the behavior of
such films upon bending and may lead to the application of epitaxial thin films
in flexible electronics.
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SAMENVATTING

De perovskiet groep bevat een verscheidenheid aan oxidische materialen met
sterk uiteenlopende eigenschappen en veel potentiéle toepassingen. De overeen-
komstige dimensies van de eenheidscellen en gemeenschappelijke achtvlakkige
zuurstof structuur van de verschillende perovskieten maakt het mogelijk hun
bouwstenen op een geordende manier te stapelen. In de vorm van derge-
lijke heteroepitaxiale dunne lagen kunnen de eigenschappen volledig worden be-
nut en beinvloed door het onderliggend substraat, waarmee de kristalstructuur
en -symmetrie kan worden gemanipuleerd. Gepulste laser depositie (PLD) is
een uitermate geschikte methode om kunstmatige dunne lagen van perovskiet-
type oxides te groeien, waarbij monokristallijne substraten met overeenkom-
stige roosterconstanten noodzakelijk zijn om volledige controle over de kristal-
oriéntatie te verwerven. Met deze techniek is het mogelijk de groei van een
materiaal te beheersen op het niveau van een eenheidscel, maar slechts in
de groeirichting. Gestandaardiseerde benaderingen om de groei in de andere
richtingen te beheersen zijn niet voorhanden, terwijl een dergelijke controle on-
misbaar is met het oog op toekomstige integratie in diverse apparatuur.

In dit proefschrift worden verschillende routes geintroduceerd waardoor, tij-
dens PLD, epitaxiale patronen van perovskieten kunnen worden verkregen met
lengteschalen van micrometers en daaronder. Patronen werden gemaakt door
epitaxiale groei van een perovskiet op selectieve delen van een substraat toe
te staan, of door de kristal oriéntatie van een dunne laag lokaal te sturen.
De eerstgenoemde optie, het maken van patronen van een materiaal, werd
uitgevoerd met behulp van tijdelijke micro- of nanostructuren die delen van
een monokristallijn substraat afschermden, waardoor een perovskiet slechts op
specifieke gebieden epitaxiaal kon groeien. Voor de andere optie, het lokaal con-
troleren van de kristal oriéntatie, werden tweedimensionale anorganische nano-
kristallen met verschillende roosterconstanten gecombineerd op een enkel sub-
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straat om vervolgens de nucleatie en groei van een dunne perovskiet laag lokaal
te reguleren. Deze verschillende benaderingen om patronen aan te brengen in
epitaxiale dunne lagen hadden over het algemeen weinig invloed op de sterke
controle over de groei die bereikt kan worden met PLD, aangezien veelal eigen-
schappen werden gemeten die behoren bij een goed georiénteerde dunne laag.
Tegelijkertijd werden de eigenschappen beinvloed door de patronen en lieten
deze een duidelijke positie of richtingsafhankelijkheid zien, wat het potentiéle
nut van deze heterostructuren voor verschillende elektronische en elektromech-
anische toepassingen verhoogt.

Een eerste benadering om heteroepitaxiale patronen van perovskiet-type ox-
iden te maken combineert zachte lithografie met PLD, en bestaat uit twee
opeenvolgende fabricagestappen waarbij in beide gevallen van beneden af een
structuur wordt opgebouwd. In de eerste stap wordt een zachte mal gebruikt om
een tijdelijk patroon van ZnO op een monokristallijn substraat te vormen. Na
deze stap wordt PLD gebruikt om een negatieve en heteroepitaxiale replica van
een perovskiet te verkrijgen, waarna het originele patroon van ZnO wordt ver-
wijderd. Patronen van ZnO werden verkregen met lengteschalen in een bereik
van micro- en nanometers, waarbij deze patronen de complete oppervlaktes
van de substraten bestreken en er zich geen residu laag tussen de structuren
bevond. ZnO werd gebruikt vanwege de compatibiliteit met de hoge tem-
peraturen die bereikt worden tijdens PLD en vanwege de eenvoud waarmee
het, na gebruik, verwijderd kan worden door te profiteren van het amfotere
karakter. Lijnen met een periodiciteit van minder dan een micrometer werden
vervaardigd van Lag 4,51, 33Mn0O5, waarvoor de magnetische anisotropie sterke
overeenkomsten vertoonde met die van een volledig georiénteerde dunne laag en
een vormanisotropie gemeten werd als bijdrage van het lijnpatroon. Patronen
met afmetingen van enkele micrometers werden gemaakt van SrRuQ; die aan-
toonbaar elektrisch geisoleerd van elkaar bleken te zijn. De ontwikkelde zacht
lithografische benadering kan flexibel worden ingezet om epitaxiale patronen
met verscheidene vormen en afmetingen te fabriceren, en biedt unieke kansen
voor fundamenteel onderzoek en het realiseren van technologische toepassingen.

