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Abstract

The LaAlO3/SrTiO3 2DEG hosts a wealth of alluring properties such as gate-

tunable superconductivity, strong spin-orbit coupling, magnetism and memory ef-

fects. This thesis presents an investigation of self-formed, free-standing supercon-

ducting LaAlO3/SrTiO3 micro-membranes (flakes).

The work in this thesis was split into two parts. The first part investigates the

possibility of controlling the flake formation by pre-patterning the STO substrate

with Kaufman ion-milling. We present a method to produce patterned flakes of

various sizes and individually transfer them to silicon substrates. Every step of the

process was imaged with SEM and AFM, showing how delicate the surface of STO

is. A clean and flat terrace structure was obtained found after plasma-ashing, as

resist residue contaminates the surface. In addition, the optimal size of flakes was

determined using patterns with varying flake sizes and trench widths. Exotic flake-

shapes were examined, however, square flakes proved the most reliable.

The second part of this thesis includes electrical characterisation of the flakes in or-

der to determine if the conducting interface is preserved. However, only unpatterned

flakes were measured in this study. We present a reliable method for contacting the

flakes in a two-terminal configuration involving high-angle (50°) Kaufman-milling

with argon-ions and angled step-wise metal deposition. The flakes were transferred

to pre-patterned silicon substrates for electrical contacting and characterisation. The

survival of the conducting interface was confirmed through room-temperature (RT)

measurements. The RT resistance varied significantly among flakes with many in the

MΩ-regime and increased further upon cooling. The flake devices in the kΩ-regime

were measured at mK-temperatures and several flakes showed metallic behaviour

with most also showing superconducting behaviour and one showing quantum dot

features. The thickness of the 2D superconducting films was calculated for each de-

vice along with the coherence length by using the measured values of critical fields

and temperatures. Flakes with various thicknesses of LAO were examined with the

thinnest (78 nm) being the most promising. We report minimal gate-dependence for

the thinnest flakes except for the device showing Coulomb blockade. The thickest

flakes (178 nm LAO) showed clear gate-dependence with a pinch-off around -150

V. We suggest that the inability to electrostatically tune the thin flakes is caused

by spontaneous polarisation of ferroelectric domains arising from strain. Top-gates

might be more suitable which should be accessible without an insulating oxide layer

due to poor contact without argon-milling.
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Chapter 1

Introduction

The discovery of a metallic high-mobility two-dimensional electron gas (2DEG)

between the two band insulators SrTiO3 (STO, Eg ≈ 3.2eV) and LaAlO3 (LAO,

Eg ≈ 5.6eV) by Ohtomo and Hwang in 2004[1], sparked a great interest for complex

oxides in the field of materials science[2]. Research in STO-based heterostructures

invades the fields of both complex oxides and semiconductor nanostructures and

interfaces, where the conventional techniques of semiconductor physics are often

used in the still vastly uncharted domain of complex oxides[3]. The discovery of the

2DEG certainly inspired more intense research in the field[4], and with solid justifi-

cation since the complex oxides and especially the LAO/STO interface, contains a

wealth of interesting properties such as memory effects[5, 6], ferromagnetism coex-

isting with gate-tunable superconductivity[7, 8, 9] and high magneto-resistance[10].

Integrating oxide interfaces in mesoscopic devices to accompany the materials of

research interest for the past few decades, primarily semiconductor heterostructures

and nanostructures grown by bottom-up methods, is a main drive in the field of

complex oxides[11]. The oxide electron systems and conventional semiconductor

systems share key properties such as low dimensionality and electrostatic gatability,

however the oxides also exhibit phenomena as mentioned above including ferroelec-

tricity, strong spin-orbit coupling and magnetism caused by strong electron-electron

and electron-lattice (phonon) interactions leading to regimes which are not feasible

in semiconductors[12, 13]. The field complex oxide heterostructures is still relatively

new and their applications are out-shined by conventional semiconductors primarily

by historical reasons since the semiconductors have been studied and optimised for

many decades[14, 15, 16], which can only generate hope of an even wider range of

applications for complex oxides in the future.

The oxide 2DEG is extremely sensitive to surface processing[17], thus specialised

techniques have been developed in order to fabricate patterned oxide devices while

protecting the interface and reducing the surface processing[18]. The most com-

monly used techniques are schematised in figure 1.1 and they include conventional

lithography methods such as electron-beam lithography (EBL) and photolithog-

raphy in conjunction with a hard mask to control the geometry of LAO (figure
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1.1(a,b))[19, 20, 21], ion irradiation used to define insulating regions(figure 1.1(c,d))[22]

and scanning probe lithography e.g. conductive atomic force microscopy (c-AFM,

figure 1.1(e,f))[23, 24].

Figure 1.1: Overview of various patterning techniques used for LAO/STO de-
vices, where the techniques are schematically illustrated in panel (a), (c) and (e)
with actual device images are shown in panels (b),(d) and (f). (a), Conventional
lithography methods used to define conducting regions where the thickness of LAO
is larger than 3 unit cells. (b), Optical image of a Hall-bar device fabricated using
the method in (a) with features down to 10 µm. (c), Argon ions are used to turn
conducting regions into insulating regions, which can produce features down to 50
nm as shown by AFM in (d). (e), Conductive AFM is used to write conducting
paths on top of LAO with thicknesses below the critical thickness (≤3 unit cells).
The biased tip induces locally conducting states with resolutions down to 10 nm
which are stable for hours in ambient conditions and can be imaged by piezoelectric
force microscopy (PFM) as shown in (f). Figure is adapted from reference [12].

Realising mesoscopic devices is crucial, as low-dimensionality systems are the play-

grounds of exciting modern physics. Constraining the mobile charge carriers by

potential barriers is the key to probing 2D, 1D or even 0D systems yielding unique

insight into the world of quantum physics. In order to fully explore the quantum

wonders it is necessary to scale systems down in sizes comparable to length scales of

certain physical properties such as de Broglie wavelength, phase coherence length,

elastic and inelastic scattering length and many more[25]. Confining the charge

carriers to a 2D system can increase certain transport properties such as mobility

through modulation doping[26], which can be crucial for studying certain quantum

phenomena. The confinement of electronic motion can even allow for observation

of single electron transport as seen in Coulomb blockade (CB) governing quantum

dots (QD), which can be achieved by lateral confinement with lithography and elec-

trostatic gating e.g. split gates. The search for new methods, materials and physics

10



roots in the fundamental limitations of silicon-based electronic devices[27]. Low-

dimensionality systems exhibit physical properties and phenomena vastly different

from their parent bulk materials[28]. Harnessing those properties might be the key

to unlocking the next generation of microelectronics. While both 2D[12, 29, 30],

1D[31, 32, 33, 34] and 0D[35, 36] oxide devices have been realised, progress has been

slow due to complications with fabrication and issues concerning reproducibility of

sample growth. The samples are grown on 5 × 5mm2 substrates, unlike semicon-

ductors which are grown in wafers, resulting in each fabrication process requiring

a new growth. Significant advances towards systematic control of oxide-material

and incorporation in semiconductors has recently been realised using water-soluble

sacrificial layers to produce free-standing perovskite films[37], based on previous

semiconductor techniques[38, 39]. However, the technique does not include transfer

of complex oxide interfaces, thus limiting its potential.

This project was carried out at the Center for Quantum Devices (QDev) at the Uni-

versity of Copenhagen and the work in this thesis revolves around the LAO/STO

interface. We utilise a new type of structure that was realised by Prof. Fabio Miletto

Granozio and his team at CNR-SPIN, Italy, thus the project has been a close col-

laboration with them. Self-forming, free-standing LAO/STO micro-membranes are

formed when LAO is grown thick enough such that the strain will produce cracks in

the substrate. The cracks does not only peel off the top-film as one might expect,

but the cracks descend into the STO, thus small flakes with sizes of a few microns

are released with the interface still preserved. The growth method was developed

by Prof. Fabio Granozio’s group who was also responsible for the overall structural

characterisation.

The flakes are imaged by scanning electron microscopy (SEM) in figure 1.2, with

the surface of a fully cracked growth substrate in figure 1.2(a) and a 70° tilt in figure

1.2(b), showing the flakes detaching from the surface. The flakes are also observed

to bend towards the edges, however they come in various shapes and sizes as imaged

in figure 1.2(c), from which it is clear that the square flakes do not have the same

curvature as the flakes with one long axis. Figure 1.2(d) shows a typical flake with

the 2DEG marked by a red dashed line and it is clear that the flakes have a rather

large curvature which can negatively affect the electrical contacting as it is harder

to reach the 2DEG.

Our contribution to the project has been continuous structural characterisation with

SEM and optical microscopy, while the aim of this thesis and our main focus of the

collaboration has been to electrically characterise the flakes to examine if the con-

ducting 2DEG is still present which is not obvious due strain and different growth

conditions which can affect the interface conductivity[40, 41, 42]. Conducting flakes

might result in a single growth producing oxide-material for thousands of devices,

similar to growth semiconductor nanowires[43]. The electrical characterisation was

performed by incorporating the flakes in electronic devices and the characterisation

included room- and low-temperature transport measurements which confirmed the

survival of the conducting 2DEG and a superconducting phase transition was also
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discovered (chapter 6). These results constitutes the basis of our contribution to the

manuscript ”Freestanding, as-grown, epitaxial LAO/STO micro-heterostructures

hosting a 2-dimensional electron gas” composed in corporation with the team in

Italy, and the full draft is attached in the end of this thesis.

The second aim of this work was to investigate the possibility of controlling flake

formation. The flakes varied significantly in size and shape, thus difficult to utilise

the flake systematically. We present a method to control the flake formation through

pre-patterning of the bare STO surface by dry etching utilising Kaufman ion-milling.

The sample surfaces were imaged with atomic force microscopy (AFM) to ensure

clean growth-ready surfaces. Our results of characterising the superconductivity of

the flakes and the development of a successful method of controlling the flake for-

mation will form the foundation of two additional articles (to be submitted).

The relevant background information for the work in this thesis will be reviewed be-

fore presenting the work in the manuscript mentioned above followed by our results

and how they can be expanded upon.

10 µm 2 µm

2 µm

(b)

(c)

(a)

(d)

2DEG1 µm

Figure 1.2: SEM images of free-standing LAO/STO micro-membranes (flakes).
(a), The surface of a growth substrate, showing clear flake formation. (b), A different
region of the same substrate surface as (a), imaged with 70° . (c), A chunk of flakes
transferred to a pre-patterned Si/SiO2 substrate, showing great variation in flake size
and shape. (d), A typical flake showing large curvature at the ends, thus difficult to
contact the 2DEG marked with a red dashed line.
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Chapter 2

Background

This thesis revolves around the interface of self-formed, free standing LAO/STO

membranes and this chapter explains the underlying physics of the central phenom-

ena, providing a basis for analysing and discussing the results. This chapter will

review STO including the crystal structure, the structural phase transitions and

how it affects the electrical properties. The following part will describe the surface

of STO with emphasis on TiO2-termination and the electrical properties of bulk

STO, which is followed by the interface between STO and the complex oxide top

film where crystalline LAO has been used though out the entire thesis. We discuss

the consequences of strain. Finally we discuss superconductivity with emphasis on

the mechanisms to expect in the LAO/STO 2DEG.

2.1 SrTiO3

The flavor of the month keeps changing in material science, however, STO has

been a stable contestant for that title since the 1950’s. In this section, the crystal

structure and exotic properties of STO will be described in detail, to justify why it

is well-studied for decades and still part of frontier research.

2.1.1 Crystal structure of SrTiO3

STO belongs to the class perovskites with oxygen at the face centres surrounding a

cation with the oxygen ions forming an octahedron around the cation. The cation

in STO is titanium (Ti), while strontium (Sr) is found at the corners of the unit

cell. The TiO6-octrahedron exhibits covalent bonds, while Sr2+ and O2– exhibit

ionic bonds behaviour, which results in a mixed state of bonds leading to unique

properties[44].
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2.1 SrTiO3

a
b

c

OTiSr

Cubic Tetragonal Orthorhombic
T=105 K T=23 KT>105 K

Figure 2.1: Phase transitions of the crystal structure of SrTiO3 at different tem-
peratures. Above 105 K STO is cubic. When 105K > T > 23K STO takes a
tetragonal form. Below 23 K the crystal changes to an orthorhombic structure.

At room temperature, STO takes a cubic structure in which all unit cell dimensions

(marked by a, b and c in the figure 2.1 are equal (a=b=c) and the structural phase

changes at different temperatures are illustrated in figure 2.1. As temperature de-

creases, the cubic symmetry is broken. At T=105 K, the cubic structure undergoes

a transition to a tetragonal structure, accompanied with an octahedral rotation[45].

Cooling STO further down elongates the unit cell, resulting in titanium will devel-

oped a double-well situation with two minima, where the minima are located in the

ends of the long axis (c-axis). Let us consider the two isotopes of STO, starting

with the lighter and more common isotope of oxygen, 16O. This enables titanium to

tunnel between the two minima, which is referred to as quantum para-electricity. In

the case of the heavier and nearly as common isotope SrTi18O3, the oxygen is heavy

and the titanium atom has to choose one of the minima. This creates a non-zero

electrical dipole moment inside the unit cell. A different property between the heavy

and light isotope of oxygen can be found in the dielectric constant. For the heavy

isotope SrTi18O3, the dielectric constant diverges, where as for the lighter SrTi16O3,

the dielectric constant will saturate caused by the frequency of the quantum mechan-

ical tunnelling between the two potential minima. The tunnelling frequency causes a

cut-off in the dielectric constant causing the value to reach a plateau, thus by reach-

ing the quantum-mechanical regime, the large ferroelectric fluctuations stabilises in

the paraelectric regime as the dielectric constant is saturated[46]. The ferroelectric

transition of STO occurs at 23 K[47], where the crystal structure changes to an

orthorhombic structure (figure 2.1)

2.1.2 Ferroelectricity and dielectric properties of SrTiO3

A ferroelectric crystal consists of domains, where the electrical polarisation is orien-

tated in different directions. Applying an electric field to the solid will polarise the

domains thus aligning them in the same direction with respect to the electric field.

We use BaTiO3 (BTO) as an example to study the ferroelectric effects in STO as the

14



2.1 SrTiO3

lit, as the crystal structure resembles the structure of STO, making it possible to use

it as an example to understand what happens at the atomic level. The polarisation

of the domain (with no electric field applied) is driven by the off center movement by

the Ti4+ sitting inside the O6-cage, thus creating a local elecrical dipole moment in

the domain. The net dipole moment of the crystal is zero due to multiple domains

polarised in different directions. Applying an electric field will drive the Ti4+ in the

direction of the field. Applying an electric field will create a hysteresis effect, as

turning down the electric field will disturb the polarisation. The polarisation will

slowly diminish, forming a hysteresis effect. The nature of the large polarisation

in BTO and STO leads to exciting dielectric properties. BTO (and STO) has a

large dielectric constant, ε, due to the atoms being able to move off-center, which

also correlates with most ferroelectric materials being perovskites[48]. At room tem-

perature, εSTO = 300 and increases up to ∼20,000 at 4 K[46]. Upon spontaneous

polarisation, the ferroelectric crystal consists of domains where the dipole moments

of unit cells in a domain is the same, however, due to the material being able to

choose two symmetries, the neighbouring domain can have a dipole moment in the

opposite direction. Therefore, the net dipole moment depends on the direction of the

polarised domains. As a result, the crystal as a whole would appear non-polarised,

while it in fact is. A ferroelectric often has a transition temperature Tc, which

separates the paraelectric and ferroelectric phase and for STO, the Tc is 23 K.

2.1.3 Surface termination

Commercially available STO substrates used in this study have a polished surface

and have a size of 5×5×0.5 mm3. The substrates are miscut with an angle varying

from 0.05-0.3°with respect to the (001) crystal plane resulting in a terrace structured

surface with a step-height of one unit cell (uc) (∼4 Å). The terrace width corresponds

to the miscut angle, such that an angle of 0.05-0.3°will yield terrace widths of 70-500

nm[49]. If the surface has not been TiO2-terminated, the step-height of the terraces

would only be half of an uc (0.2 nm), however still visible.
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Figure 2.2: AFM images of some of the samples used in the Kaufman-milling
patterning project. (a), S1 after processing, giving an example of unconventional
terraces, where epitaxial growth might be difficult. (b), S7 STO surface prior to H2O
treatment. The bright dots are SrO-complexes. (c), Same sample as in (b), however,
imaged after being immersed in H2O to dissolve SrO, showing clean growth-ready
terrace structures.

As-received substrates are terminated with both SrO and TiO2, and to achieve

consistent growth-ready TiO2-terminated STO substrates, a substrate treatment

process to remove SrO from the surface is required. Therefore, the substrates are

first immersed in Milli-Q water, which dissolves SrO. This will form Sr-hydroxide

complexes (Sr-OH) at the surface. To remove these complexes, the STO meets

an acid solution more specific, aqua regia. The sample is then cleaned in Milli-

Q -water. Finally, the sample is annealed at 1000 °C, in a tube furnace with an

oxygen flow. Like glass, STO will splinter if it is exposed such a high temperature

immediately. Therefore, the temperature is ramped slowly towards the 1000 °C, and

also ramped slowly when cooling back to room temperature, both with a ramping

rate of 100°C/hr.

Figure 2.2 displays different STO surfaces which could be linked to consequences

of substrate treatment. The surface images were captured utilising AFM and the

samples were used for the Kaufman-milling patterning project discussed in chapter

5. Figure 2.2(a) clearly shows a poor TiO2-termination as the terraces are not clean

and sharp. One might also find steps corresponding to half an uc indicating that

the surface is both SrO- and TiO2-terminated. SrO-complexes can find its way to

the surface over time (figure2.2(b)). Immersing the substrates in Milli-Q water can

solve this problem[50], as performed in figure 2.2(c) which clearly shows a clean and

sharp terrace structured surface after immersing in milli-Q water. TiO2-termination

is crucial for the epitaxial growth of the top film[3]. One of the most important

conditions prior to growth is the surface termination. The surface must be TiO2-

terminated in order to obtain a conducting interface, as SrO-termination leads to

insulating samples[1].

The effects of terraces are not clear in terms of transport properties. A study by Fix

et al.[51] reports that the terrace structure affects the mobility positively, while a
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2.1 SrTiO3

report by Brinks et al.[52] suggests that the terraces disrupt transport perpendicular

to the terrace direction. Fix et al. showed that a larger miscut angle resulted in

denser terraces which increased the mobility and lowered the carrier density, as

the terraces act as traps for low-mobility carriers. Brink et al. suggested that

the resistance caused by anisotropy is due to difference between transport along or

perpendicular to the terrace direction, however difficult to distinguish the effect of

terraces from other sources of anisotropy such as ferroelastic domains[53].

2.1.4 Superconductivity in bulk SrTiO3

The superconducting ability of oxygen reduced bulk STO with a transition tem-

perature of Tc ∼ 250 − 280mK was first discovered in 1964 by Schooley et al.[54].

SrTiO3 was the first complex oxide where a superconductivity was observed, and

has intrigued researchers ever since, as pure STO was a key material in the early

search of high Tc-superconductors as described by the 1987 Nobel Prize lecture by

Bednorz and Muller[55]. However, it was disregarded due to a low Tc of 300 mK

in spite of superconductivity at exceptionally low carrier densities (1017 cm−3) com-

pared to metals, which in itself is noteworthy[49]. Schooley et al. estimated the

Ginzburg-Landau (GL) parameter to be κ > 102 thus making STO an extreme type

of type II superconductors. The large GL parameter was supported by the large

difference between the extremely small Hc1 and significant larger Hc2.

Figure 2.3: Critical temperature as function carrier concentration. The open
circles displays the theoretical calculations of where the bracket solid circles are
fictitious data used in the calculations of the transition temperatures. The solid line
represents the experimental data, where the solid circles are the experimental data.
Figure is adapted from reference [56] with units added to the axis labels.

The transition temperature of STO depends heavily on the carrier concentration as

found by Koonce et al.[56] (figure 2.3), with Tc for bulk STO being largest around

a carrier concentration of n ∼ 1.5× 1020cm−3 resulting in a Tc ∼ 0.4 K. Koonce et
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2.2 The LaAlO3/SrTiO3 interface

al. showed that calculating the transition temperature using a simplified expression

from Bardeen–Cooper–Schrieffer (BCS) theory, Tc ∼ ΘD exp |1/[N(0)V ] yields a

Tc ∼ 0.2 K, where N(0) is the electronic density of states at the Fermi level, V

is the electron-phonon coupling potential and ΘD is the Debye temperature. The

calculation indicates that BCS-theory is not sufficient to explain the superconducting

phase of STO. Interestingly, the critical temperature as a function of the carrier

concentration takes the form of a dome comparable to high Tc superconductors, even

though the Tc of STO is not comparable with true high Tc superconductors. Even

today, the nature of the superconducting state of STO is not yet fully understood.

2.2 The LaAlO3/SrTiO3 interface

STO and LAO are both band-insulators and while STO can easily be doped to

become a n-type semiconductor, the most interesting physics occur when a het-

erostructure of the two materials is formed with a layer-by-layer growth e.g. pulsed

laser deposition (PLD). LAO also has a perovskite crystal structure ABO3 (figure

2.4). The lattice mismatch between LAO and STO is ∼ 3% (STO = 3.905 Å[57]

and LAO = 3.791 Å[58]). The aim of this section is to explain the major factors

contributing to the conducting LAO/STO interface.

LaOTiSr

a
b

c

Al

SrTiO3 LaAlO3

Figure 2.4: The perovskite cubic structure of STO and LAO at RT, with crystal
axis labelled as a, b and c. Both materials have the heavier atoms (Sr and La) at the
corners of the cube, with the metal atoms (Ti and Al) in the middle of the oxygen
octahedron.