Beperkingen die inherent zijn aan het gebruik van zachte mallen begrenzen de
hoogte/breedte verhouding van de patronen, waardoor slechts vlakke epitaxiale
structuren kunnen worden verkregen. Toepassingen in bijvoorbeeld katalyse of
gas detectie vereisen dat de functionele materialen grote contactoppervlakten
hebben en vragen dus om andere methoden om de patronen te fabriceren.
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De benadering die werd onderzocht richt zich op zelforganisatie om heteroepi-
taxiale nanostructuren te vormen. PLD werd uitgevoerd met gemengde tar-
gets bestaande uit PbZr, ,Tiy gO5 en ZnO, waarbij ferroelektrische nanopilaren
met een periodiciteit van ongeveer 40 nm werden gevormd door nauwkeurige
controle van de depositie condities. Door het verhogen van de herhalingsfre-
quentie van de laser pulsen of de partiéle zuurstof druk werden de patronen
kleiner en ondergingen ze een verandering in de morfologie. Het verwijderen
van ZnQO leidde tot een toename van de tetragonaliteit van de nanostructuren
van PbZry,Tiy O3, wat erop wijst dat beide fasen coherent gekoppeld waren
en de spanningen van elastische aard waren. Daarnaast werd een toegenomen
elektromechanische reactie gemeten na verwijderen van de ZnO fase, welke
echter achterbleef bij de waarde die verwacht wordt voor een bulk eenkristal
van PbZry,Ti;3O; met een enkel domein. Het grote contactoppervlak en
de epitaxiale aard van deze nanostructuren kunnen niettemin onderscheidende
voordelen opleveren ten opzichte van dunne lagen of bulk materiaal. Daarnaast
kan het werk model staan voor de groei van andere perovskiet/ZnO composieten
welke potentieel kunnen worden toegepast in andere velden.

In plaats van patronen van materialen te maken, kunnen dunne lagen met
plaatsafhankelijke eigenschappen gemaakt worden door de kristal oriéntatie
lokaal te controleren. Zoals gerapporteerd in dit proefschrift kunnen tweedimen-
sionale nanokristallen fungeren als uniek middel om de nucleatie van dunne lagen
te controleren op een niveau dat niet bereikt kan worden met monokristallijne
substraten. Anorganische nanokristallen van Ca,Nb3;0;, en Tij, g;O, werden
op silicium substraten geplaatst, om vervolgens tijdens PLD de nucleatie van
SrRuO; te controleren. Zowel de morfologie als de kristaloriéntatie van de
dunne lagen van SrRuO; werden bepaald door de onderliggende tweedimen-
sionale nanokristallen en epitaxiale groei werd aangetoond op beide typen nano-
kristallen. Dergelijke groei werd verklaard door de roosterconstanten van de
tweedimensionale nanokristallen te vergelijken met die van SrRuOj; en leidde tot
voortzetting van de achtvlakkige zuurstof structuur. De tweedimensionale nano-
kristallen hadden een duidelijk effect op de magnetische eigenschappen van de
dunne lagen, welke alleen na groei op nanokristallen anisotroop gedrag vertoon-
den. De kristallografische voorkeursrichting werd gevarieerd door SrRuO; te de-
poneren op een enkele laag waarin beide typen nanokristallen waren gemengd,
wat suggereert dat tweedimensionale nanokristallen gebruikt kunnen worden om
dunne lagen te groeien met positie afhankelijke eigenschappen.
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Verschillende manieren werden geintroduceerd om de groei van dunne la-
gen van SrRuO; bovenop de tweedimensionale nanokristallen te verbeteren.
Een bufferlaag van SrTiO; werd gebruikt om de ruwheid van de dunne lagen
van SrRuO; op nanokristallen van Ca,Nb30O,, te reduceren tot een atomair
niveau en twee lagen van Tijg,0, nanokristallen werden gestapeld om een
sterk toegenomen voorkeursoriéntatie van de kristalrichting te verkrijgen. De
dunne lagen hadden soortelijke weerstanden die in de buurt kwamen van die
van volledig georiénteerde lagen en vertoonden magnetische anisotropie waarbij
de voorkeursrichting van de magnetisatie en Curie temperatuur bepaald werden
door de onderliggende tweedimensionale nanokristallen. Een patroon van deze
twee typen nanokristallen werd gemaakt om de kristallografische oriéntatie en
eigenschappen van SrRuO; lokaal te beheersen. Een ongeévenaarde controle
van de groei van dunne perovskiet lagen op onbehandelde Si substraten werd
geillustreerd. De methoden die werden ontwikkeld om SrRuQO5 op tweedimen-
sionale nanokristallen te groeien vormen dan ook een goede uitgangspositie voor
de groei van kunstmatige heteroepitaxiale dunne lagen die een bodem elek-
trode behoeven. Controle is niet slechts bereikt in de richting van de laaggroei,
aangezien de kristallografische voorkeursrichting lokaal geregeld werd op de op-
pervlaktes van micropatronen van de twee typen nanokristallen. Het concept
om de oriéntatie en eigenschappen van dunne lagen lokaal te bepalen schept
nieuwe mogelijkheden voor de fabricage van heterostructuren die wellicht in de
toekomst toepassingen vinden.

Dit proefschrift eindigt met een vooruitblik, dat inleidende resultaten bevat
die voortvloeiden uit het werk dat gepresenteerd is in de voorgaande hoofd-
stukken. Limieten van de zacht lithografische methode worden behandeld en
twee alternatieve benaderingen worden voorgesteld met het doel tot verdere
miniaturisering. Daarnaast wordt het concept om georiénteerde dunne lagen
van hittebestendige naar flexibele substraten over te plaatsen behandeld. Deze
mogelijkheid kan een nieuwe weg banen voor studies naar het gedrag van derge-
lijke dunne lagen wanneer deze gebogen worden en kan leiden tot toepassingen
van epitaxiale dunne lagen in flexibele elektronica.
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