2.2.1 Interface conductivity

A few key theories attempt to explain the puzzling interface conductivity between

the two insulating materials. The main contributor to interface conductivity is still

being discussed, however the theories all have experimental work supporting them
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2.2 The LaAlO3/SrTiO3 interface

and combining the theories yields a solid explanation of the mystery which will be

discussed below.

The growth conditions play a major role in oxide interfaces. The LAO/STO het-

erostructure (figure 2.5(a)) is typically grown by PLD[59, 60, 61], however other

methods such as molecular beam expitaxy (MBE)[62, 63] and chemical vapour de-

position (CVD) has also been used[64, 65].

Figure 2.5: The three main mechanisms behind the interfacial conductivity of
the LaAlO3/SrTiO3 heterostructure illustrated in (a). The thickness of LAO meets
the requirement of 4 uc (critical thickness) as four mono-layers are grown on the
thicker substrate of STO. The atoms are colour coded as following: Sr (blue), Ti
(green), La (red), Al (yellow) and O (purple). (b) Oxygen vacancies act as electron
donors to populate the interface. (c) Strontium and lanthanum atoms may switch
place (cation intermixing), effectively doping the interface. The third mechanism for
interface conductivity is the charge transfer phenomenon named polar catastrophe
(d). The built-in electrical field in LAO raises the energy of its bands with each
layer. At the critical thickness it is energetically favourable for the electrons to
redistribute from the valence band of LAO into the conduction band of STO leaving
behind an excess of holes. Shaded regions represent occupied states and the dashed
line is the Fermi level. Figure is adapted from reference [12].

The LAO/STO samples are usually grown by PLD at 750-850°C, using a KrF laser

(λ = 248 nm) with a repetition rate of 1 Hz and laser fluency of 1-2 J cm−2. The

single-crystal LAO target along with a Reflection high-energy electron diffraction

(RHEED) setup allows for controllable single layer growth. The oxygen pressure

during growth is typically varied between 10−6 and 10−3 mbar depending on the de-
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2.2 The LaAlO3/SrTiO3 interface

sired oxidation level, which in combination with the post-growth annealing process

controls the concentration of oxygen vacancies (OV)[66]. Introducing OV by anneal-

ing under low oxygen pressure is one of the primary ways of fabricating n-type STO.

The introduced OV during growth are reduced by post-growth thermal annealing

in oxygen-rich environment, leaving the STO substrate insulating while only the

interface is conductive, which has been experimental confirmed by conductive-AFM

(c-AFM) measurements[67]. The conducting interface was examined with c-AFM

lithography and suggested to be localised within the first few nanometers of the

STO[68]. The growth conditions are crucial to oxides and usually it requires a del-

icate touch to create a conducting interface. All of the requirements such as the

LAO film has to be grown in the (001) direction and a critical thickness of the polar

top-film has to be met suggests that the oxides are of a delicate nature. Yet, it

seems that defects may improve the desired properties. Point defects such as OV

affects not only the structural properties, but also optical, electrical and magnetic

properties[66, 69]. Sr-vacancies are also defects which can affect the structure and

ferroelectricity in STO films, however OV are extremely accessible both in terms of

adding and removing to the system[70].

Oxygen vacancies

Oxygen vacancies are the most abundant and studied defects in STO. The OV are

easily manipulated as the diffusion constant consists of many variables such as tem-

perature, oxygen partial pressure, electrical field and light[71]. At T = 295 K the

diffusion constant is ∼ 10−14 cm2 s−1 and at T = 1600 K it is ∼ 10−4 cm2 s−1[72].

Figure 2.5(b) illustrates the OV which act as electron donors and effectively dopes

the sample with two electrons and they are not distributed uniformly. OV are easily

formed as the energy required to form them is usually low (compared to defects in

other structures such as semiconductors)[73]. The classical case is crystalline LAO

grown on the (100) surface of STO. Surprisingly, the interface conductivity is gov-

erned by a critical thickness of LAO. When 4 uc of LAO is deposited the interface

changes from an insulating state to a conducting state. It is, however, also possible

to induce the conducting state in a 3 uc thin film of LAO, by using an electrical

field[5]. The critical thickness is the origin of the phenomenon known as the polar

catastrophe.

Polar catastrophe and cation intermixing

The perovskites with structures ABO3 are stacked in AO and BO2 layers. Looking

at the (001) planes will result in alternating layers of La3+O2− and Al3+O2−
2 (figure

2.6) providing charges of +1 and -1, respectively, on top of the neutral STO sur-

face, which results in a polar discontinuity at the interface. Figure 2.5(d) illustrates

the polar discontinuity which is the main drive behind transfer of electrons from

the valence band of LAO to the conduction band of STO, since it is energetically

favourable to transfer the electrons across the interface due to the large energy cost

from the diverging potential[74]. However, the electrons may come from defects at

the LAO surface rather than the valence band[73]. The stacking of ABO3 results in
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2.2 The LaAlO3/SrTiO3 interface

an interface consisting of either AlO2/LaO/TiO2 or AlO2/SrO/TiO2. In both cases,

the electrostatic potential diverges with the thickness of LAO if there is no redis-

tribution of charges. Complex oxides can have mixed valence charge compensation

as compared to conventional semiconductors where ions have a fixed valence. Here,

redistribution of electrons requires lower energy than ions.

To prevent the diverging potential at the AlO2/LaO/TiO2 interface, a net transfer

of ½ electron per uc from LAO to STO arises, leaving behind a neutral structure and

the Ti at the interface effectively becomes Ti3.5+. This would make the interface an

”n-type” as confirmed by metallic behaviour and Hall characterisation suggesting

free electrons[1]. The AlO2/SrO/TiO2 interface should pick up an extra ½ hole per

unit cell and would be ”p-type”, however the interface is insulating. To avoid the

negatively diverging potential, oxygen vacancies must be introduced to the system,

since the transfer of holes would require Ti5+ which is energetically inaccessible.

The OV removes ½ an electron from the SrO plane, thus avoiding the divergence

and explaining how atomic reconstruction takes place in complex oxides with elec-

trons moving around rather than ions. The cation intermixing in which atoms of

different valence switch place, reduces the dipole energy in the interface, limiting

the stability of multiple polar interfaces[75], while also resulting in local doping of

the interface[76], as illustrated in figure 2.5(c).

The main weakness of complex oxide interfaces is the mobility as it is considerably

lower than its competitors, e.g. traditional III-V semiconductor heterostructures,

however there are several ways to increase the mobility. It is possible to achieve high

carrier mobility by using a spacer layer which can also act as a hard mask for wet

etching and depositions of top layers, while acting as a path containing less ionised

impurities, resulting in a longer mean free path of the electrons [18, 60]. Strain has

also been utilised to achieve enhanced mobility in STO[41].
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2.2 The LaAlO3/SrTiO3 interface

Figure 2.6: The alternating (001)-planes of the LAO/STO heterostructure, con-
sisting of charged LaO and AlO2 on top of neutral SrO and TiO2 layers.

2.2.2 Domain structures in LaAlO3/SrTiO3

The electrical properties of the oxide interface was the point of focus for many years,

however, the structural properties of STO are also rich and exciting. Standard tools

such as the scanning tunnelling microscope (STM) is not sufficient to image the in-

terface buried between the oxides although structural domains in STO were imaged

half a century ago[77]. As described in section 2.1, STO undergoes a ferroelastic

transition at T = 105 K in which the crystal symmetry changes from cubic to a

tetragonal structure[45] and at T = 40 K STO becomes a quantum para-electric[46]

and is suggested to have a much larger piezoelectric response than conventional

piezoelectrics[78]. The origin of large piezo-electricity in ferroelectrics is explained

by structural domains[79, 80], which could possibly explain the same effects in STO.

When the crystal symmetry in STO is broken, the uc becomes rectangular with the

long axis along either one of the three crystal axes. Ferroelastic domains are formed

in which the uc have the same orientation and are distributed to minimise the

built-in strain of STO. uc of neighbouring domains share their a-axes to minimise

dislocations, giving rise to domain walls as illustrated in figure 2.7. Ilani et al.[81]

imaged the ferroelastic domain structures using a scanning single-electron transistor

(SET), utilising carbon nanotubes to image both mechanical and electrostatic land-

scapes, to understand the importance of domain effects in the large piezo-electricity

in STO and how they affect the electrons in the LAO/STO interface.

Figure 2.7(a) shows a map of the electromechanical response dφ/dVBG at the tran-

sition of VBG = -27 V, showing clear signs of domain walls marked as red and blue
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2.2 The LaAlO3/SrTiO3 interface

stripes. Figure 2.7(b,c) illustrates the tiling rules governing domains, giving rise to

twin boundaries with well-defined angles, which was used to produce a schematic

map of the electromechanical response (Figure 2.7(d)). Ilani et al. discover that the

domains change the surface potential which can lead to a large modulation in the

local 2DEG density which affects the mobility[82]. They also find that the domain

walls are irreversibly driven towards the edges when the backgate is cycled to high

voltages of 200-400 V, however the domain walls may be pinned by metal deposi-

tion, wire bonding and lithography. A kinked surface between tetragonal domains

and the different surface potential explains the origin of the giant piezoelectricity of

STO which arises from the motion of tetragonal domains.

Kalisky et al.[83] used a superconducting quantum interference device (SQUID) to

probe the effects of domain structures in the LAO/STO heterostructure. They re-

port enhanced mobility caused by tetragonal domain structures which increases the

local mobility or carrier density. They suggest strain from the twin boundaries as a

likely origin of the enhanced mobility and a possible increase in carrier density may

arise from the increase of oxygen vacancies near changes or boundaries in the twin

structure in close proximity to the interface.

Domain structure effects affects the LAO/STO interface with a significance that

is yet to be unveiled. The control of domain structures could provide a unique

tuning knob for oxide-based devices, with the possibility of new low-dimensional

systems[84], which could perhaps lead to 1D conducting channels containing all of

the original and interesting properties of the 2DEG.
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Figure 2.7: Tetragonal domains in STO. (a), Electromechanical response map at
VBG = -27 V. The white part is negligible lateral response, while the striped network
is the structural domains following the tiling rules of domain walls. (b), The long
axis can take either of the three crystal axes. (c), Tiling rules showing how the uc
share their short axis creating twin boundaries. (d), Schematic map of (a) using the
tiling rules from (b) and (c). Figure is adapted from reference [81].

2.3 Strain effects in perovskite oxides

A mismatch between materials will induce stress during the epitaxial growth. STO

has a larger lattice parameter than LAO and stress will be induced in the LAO thin

film during growth. The mechanical stress has become a powerful tuning knob as

strain is extensively used in semiconductors to increase the carrier mobility, such

as silicon field effect devices having a hole mobility enhanced by a factor of 4 using

strain[85, 86]. Strain was important to continue developing silicon devices and opti-

mising the performance and as typical procedure, these techniques are incorporated

into complex oxides. The LAO/STO 2DEG is often compared to its counterpart

of 2DEG’s in semiconductor heterostructures. The mobility is typically much lower
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2.3 Strain effects in perovskite oxides

for the complex oxides, however, that is explained by effective electron mass being

∼100 times larger for STO than GaAs[87], while combining with a larger carrier

density leads to quantum effects being harder to reach.

Jalan et al.[41] reported that strain affects the electron mobility of STO by a factor

of up to 3.3 resulting in a mobility of 128000 cm2/V s. This is caused by the strain

splitting up the conduction bands, such that only the lowest conduction band con-

taining light electrons is occupied, thus a lower effective mass of the electrons which

results in a higher mobility. A high mobility is crucial to observe certain quantum

effects such as the quantum Hall effect including Shubnikov-de Haas oscillations[88].

Haeni et al.[40] studied how the critical temperature (Tc) of ferroeletric phases

changes upon straining the system. It was performed by growing a 50 nm STO film

on top of a DyScO3 (DSO) substrate designed to enable epitaxial strain (marked

by a black cross in figure 2.8). The phase diagram is based on a thermodynamic

analysis[89]. DSO has a lattice constant of 3.944 Å, resulting in a tensile 1% mis-

match with (001) STO at room temperature. Unstrained, pure STO is an incipient

ferroelectric and is paraelectric down to 0 K[40], however extern factors such as

stress can affect the ferroelectricity, which is exactly what is illustrated in figure 2.8.

Haeni et al. discovered that the sample of DSO with a 50 nm thin film of STO

had a maximum in the dielectric constant at T = 293 K, indicating that strain can

induce ferroelectricity, increasing the dielectric properties of STO thin films at room

temperature to a level similar to bulk STO at cryogenic temperatures. These results

certainly signify the impact of strain in perovskites.

Figure 2.8: Phase diagram showing the change in Tc as a function of in-plane
strain, illustrating the paraelectric and ferroelectric phases calculated from thermo-
dynamics. The arrows marked with a ”P” indicate the spontaneous polarisation,
while the black arrows indicate when STO is fully constrained to LSAT and DyScO3.
The cross indicates the sample with a 50 nm thick grown on top of a (110) DyScO3

substrate. Figure is adapted from reference [40].
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Strain effects are also present at the LAO/STO interface, however the focus is often

at the top-film and its relaxation of the tensile strain near the interface. Liu et al.[90]

reported that the LAO film is highly strained in the first 6-15 uc depending on the

growth temperature. For 800 °C, they found that the film started to relax after 6

uc, whereas a film grown at a temperature of 720 °C started to relax after 15 uc. A

larger growth temperature is associated with more thermal energy which can activate

the relaxation earlier, as observed for InGaAs where the strain relaxation becomes

smaller with decreasing growth temperature[91]. Liu et al. also reported that the

sheet resistance is heavily affected by strain. The films of different thicknesses

grown at 720 °C were examined where the 12 uc film (highly strained) revealed

a sheet resistance two orders of magnitude larger than that of the relaxed 17 uc

film (figure 2.9(a)), indicating that relaxed films are more conducting than strained

films. However, the mobility did not change significantly from the films varying

from 7-250 uc. The carrier density changed significantly and again the sudden

increase transpired between 12 and 17 uc with an increase of almost two orders

of magnitude (figure 2.9(b)). They find that the LAO film has a fast relaxation

process for thicknesses up to 80 uc, which results in cracks in the surface. These

cracks are not visible for films thicker than 80 uc, indicating that cracks only form for

thicknesses between 15 and 80 uc and that the cracking takes place during cooling

after deposition of the top film.

Figure 2.9: Temperature dependence of sheet resistance (a) and sheet carrier
density (b) for varying LAO film thicknesses grown at 720°C. Figure is adapted
from reference [90].

Wei et al.[92] found that the LAO top-film is highly strained up til 84 nm with low

relaxation rates. The relaxation rate describes how quickly the system relaxes back

to its orignal state. They studied LAO films with thicknesses ranging from 4-84

nm were examined. The 84 nm thick LAO film had a lower relaxation rate than

the thinner 65 nm film, which is attributed to a plastic deformation causing visible

cracks in the LAO top-film, effectively destroying the two-dimensional continuity of

the film. They also report that oxygen vacancies do not affect strain properties of

the LAO/STO interface. The plastic deformation could be the earliest evidence of

flake formation in the LAO/STO heterostructure, as the authors described the film

peeling off the substrate in rectangle shaped pieces with sizes of several hundreds

µm2.
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There will always be stress in LAO/STO due to the lattice mismatch. Like Wei

et al. we use samples with visible cracks, however, our cracks descend into the

STO substrate, preserving the LAO/STO interface. Figure 2.10 shows the process

of producing LAO/STO flakes, from bare STO in (a) to deposition of LAO in (b)

showing the strain of the top film and how it develops as the thickness is increased

in (c). Figure 2.10(d) shows when the film is thick enough that the strain induces

the plastic deformation descending into the substrate, resulting in free-standing

LAO/STO flakes. Growing a film thick enough to observe flakes will most likely have

a high impact on properties of complex oxide, since the oxides will have an intrinsic

strain. This could potentially change the properties such as gating, depending on

the intrinsic strain in the flake. The gigantic dielectric properties caused by atoms

moving off-center were discussed in section 2.1.2. The spontaneous polarisation

into a ferroelectric state, caused by straining the substrate, might counteract the

electrostatic gating effect, which is otherwise a technique commonly used to tune the

carrier density in STO-based devices[5, 7, 68]. This could potentially be a challenge

for LAO/STO flakes as they are subject of heavy strain. Thinner flakes might be

less affected by gating effects, since the ferroelectric domains will have an easier time

dominating the smaller area.

(a) (b) (c) (d)

Figure 2.10: Schematic showing strain at the various stages of producing
LAO/STO flakes. (a), Bare STO ready for LAO growth. (b), LAO is deposited
and only the top-film is tensile-strained. (c), The strain of the top film increases
as the thickness of LAO increases. (d), Sufficient thickness of LAO is reached to
induce flake formation, resulting in both strained STO and LAO taking the form
of free-standing flakes. Figure is produced by D. V. Christensen for the manuscript
discussed in chapter 4.

2.4 Superconductivity

When a material undergoes a superconducting phase transition which is a second

order phase transition, the electrons are able to move freely though the lattice,

resulting in a state of zero resistance. The phenomenon was discovered in 1911

by the Dutch physicist Heike Kamerlingh Onnes, but it was not until 1957 that a

mechanism was proposed by Bardeen, Cooper and Schrieffer which suggests that

electrons condenses into pairs.
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Superconductors are typically divided into two classes; type I and type II supercon-

ductors. Type I superconductors are governed by BCS theory, where two electrons

form a pair near the Fermi energy. During this the electron pair will behave like a

bosons rather than fermions, thus able condense into the same energy level. Fermions

follow Fermi-Dirac statistics and due to Pauli exclusion principle they cannot occupy

the same energy level, where bosons can share the same quantum state. To explain

this, one can think of a Feynman diagram, where an electron interacts with another

electron with wave vector k which distorts (scatter) the lattice and the electron

gains a new wave vector k’. This produces a virtual phonon with wave vector k-k’

which can be absorbed by a electron with opposite wave vector -k and then scatter

to a -k’[93]. The virtual phonon exchange occurs when the involved electrons states

are less than the phonon energy ~ω[94].

Vitaly Ginzburg and Lev Landau suggested suggested in 1950 that a type II super-

conducting should form inhomogeneous states in present of a strong magnetic field.

This would form Abrikosov vortices, which are vortex-shaped flow of supercurrent

where the length of the normal conducting vortex core is equal to the coherence

length, ξ. The coherence length is smaller than the penetration depth, described

by the GL parameter and will be discussed later. ξ describes the change in the

order parameter over a length scale and is the size of a Cooper-pair. Solving the GL

differential equation yields an expression for the coherence length:

ξ(T ) =
Φ0

2
√

2Hc(T )λeff (T )
(2.1)

where Φ0 is the magnetic flux quantum and λeff is the effective penetration depth,

which is the measured penetration depth. Type I and type II superconductors differ

mainly by their response to an external magnetic field H. Applying a magnetic field

to a type I superconductor will result in the field being expelled until reaching a

critical field Hc where the superconducting state is destroyed. The expulsion of

magnetic field is known as the Meissner effect. The superconducting state is also

sensitive to a current exceeding the critical current Ic, which is when the kinetic

energy of the electrons is larger than the bonding energy of the cooper pair, thus

energetically favourable to split up and terminate the superconducting state[95].

The critical magnetic field and critical temperature are expressed by the following

parabolic equation:

Hc(T ) ≈ Hc(0)

[
1−

(
T

Tc

)2
]

(2.2)

A type II superconductor has a critical field similar to a type I superconductor where

the Meissner state is not broken and is a perfect diamagnet, however, exceeding that

critical field will not destroy the superconducting properties, but rather hover into a

mixed state (2.11). In this mixed state, part of the magnetic flux will penetrate the
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superconductor and pin the magnetic flux creating superconducting vortices. These

vortices are pinned to the penetrating field lines. The vortex was first introduced

by Alexei Alexeyevich Abrikosov. To understand the mixed state one should first

consider the regime just above Hc1. In this state, the vortices are well-separated, and

the circulating supercurrent around the normal core has the size equivalent to the

penetration depth λ, while creating a moment of one unit of magnetic flux quantum

Φ0 ≡ hc/e, while the normal conducting core has a size of the coherence length[96].

A finite resistance begin to arise when exceeding Hc1. As H approaches Hc2, more

field lines penetrate the superconducting material resulting in more vortices being

formed. As H = Hc2 the number of vortices in the material becomes so large that

the vortices overlap, which results in a larger finite resistance and the mixed state

transitions into a normal state (figure 2.11).

H

H

H

Magnetic field

Mixed stateMeissner state

Normal state

Te
m

pe
ra

tu
re

Tc

Hc1 Hc2

J

Figure 2.11: Schematic of first and second critical magnetic field. The plot is based
on Hc(T ) ≈ Hc(0)

[
1− (T/Tc)

2]. Below the first critical field (Hc2, the supercurrent
expels the magnetic field by inducing a opposite directed super current, known as
the Meissner state where the superconductor behaves as a perfect diamagnet[97].
Above the first critical field and below the second critical field (Hc1 < H < Hc2),
a mixed state appears, where pinned flux vortices appears. Above the critical field
and temperature the material is in a normal state, where the magnetic field lines
penetrate the material.

Type I and II superconductors are also distinct by a parameter from Ginzburg-

Landau theory. The Ginzburg-Landau parameter κ = λ
ξ

describes the ratio between

penetration depth and the coherence length. For a type I superconductor 0 > κ >

1/
√

2 (positive surface energy) and for a type II superconductor κ > 1/
√

2 (negative

surface energy).

Superconductivity in a 2D film is governed by the Berezinskii-Kosterlitz-Thouless

(BKT) transition, which can be characterised by the temperature TBKT. For T <

TBKT , vortex pairs with opposite signs is formed. At T = 0 and zero field, the

system will seek the lowest energy which contains no vortices. As the temperature
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increases, the anti-parallel vortices are formed. At low enough temperature, these

vortices are bound, but increasing the temperature will surpass the threshold and

the vortices become free. The result of the free vortices is that they destroy the

superconductivity resulting in a finite resistance[98]. Since the vortices are not

superconducting in the center with a width of ξ, the film does not form vortices in

presence of a parallel field, and the superconductivity is not destroyed as a result of

vortex formation. Furthermore, since the film is thin, the Meissner effect does not

have to expel a high quantity of field lines, and as a result, the parallel field is much

larger than the perpendicular in a thin film.

2.4.1 Superconducting thin films

To secure unique information of the 2DEG such as the coherence length and the

geometry of the 2DEG taking both the perpendicular and parallel fields into con-

sideration, we have characterised the superconducting phase in the 2DEG of the

mesoscopic flakes. To obtain an understanding of the results in this study, the ba-

sics of the perpendicular, parallel fields and coherence length will be discussed in

this section. As described in previous section, the direction relative to the supercon-

ducting phase dictates the order of the critical field. The first field can be calculated

from GL theory and is also refereed to as the thermodynamic field[99].

Hc1 =
Φ0

4πλ
lnκ (2.3)

where Φ0 is flux quantum, λ is the London penetration depth, and κ is the GL pa-

rameter. Increasing the magnetic field exceeding the thermodynamic field results in

field lines penetrating the superconductor, and since the LAO/STO 2DEG is a type

II superconductor[30], and thus has a second critical field. During the nucleation

process in a bulk superconductor, field lines penetrates the solid slowly turning it

into a normal conductor when exceeding the second (and largest) critical field given

by:

Hc2 =
Φ0

2πξ2(T )
(2.4)

This means, that at a threshold the superconductor has been saturated with pene-

trated flux quantum. This happens when the number of vortices in the supercon-

ductor becomes large enough such that there are no more room for the vortices

in the superconductor, thus resulting in the normal state conductance core of the

vortices overlapping which leads to a universal normal state conductance for the

system. An intuitively understating of equation 2.4 is that, φ0 is the flux quantum

and takes the value 2.01/mT(µm)2, and since ξ is the length of the vortex core, Hc2

relates the number of vortices to the size of the vortices in superconductor, which

makes it obvious that at some point there are no more room for vortices. For a
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2D superconductor, vortices can only be generated by the perpendicular field as an

effect of equation 2.4. The expression can also be rewritten in terms of the ther-

modynamic critical field Hc2 =
√

2κHc showing the nucleation field scales with the

thermodynamic field. Since LAO/STO has a 2D superconducting nature we need

to consider the expression for the parallel critical field:

Hc‖ = 2
√

6
Hcλ

d
(2.5)

where λ is the the London penetration depth, d is the thickness of the 2-dimensional

superconducting state and Hc is the first critical field also referred to as the ther-

modynamic critical field for a bulk superconductor independent of shape and size

[97]. The parallel critical field can largely exceed the thermodynamic field if d/λ is

small, since in presence of a penetrating field, the diamagnetic energy for a given

field is much smaller for a thin film compared to a bulk super conductor, and is

therefore able to maintain the superconducting state for a larger field. Combining

the parallel, nucleation fields with the coherence length, we can obtain an expression

expression for the thickness (d) of the 2D superconducting film. This is done by

substituting the coherence length into equation 2.4 then substitute the expression

for the second critical field into the critical parallel film resuling in the expression

d =

√
6Φ0H⊥c

π
(
Hc‖
)2 (2.6)

From equation 2.6 it is possible to estimate the effective thickness, d, from mea-

surements of the perpendicular and parallel fields, which is used later in chapter 6,

together with the superconducting dome from figure 2.3 in order to estimate the

carrier density.

2.4.2 Superconductivity in LaAlO3/SrTiO3

An interesting feature of the superconducting phase of LAO/STO is the ability

to electrostatically tune the carrier density allowing an on/off switching of super-

conducting phase transition, thus being able to switch between an insulating and

superconducting state exceeding the quantum phase transition (QPT)[7]. A phase

diagram showing the different phases of LAO/STO by Caciglia et al. is shown in

figure 2.12.

As the phase diagram shows, an applied gate voltage between -300 V and 320V

changes the normal state sheet resistance by two orders of magnitude, but also tuned

the critical temperature of the superconducting transition temperature. At the

largest negative gate voltage, where the electron density is smallest, the resistance

is largest. As the electron density is increased, the resistance drops. At Rs ∼ 4.5kω

the electrons condense into a superconducting phase. Remarkably, the transition
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2.4 Superconductivity

Figure 2.12: The critical temperature TBKT (right axis, blue dots) as function of
gate voltage. Tuning the gate reveals a dome structured phase diagram between
normal state (white background) and a superconducting state (blue background.)
The left axis displays normal state resistance as a function of gate voltage at 400
mK, plotted as red triangles. Figure is adapted from reference [7].

Resistance (Rc) is surprisingly close to the quantum resistance for bosons with 2e

charge, where RQ = h/4e2 = 6.45kΩ. If one would keep increasing the gate voltage,

the differential Rs becomes smaller, but TBKT increases to a maximum of ∼ 310mK

before it starts dropping again, resulting in a dome structure of the superconducting

phase diagram.
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Chapter 3

Methods

3.1 Electron beam systems

The word lithography is originally a painting technique from late 17th century used

as a commercial method to imprint ink on paper[100]. In the world of physics, it is

often ascribed to the use of optical, x-ray and electron lithography, where a sensitive

stack of polymers called resist is irradiated in a geometrical pattern to change the

composition of the resist leaving the exposed pattern sensitive to certain developer

solvents. In this section, electron beam lithography (EBL) will be the primary

focus. EBL has been manifested as a common tool in top-down nanofabrication as

a consequence of the strict dependence of size in such systems. EBL has proven to

be effective at resolutions down to sub 10 nm[101]. EBL is mainly used to define a

pattern for dry or wet etching and metal depositions. EBL has its origin in scanning

electron microscopy[102], and is therefore built on mainly the same principles of

generating electrons and focusing them onto the sample.

For both EBL and SEM, generating electrons is the first step. Monochromatic

electrons are generated at a potential of 1-30 kV for SEM and 100 kV for EBL. The

endgoal is to obtain a well-defined electron beam exposing the sample. Therefore,

the beam is focused though a series of condenser lenses, a aperture, a deflector

and electromagnetic lens as illustrated in figure 3.1 (electromagnetic lens not shown

in schematic). All these has the has task to focus the beam, lower the current and

deflect the beam making it possible to write (or scan) both vertically and horizontally

on the sample[103].

When the electrons interact with the surface, mostly the same happens for both EBS

described in this section. Let us first consider the case of a sample without resist

(EBL) and focus on the SEM interaction: When the electron beam, refered to as the

primary electrons (PE) collide with the solid sample, the electrons deaccelerate in

the sample. In depth of 1-10 nm from the sample surface, secondary electrons (SE)

are ejected. These are collected by an Everhart-Thornley detector which essentially

conist of a scintillator (absorps energy and reemit it as light) inside a Faraday cage,
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Figure 3.1

where a positive voltage is applied to attract the SEs. The mechanism of SE also

results in the sample emitting X-rays, which can be used for energy dispersive x-

Ray analysis (EDXS). This happens when an incident elctron hits the surface, it

accidentally knock out an electron from the a atoms K-shell in the sample (inelastic

scattering). This results in a vacancy in the atom making it unstable. Therefore,

an electron from the L-shell fills the vacancy to stabilise the atom, and as an result

emitting a characteristic x-ray, where the energy is the difference between the shells.

In addition to the SE, backscattered electrons (BE) are emitted as well. These are

primary used to distinct the chemical composition of the sample, since the energy of

these depends on the nucleus. These can as an example be used to distinct LAO from

STO to see the interface, which will appear in different brightness on the image).

The PE for EBL are used to write a pattern. However, when the PE interact with a

sample covered in resist, several different signals are generated. As it is for SEM, SE

and BE are part of the interaction. Thus the resolution of e-beam lithography is not

only dependent on the spot size, but also the proximity effect of the BE. Therefore,

to obtain the best possible resolution, a proximity effect correction (PEC) is used

to compensate for irradiating neighbouring parts to avoid exposing the resist film

multiple times in the same spot, thus lowering the resolution of the EBL. Another

effect capable of lowering the resolution is the charging effect. This effect is typically

seen in insulating samples (e.g. STO), where the charge cannot escape the surface.
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3.2 Kaufman ion-milling

To avoid the charging effect, a water-soluble conducting layer can be applied to

surface of the resist, which is used both for patterning and SEM-imaging of an

insulating sample.

When writing the design, the system splits up the pattern into write fields (WF)

(seen as squares on the sample in figure 3.1), from where the electron beam is

originated in the middle. This is illustrated in figure 3.1 as squares on the substrate.

This is performed to minimise the the defocus and elongation of the of the beam

interacting with the surface. This also means, the WF have to be calibrated by

field-correction to account for the sample stage moving, which will otherwise result

in the design having offsets rather than being continuous as desired. When exposing

the sample, one should also keep the correlation between spot size and done in mind.

The most optimal dose it that which expose the resist just enough to enable a full

development of the exposed pattern. However, finding the perfect dose can be tricky

and will need testing if needed.

3.2 Kaufman ion-milling

The ion etching process works by eroding the surface of the sample, comparable

to the way sand grinds a rock leaving it smooth and rounded. In ion etching, a

stream of high energy ions bombard the surface of the substrate weakening the

lattice binding and releasing the atoms from the substrate.

The ion-etching source used in this project is designed by H. R. Kaufman[104], thus

the method was named Kaufman ion-milling. The Kaufman source works by heating

a filament and emitting electrons which are accelerated towards an anode. Argon

gas is pumped in the system resulting in the accelerated electrons interacting with

the Argon gas, thus ionising the argon and generating a plasma as described in the

chemical reaction equation.

Ar + e− −→ Ar+ + 2 e−

The positive argon ions are accelerated towards a negative charged extraction grid.

After the argon-ions has been extracted through the grid, the plasma enters a free

space where the next stop is the substrate.

Argon ion-etching has been proven to induce a metallic state of the surface of STO

[105]. This can be used to overcome the potential barrier between the edges of the

flake and the 2DEG, although excessive ion-bombardment could also potentially be

problematic by the nature of the bombardment, as the surface is etched away. This

is also described in chapter 5, where a pattern is milled into the STO substrate.

Furthermore, as we are not interested in the milling to be the origin of conductivity

in the flake, it was examined if the PMMA resist stack was enough to withstand

the milling such that the flake had no induced conductivity except for the contacted
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regions. A sample covered in resist was milled together with a bare STO. The sam-

ples were measured with a two-terminal configuration after milling and the sample

covered in resist were determined to have a larger resistance than the milled bare

STO, thus a lower conductance, indicating that the resist does indeed preserve the

surface.

3.3 Atomic force microscopy

AFM is a part of the scanning probe microscopy family. The AFM technique is a

direct follower of the STM which was invented by G. Binnig and H. Rohrer in 1981

and the inventors received the Nobel prize in 1986. STM provided a breakthrough

in the ability of imaging single atoms in real space. The incredible spatial resolution

had significant impact on surface science and the interest was indeed enhanced by

the simplicity of the instrument[106]. Despite the success of the STM, there was

one limiting factor. The STM utilises the tunnelling current that allows electrons to

tunnel between surface and a biased tip in vacuum when the tip is close enough to

the surface. The tunnelling principle requires the sample to be electrically conduct-

ing leaving only metals and semiconductors able for STM measurements. Binnig et

al.[107] already saw significant atomic forces when probing with STM, which lead

them to invent the AFM in 1986 to hopefully achieve true atomic resolution on all

kind of sample surfaces including insulating materials. A conducting top-layer such

as a thin layer of gold, can be deposited to bypass the requirement of a conducting

sample in STM, however, the accessibility of the AFM is unbeatable as it can image

almost any flat surface in ambient conditions.

The AFM excels at producing a raster-scanned topographical image of a flat sample

surface with resolutions down to 0.1 nm. Such low resolutions enables to possibility

of imaging single atoms as the original aim was[108]. The surface is scanned using a

tip as small as single molecules. The AFM setup is schematised in figure 3.2(a). The

tip is typically made of silicon and is attached to a cantilever which effectively func-

tions as a spring. The idea of true atomic resolution comes from the extremely sharp

tip which is around 10 nm at the very edge, and by only probing with the front-most

atom of the Si tip, one could probe single-atom properties. A laser beam is directed

at the top of the cantilever right above the tip and is used to measure the change

in amplitude which can be translated to a height. The cantilever is bought into

oscillation by the piezo-electric component on top. The change in amplitude occurs

as the tip scans the surface and a change in height appears. The high resolution is

achieved by moving the sample using piezo-electric components (xyz-scanner). The

crystal lattice of the piezo-electric components will expand or contract when a volt-

age gradient is present, allowing for extremely precise movement of the xyz-scanner.

As the tip is moved with the piezo-electric crystal, the cantilever will experience a

change in amplitude and the laser will follow which is detected by a position sensi-

tive photo-detector[109], effectively allowing for extremely small fluctuations to be

enhanced significantly.
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The AFM can be operated in different modes with the typical modes being ”tapping

mode” or ”contact mode”. In tapping mode the cantilever oscillates at a specific

frequency matching the eigenfrequency of the tip and the height of the surface is

measured as the change in amplitude. In contact mode the tip is in direct contact

with the surface. Contact made is extremely harsh for both the sample surface and

the tip. Tapping mode is usually the preferred mode as it is the more gentle method

of imaging the surface. The potential energy between tip and sample, Vts, causes

a tip-sample force F = −δVts/δz and a spring constant k = −δF/δz. The imaging

signal depends on the operating mode, however, the force or some quantity derived

from the force is typically used.

The AFM is extremely sensitive to noise and especially vibrations, thus the tech-

nique requires an experimental setup that uses proper vibration isolation, as the

mechanical vibration between tip and sample must be smaller than the atomic

corrugations[110, 111]. Temperature can affect the tip and its resonance frequency

which will lead to more noise and requires frequent tuning of the tip to ensure the

correct driving frequency is used. The forces between AFM tip and surface are

classified by their strength and range. Short-range chemical forces (few nm) and

longer-range van der Waals forces, electrostatic and magnetic forces (up to 100 nm)

are present in vacuum, however, in ambient conditions there is also adhesion layers

such as water or hydrocarbons. The effect of adhesion layers have been observed in

full effect in the work of this thesis, as some the samples prepared in chapter 5 were

unable to image with tapping mode after plasma-ashing, likely caused by a change

in the hydrophilicity of the sample surface. The Morse potential can be used to

explain the chemical bond forces, whereas the Lennard-Jones potential can describe

the van der Waals interaction[112]. As the tip approaches the surface it is attracted

by van der Waals forces, but is dominated by repulsive Coulomb forces when the tip

is extremely close[48] (figure 3.2b).
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Figure 3.2: Schematic of the AFM setup in (a) with corresponding force-distance
curve according to the Lennard-Jones potential in (b).

c-AFM is a method used for measuring the current between tip and surface while

scanning. It is also used for lithography for writing nanostructures on the surface.
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Conducting wires can be written and erased by applying voltages of opposite signs.

The wires have a limited lifetime and can even be rewritten after being erased

or decayed. Applying a voltage on the tip and writing conducting wires is just

one of many applications. Electronic devices written by c-AFM lithography with

nanoscale precision can lead to new and exciting nanostructures, such as rectifiers

and transistors[32].

AFM was utilised in this thesis for imaging microstuctures milled with Kaufman

milling and for imaging the famous terrace structured surface of TiO2-terminated

SrTiO3. Some of the issues encountered in this work was not from noise or external

vibrations, but rather the dirty surface of STO. A dirty and rough surface means

that the tip will sometimes pick up some of the contamination and the objects

adhered strongly to the tip, thus necessary to change the tip to a new one. Having

extra material on the tip results in a ”double-tip” artefact, which not only lowers

the resolution and creates blurry images, it also means that the tip has two peaks in

resonance frequency, thus more difficult to tune for the right driving frequency, but

extremely easy to identify a double-tip problem. Another issue was the fact that

the process in which we cleaned the surface (sonication + plasma-ashing) would

sometimes leave the surface incapable of being imaged with tapping mode, thus

contact mode was necessary leading to lower resolution.
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Chapter 4

Self-formed, freestanding

LAO/STO micro-membranes

This chapter will review the main results and figures from the draft version of

”Freestanding, as-grown, epitaxial LAO/STO micro-heterostructures hosting a 2-

dimensional electron gas” which has been composed in collaboration with Prof.

Fabio Miletto Granozio and his team in Italy with the main author being Alessia

Sambri. The chapter is based on a earlier version of the manuscript, however, the

key results remain the same. The review will include growth of the LAO/STO

heterostructure resulting in free-standing LAO/STO membranes also referred to

as flakes. Electrical characterisation of a electronic device based on flakes will be

presented, which was our contribution to the article along with reviewing and com-

menting the manuscript. The latest draft can be found at the end of this thesis.

4.1 Introduction

A previous method to integrate perovskite oxides with silicon involved growing crys-

talline perovskite oxides directly on a silicon to replace SiO2 in metal oxide semi-

conductor field-effect transistors (MOSFET)[113]. None of the previous attempts to

produce free standing membranes, have reported a metallic behaviour of the devices

[114]. To our knowledge, the first group to observe the LAO/STO surface to frac-

ture (undergo a plastic deformation) was in 2012 by Wei et al.[92] who investigated

the strain caused by the LAO film in thicknesses ranging from 4.9-84 nm. However,

they saw only the top-film peeling off, thus no preservation of the interface. Rather

than producing an integrated circuit with the perovskite oxide integrated directly

in the circuit, one could transfer LAO/STO-microsized structures to a silicon based

circuit with predefined gates and microwave resonators. As this is seen before for

other materials such as graphene based heterostructures (known as Van der Waals

heterostructures)[115], and nanowire devices[116, 43, 117], it is obvious to follow

the same fabrication process as it has been well documented. Therefore, following
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this approach makes it possible to use the great base of knowledge of perovskite

oxides. The samples used in this study were fabricated using PLD. The LAO/STO

growth was performed in high oxygen-pressure PLD using pulse energy density on

the target as a tuning knob. Careful control of the growth conditions during the

epitaxial growth of LAO, enables the ability to induce a strain relaxation process in

LAO/STO heterostructures which results in fractures in the surface gauging into the

STO substrate forming LAO/STO flakes. These flakes are possible to pick up mak-

ing them highly attractive for designing integrated circuits based on silicon chips.

The main question of this work was if the flakes preserve the conducting 2DEG

and how flake-devices compare to conventional LAO/STO structures in terms of

electrical properties.

4.2 Results

The studied samples have LAO thicknesses ranging from about 28 to 178 nm. In

these samples, a relaxation process happens which disturbs the surface morphology,

and eventually results in the surface fracturing covering the surface in free stand-

ing LAO/STO membranes also referred to as flakes. This study shows that it is

possible to fabricate free standing LAO/STO flakes without using a water-soluble

sacrificial layer as previously attempted[37]. Figure 4.1 displays the RHEED data

for a sample with a LAO thickness of 178 nm. The RHEED oscillations are pre-

served for ∼1300 seconds, from where the intensity decreases as shown by the insert

in (a). The RHEED oscillations continues until covered in noise and the growth

stops. Figure 4.1(b,c) shows the RHEED diffraction pattern for STO pre-growth

and LAO post-growth, respectively. Comparing these patterns, it seems that STO

is crystalline prior to growth as one would expect, but interestingly, LAO still shows

a 2-dimensional order after the final thickness has been obtained. This is visible

despite the intensity has been adjusted during the growth. A schematic of the sur-

face morphology is illustrated in figure 4.1(d-g), showing the expected development

of the strained surface during the growth. Initially, it is simply a bare un-strained

TiO2-terminated STO substrate. As LAO is grown, the induced stress caused by

the lattice mismatch forces LAO to be tensile-strained until a relaxation happens

and the surface fractures resulting in flake formation.
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(a)

(d) (e) (f) (g)

Figure 4.1: RHEED oscillations and diffraction pattern for LAO growth, including
a schematic of the strain effects resulting in free-standing membranes. (a), RHEED
specular (0,0) spot showing intensity evolving over time for the first 700 seconds.
The final thickness of the sample was 178 nm. The insert includes the full growth,
showing the intensity begins to decrease after 1300 seconds. (b,c), RHEED diffrac-
tion for STO prior to growth and LAO after growth along (001) direction. (c) still
shows 2D order in the LAO after growth. (d), Bare STO ready for LAO growth.
(e), LAO is deposited and the thin film will be tensile-strained. (f), The strain
increases with increasing LAO thickness, until it relaxes by cracking the surface,
forming free-standing LAO/STO membranes (g).

Initial structural characterisation of the flakes is shown in figure 4.2. Figure 4.2(a-c)

shows optical and electron microscopy images of the evolution of flake formation for

3 samples as the LAO film becomes thicker for (a), (b) and (c) in order of 28, 46 and

60 nm samples respectively. Figure 4.2(a-b) displays a partially fractured surface

as seen by the iridescent appearance in the optical microscopy, while figure 4.2(c)

shows an SEM image of a fully cracked surface. The images shows that the flake

fractures are aligned in the (100) and (010) direction, indicating that the crystal

lattice is weaker along the crystal plane rather than across the plane. Clearly, the

membranes have a curvature, which indicates that the cracks reaches beyond the

LAO film and into the STO film, as it is previous shown that fractured LAO will

not show a curvature as the flakes in figure4.2[118]. The curvature suggests that the

flakes consist of two materials with a strained state such as LAO/STO. The radii

of several helices, such as the one in figure 4.2(d), was determined to be 5 µm on

average. Figure4.2(e-g) shows AFM data of a flake, highlighting the curvature. The

yellow solid line and the blue dashed line in figure4.2(e) is shown in figure4.2(f,g).

The height profile shows the flake bends more across the diagonal axis and as the
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diagonal is longer, the strain induced is larger making it more favourable for the

flake to bend in this direction. One should also take Van der Waals forces into

account, which will try to pin the flakes towards the substrate forcing it to bend

less.

Figure 4.2: Surface characterisation using various microscopy techniques. (a),
Optical image of a partially fractured sample with 28 nm LAO. (b), Optical image
of sample with 46 nm LAO. The fractured regions has expanded from the sample
with 26 nm LAO. (c), SEM image of 60 nm LAO sample, where the surface is
completely fractured. (d), SEM image of the fractured surface with an LAO/STO
helix with average radius of 5 µm. (e), AFM image of a flake. The yellow line
and blue dashed rectangle in represents the height profile (f) and 3D image (g),
respectively.

TEM was utilised to clarify the nature of the curved flake (figure 4.3). This shows

a flake similar to the one in figure 4.1(g) where the LAO/STO membrane has fully

detached from the substrate. The High-resolution transmission electron microscopy

(HRTEM) data in figure 4.3(b) confirms the strained nature shown as a slightly

bending interface in the parallel plane as seen in the low resolution TEM image, while

the perpendicular planes diverge from top to bottom. We can therefore model the

system as a dislocation-free curved heterostructure. A quantitatively understanding

of the lattice deformation induced by the strain has been resorted using geometric

phase analysis (GPA)[119], by mapping displacement fields and strain fields from

the HRTEM image as shown in figure 4.3(b). The GPA analysis shows the state for

εyy mostly dominated by stain mismatch near the interface. Figure 4.3(c) provides

more detailed information about the lattice deformation. The blue trace represents
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εyy for the GPA map in (b), while the red trace shows εxx for the parallel GPA

map (not shown). Around 10 nm the system becomes neutral as εyy = εxx, which

is slightly outside the imaged region.

The LAO in the bilayered membrane in figure4.3(e) yields a thickness of 178 nm in

agreement with the expected thickness from the RHEED oscillations. Interestingly,

the thickness of the ripped STO in the membranes was similar to the thickness of

the LAO.

Figure 4.3: Flake curvature model based on TEM images. (a), HRTEM cross-
sectional image of the interface, showing a slight bending in a dislocation free lattice.
(b), εyy map obtained by GPA. (c),εyy (blue) and εxx (red) profiles. (d), Schematic
showing the strain of the membranes, with neutral surfaces and regions of tensile and
compressive strain. The STO is expected to have ferroelectric domains as marked by
the yellow areas with white arrows. (e), Low-resolution cross-sectional TEM image
of a typical flake with 170 nm LAO. The interface is marked with a red arced line.

We will now address a specific case of the membrane heterostructure where the

two layers have the same values for Young moduli (ELAO ∼ ESTO) and thickness

(dLAO ∼ dSTO). We can then use the approximation tSTO = tLAO, which can be

interpreted as the distance from the curvature to the neutral zero-strain states in

the flakes. This can also be visualised from figure4.3(d) from the tensile-compressed

triangles. Using Young’s modulus (E = σ
ε
, where σ is the uniaxial stress and ε is
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the strain) for a bilayer, where the thickness of these are the same results in the

equations:

tSTO = tLAO =
dtot
3

(4.1)

From Young’s modulus, if σ = 2/3dTot and ε = ∆a/aave, thus we get radius if the

circle to be:

Rcurv =
2

3

aave
∆a

dtot (4.2)

Where d is the thickness of the film, aave is the average lattice parameter of the

bilayer, ∆a is the difference between the bilayers and dtot = 2d which the total

bilayer thickness. Calculating the radius of the curvature, we used 2d = 356 nm,

aLAO = 0.3787 nm, aSTO = 0.3905 nm, ∆a = 0.0118 nm and aavg = 0.3846 nm

thus resulting in the radius being ∼ 7µm, which is in reasonable agreement with the

measured result from figure 4.3(a) of (Rcurv = 8µm).

As a consequence of the strain in the LAO/STO membrane we will turn to a

polarisation-vs-strain diagram as illustrated earlier in figure 2.8. The yellow ar-

rows in figure 4.3(d) indicates where the in-plane and out-of-plane polarisation is

expected to appear. With a strain gradient of about 0.5‰/nm we could possibly see

a ferroelectric state up to room-temperature. A more complex behaviour could may

exist in a largely strained system. For the 178 nm membranes, tSTO = tLAO = 119

nm would be the distance from the surface we would expect to find a ferroelectric

state in STO.

The crucial question which have not been addressed yet is if the micro-sized mem-

branes are conducting. Flakes were transferred using a dry mechanical method onto

pre-patterned Si/SiO2 substrates with an array of metal alignment marks. Fig-

ure 4.4(a) shows a false coloured LAO/STO microsized membrane transferred to

an Si/SiO2 substrate. The membrane was electrically contacted in a two-terminal

configuration with Ti/Au (300 /400 nm) defined by e-beam lithography. To en-

able electrical contact, the sides of the membrane were Argon-milled utilising a

Kaufman ion-milling source. Two devices were cooled to 4 K and the two-terminal

resistance was measured using standard lock-in techniques. The devices exhibited

typical metallic behaviour and the results are plotted in figure 4.4(b). At base tem-

perature, device 1 was electrostatically tuned with a back-gate showing a pinch-off

around -150 V and an increase in conductance for positive gate voltages, as expected

for n-type carriers. These results may result in new types of LAO/STO-based de-

vices and the natural step going forward would be to define 4-terminal devices in

order to determine properties such as carrier density and mobility. The results

also suggests that LAO/STO micro-structures can be integrated into semiconductor

structures and other exciting systems, in a rather simple way.
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4.2 Results

Figure 4.4: Electrical characterisation of a flake device. (a), False-colored SEM
image of a LAO/STO flake (red), electrically contacted with Ti/Au (300/400 nm).
(b), Two-terminal resistance as a function of temperature for two metallic flake
devices. (c), Device 1 was confirmed as an n-type with a back-gate sweep at T = 4
K.
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Chapter 5

Surface patterning for controlled

flake formation

5.1 Motivation

Growing LAO thick enough to form flakes on top of a non-patterned STO substrate

will result in flakes of varying size and shapes and as a consequence varying the

curvature of the flake induced by the internal stain. Flakes constitute an entirely

new conceptual approach towards oxide electronics, making it possible to integrate

oxide structures onto Si/SiO2 platforms. Patterning is a natural question to pursue

to explore the possibilities and limitations of the approach. Here we explore a pre-

patterning method using a Kaufman ion source (Argon milling) to mill a pattern into

the STO to weaken the substrate enough such that the flakes will break off following

the pattern. The ability to control the size and shapes of the LAO/STO flakes will

be required for reproducing device properties. Furthermore, identical flake-shapes

would result in a less complicated fabrication process as many of the fabrication steps

would be standardised. One specific area that would benefit greatly from this control

is the process of contacting the flakes, as this seems to be the most time consuming

and non-trivial aspect due to the randomness of non-patterned LAO/STO flakes.

The contacting part of the process is difficult not only due to the varying flakes but

also because LAO/STO interface is exposed on the side of the flakes, thus metal

has to crawl up the flakes to reach the metallic interface, which consistent squared

flakes would make easier, but not remove the difficult step completely. To get an

idea of the randomness size and geometry (only in x and y direction) of the flakes,

we have measured the size of 600 flakes from five SEM imaged captured at random

positions randomly distributed of sample 18-096 where the LAO 78 nm thick. Two

histograms is shown with fit is shown in figure 5.1(a).
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Figure 5.1: Quantitative analysis of the size of the flakes measured along both the
x and y axis. (a), Blue and red solid squares represents binned length data along
the x-axis and y-axis, respectively. The data has been fitted to a Gaussian function
represented as the dashed line with colour corresponding to the binned data. The
insert shows an example of the SEM imaged used to measure the size. (b), Length
in y versus length in x showing a shift towards the y-direction. Dashed line shows
perfect squared flakes.

To obtain a more accurate overview of the dimensions of the flakes, we have seg-

mented the x and y dimensions represented by blue and red, respectively. The blue

and red lines represent the Gaussian function fitted to the binned data. The insert

in (a) shows an example of a SEM image which were used to measure the lengths.

Figure 5.1 shows the length along the y-axis versus the length of the x-axis. This

shows us that around 2µm for accumulated surface energy is comparable to the crys-

tal bonds inducing cracks. The dashed line shows the perfect squared flake, where
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5.2 Methods

the largest density is shifted towards y resulting in the flakes being longer in the

y-direction. Note that more complicated scenarios could also be important. it also

tells us about the scale at witch we can expect a successful flake control.

Patterned flakes would not only reduce the number of complications in the fabri-

cation process but also open up the possibility for more exotic shapes such as Hall

bars, circles and hexagons, whereas controlling the size of the flakes could lead to

devices where lateral size plays a major role such as quantum devices.

Here, we primarily examine square-shaped flakes as they would potentially be the

most promising shape, however Hall bar shaped flakes were also examined as they

would essentially make four point measurements more accessible, along with squares

having a hole in it to resemble a circular structure and long strips. The square flakes

could potentially reduce the curvature, since the Van der Waals forces would reign

superior over the force from strain effects, thus the flakes would lie flat on the sur-

face instead of curving, which has been observed several times with SEM images for

non-patterned square-shaped flakes.

The patterned flakes should result in a larger number of metallic devices per sample,

since the contacting part of the process should be more consistent. Controlling the

size and shape would also provide a better insight to how the size and shape might

influence the devices, as it is near impossible to find a connection between conductiv-

ity, size and shape when measuring non-patterned flakes, especially in combination

with the uncertainty of difficult contacting.

The ideal result would be to develop the optimal pattern for controlling flake forma-

tion such that the entire sample is cracked into flakes, while the flakes are patterned

in a way that makes it more trivial to fabricate electronic devices based on flakes.

Additional information including protocols, supplementary figures and images can

be found in appendix 8.1.1-8.1.4.

5.2 Methods

The STO substrates used in the pre-patterning project all followed the same general

concept from bare substrate to patterned sample as illustrated in figure 5.2. The

substrates were cleaned in acetone and IPA before spinning resist and again after

removing the resist. Each step is elaborated in details in the protocol found in

appendix 8.1.1. The process changed slightly as we gained more insight, adding

steps such as plasma-ashing and water treatment, thus the processed samples were

not completely identical and the differences between samples can be seen in table

5.1.
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Figure 5.2: Illustration of the Kaufman ion-milling procedure. PMMA is spin-
coated to a TiO2-terminated STO substrate and EBL is utilised to expose the pat-
tern. The pattern is developed and Kaufman ion-milling is executed for milling the
sample. The PMMA is then removed, and the sample is sonicated for 15 minutes to
remove excess STO walls that arises during the milling procedure. As a result the
STO substrate has a milled pattern, while the remaining of the substrate remain
intact and retain its terrace structure on the surface.

Terrace
Sample Pattern Resist Milling structure Ashing H2O Flake

version stack time (min) before/after treated formation
S1 (MK1) 1 Protocol 6 X/Odd 7 7 No
S2 (MK2) 1 Protocol 12 X/X 7 7

S3 (Italy1) 1 Protocol 6 X/X 7 7

S4 (Italy2) 1 Protocol 12 X/Odd 7 7 No
S5 (STO1) None Protocol 0 Good/Good X X No
S6 (STO2) 1 Protocol 6 Good/Good X 7 Partially
S7 (STO3) 2 Protocol 6 Good/Good X X Growth error

S8 (MoDA1) 2 Protocol 6 Good/Good X X
S9 (MoDA2) 2 Protocol 6 Good/Good X X Yes
S10 (MoDA3) 2 Protocol 6 Good/Good X X

Table 5.1: List of all the samples using for the pre-patterning project and which
processes each sample has gone through. The names in parenthesis next to sample
numbers refers to the name that each sample had throughout this project and in
the lab-book.

Design 1 and 2 are simply a notation for different versions of the pattern. Design 1

was made to include squares and Hall bars with three sizes and three trench widths

(figure 5.3). Design 2 was a broader approach to include only squares, however more

size variation in order to find the optimal flake size (figure 5.4). The designs were

repeated throughout the surface to cover most the samples to minimise the effect of

surface inconsistencies.

The design was exposed using electron beam lithography following the protocol in

appendix 8.1.1. The pattern was carefully aligned along the edge of the sample

as the flakes were expected to only break off along the crystal axis[120]. Optical
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overview images were used to verify the exposure and development process, however

the spinning of resist provided varying results and was difficult on certain samples

leading to contaminated and uneven resist stacking even after several tries. For

samples with uneven resist, the patterns would be offset to avoid the Unpatterned

flakes breaking off due to strain, were observed with sizes in the scale of a few microns

which was the basis for the pattern sizes, however an appropriate milling time was

necessary to weaken the substrate enough, thus 6 and 12 minutes were the selected

time scales. The dry etching step was performed by ion-milling with a Kaufman

ion source (Argon), using 600V and 23 mA with for 6 minutes. The samples that

received 12 minutes, were milled two times for 6 minutes with a cool down period of 5

minutes in-between to both prevent damaging the tool and to potentially accelerate

the milling process. SEM was utilised to image the milled pattern. Walls of milled

STO was spotted rising from the edges of the trenches (figure 8.1), however, the

walls were easily removed by sonicating for 15-30 minutes in N-Methyl-2-pyrrolidone

(NMP). AFM was performed to examine the milled pattern and to determine the

depth of the milled trenches. The terrace structured surface was also imaged before

and after processing, as the TiO2-terminated surface has been proven critical for

epitaxial growth. To grow the top LAO/STO film, the milled samples were shipped

to Fabio Granozio’s lab in Italy for PLD. RHEED was utilised to observe when

the flake formation commences. The results of the growth will be discussed in the

following sections.
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Figure 5.3: Schematic of design 1 utilising Hall-bars (width, aH = 10, 5, 2.5 µm)
and squares (width, a = 2, 1, 0.5 µm) with trench widths, w = 100, 200 and 300
nm.
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Figure 5.4: Schematic of design 2. The design is focused towards squares ranging
from 500 nm to 20 µm with both 250 and 500 nm trenches (except for the 500 nm
squares which only has 250 nm trenches). Additionally, squares within squares have
been added with 250 nm trenches. Long strips and rotated squares were also added
to build upon the observations of previous growth. Long thin strips were also added
based on previous observations.
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Figure 5.5: Full 5 × 5 µm2 optical overview of S9 after development, showing
the pattern used to systematically study the optimal size for flake formation. The
sample shown here is the same as shown in the result section in figure 5.12 and 5.13.

Figure 5.5 shows S9 after development. The white squares in the bottom of the

chips is an artefact of overexposing caused the pattern being too closely patch thus

resulting in the back-scattered electrons exposing the whole region. The row above

the bottom row show in addition to the overexposed squares small white regions,

which is caused by the resist being too loosely bound to the surface and the adjacent

resist causing it to move out of the defined position. The crosses is also an artefact

of the exposure most likely caused by a combination of overexposing and the area

is located at the edge of the WF.
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5.3 Characterisation

5.3 Characterisation

The AFM images were captured after the samples had been milled and cleaned to

produce the best image of the sample prior to flake formation. We utilised atomic

force microscopy to image the milled pattern and to generate a height profile of

the milled trenches. The AFM was expected to produce slightly more inaccurate

images than what is typically expected, since the measurements were usually per-

formed during the busiest hours of the day and the tool is extremely noise sensitive.

Several samples were imaged during a session, thus temperature fluctuations in the

operating chamber were inevitable due to loading and unloading multiple times.

Tue Hassenkam who is the associate professor responsible for assisting with AFM

measurements, indicated that the AFM measurements can vary up to 10 % between

sessions, which is caused by the plethora of variables causing noise; temperature

fluctuations, the cantilever being held loosely or tight depending on the person

tightening the screw, the tuning of the tip, the sample has to sit for a few minutes

to ”sink” into the tape. However, the AFM results are still surprisingly accurate

and due to state-of-the-art technology and innovative noise-cancelling solutions the

images were impressive considering the circumstances.

Figure 5.6a shows an SEM image of a region of milled squares with a = 0.5 µm and w

= 300 nm with a 3D AFM image of the same milled squares is shown in figure 5.6(b)

and a height profile following the blue dashed line in figure 5.6(d), showing a trench

depth of 28 nm, with the terrace structure is shown in 5.6(c). Figure 8.2 reveals a

similar region of Hall bars (aH = 10 µm and w = 300 nm) with a corresponding

AFM image of the milled structure and a height profile showing the same trench

depth of 28 nm. This indicates that it is indeed possible to pattern the STO surface

by Kaufman milling. As previously mentioned, the terrace structured surface is

crucial for epitaxial growth of LAO. Figure 5.6(c) shows the terrace structure after

6 minutes of milling, which reveals a rather non-traditional surface. The terraces

were not imaged prior to patterning, thus uncertain if the processing changed the

surface structure.

The results of 6 minutes milling was 28 nm deep trenches. A Hall bar with aH
= 10 µm and w = 200 nm is shown in appendix 8.1.2 figure 8.3(a) with the green

square matching the terraces shown in figure 8.3(b) and a height profile following the

red dashed line shown in figure 8.3(c). The height profile for 12 minutes of milling

yielded a depth of roughly 40 nm. Milling for twice as long was expected to yield

twice the trench depth, however that is clearly not the case. Figure 8.3(c) shows a

dip in the middle of the trench. The dips are in the centre of the trench, which by

looking at the dashed line in figure 8.3(a) is right at the intersection with another

trench, leading to the tip gaining more space to work with, thus allowing it to reach

further down. The tip never reached the bottom of the trench as confirmed by the

height profile in figure 8.3(d), thus not possible to conclude the real trench depth,

however, the trenches for 12 minutes of milling are at least 40 nm deep. Another

conclusion is that 200 nm trench width is not enough since the AFM tip does not
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Figure 5.6: Results from 6 minutes of milling. (a), SEM image of 0.5 µm squares
with a trench width of 300 nm. (b), a 5x5 µm2 3D AFM image of a region matching
the parameters (a). The terrace structure of the sample is shown in (c), revealing
unconventional terraces. (d), Height profile following the blue dashed line in (b),
showing 28 nm milled trenches.

5.4 Results

All samples were shipped to Fabio Granozio’s lab, where LAO was grown on the

milled STO substrates. The samples were not shipped all at once, but rather as they

were processed often in groups of at least two. A non-patterned reference sample was

placed in the growth chamber along with S4. During growth, the RHEED detector

was directed towards the reference sample, since the two samples were expected to

form flakes at the same thickness of LAO. The growth was interrupted as RHEED

showed flake formation on the reference sample. Imaging the sample with SEM after

growth revealed no fully cracked flakes throughout the entire sample (figure 5.7(a))

- not even in the non-patterned areas (figure 8.4(d)), however we did image an area

on the verge of cracking (figure 5.7(b)). Figure 5.7(c) is a more centred region of

the same squares showing a clear hole in the top film and the fact that the pattern

is visible underneath indicates that the top film is indeed present, however partially

relaxed. Figure 5.7(b) shows an area of squares which was the only place where

cracking was observed, however fully free-standing membranes were not observed.

The explanation for this could lie within the nontraditional terrace structure. The

terraces (figure 5.6(f) and 8.3(b)) were not sharp and flat as expected, resembling

a double tip artefact from the AFM, however changing the tip and re-imaging the

55



5.4 Results

surface showed the same structure, thus the problem is possibly in the substrate

treatment. EDXS analysis confirmed the LAO top layer and the atomic percentage

of Al inside the hole was determined to be significantly lower than outside the hole

(figure 8.4(a-c)). The confirmation of a present LAO top film, leads to the suspicion

that the pattern functions as a defect causing strain relaxation, similar to how small

local defects can potentially cause perfect circular films of relaxed LAO (figure 8.5),

however, the preserved circles might also be caused by dry-marks. However, the

non-patterned areas were not cracked into flakes, which would mean the defects

would cause relaxation on millimetre long ranges which seems rather unlikely. A

reasonable speculation could be that the thickness of LAO was not adequate for

this specific substrate as the sample seemed to be on the verge of cracking (figure

5.7(b)). The reference sample was completely cracked (figure 8.5), thus possible that

a hidden substrate variable plays a role for the thickness of LAO required to form

flakes or possibly that the patterned samples requires a thicker LAO film.

2 µm2 µm 5 µm

(a) (b) (c)

Figure 5.7: SEM images after the first LAO/STO growth on a pre-patterned
substrate. (a), Patterned area of 1 µm squares with 300 nm wide trenches. (b), An
area showing partially cracked 2 µm square flakes. (c), A more centred region of
squares in (a) showing a hole in the top film.

5.4.1 Surface termination

It is impossible to know if the non-conventional terrace structure was present in S4

from the start as we did not image it prior to patterning, thus S5, S6 and S7 were

imaged after every step in the process (figure 5.8), to ensure terraces of high quality

to achieve the best growth conditions. S5 was used as a control sample alongside the

patterned S6 which was patterned following the usual procedure as seen in table 5.1,

with the only difference being oxygen plasma-ashing. The control sample had only

been exposed to the PMMA stack and was developed per usual protocol to verify

that the resist stack and development do not disrupt or contaminate the surface

which would result in absent flake formation.

The surface of S6 was imaged prior to patterning and it showed high quality terraces

(figure 5.8(a)). AFM also revealed that STO-walls were still present (figure 5.8(b)),

which simply required an additional 15 minutes of sonication (figure 5.8(c)). Figure

5.8(d) shows an AFM image being blurry in the top half due to the tip hitting an

impurity (marked with a white arrow), however the surface was clearly contaminated
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by what is believed to be resist residue, thus the idea of plasma-ashing which led to

a clear terrace structured surface (figure 5.8(e)). The fact that ashing was necessary

indicates that the resist is not properly removed by the standard NMP procedure

after milling, thus ashing was added as a fabrication step in the protocol. It appears

that imaging the surface after every step is paramount to ensure terraces of high

quality. With crystal-clear terraces, S5 and S6 was shipped to Italy for LAO/STO

growth and the result of S6 is shown in figure 5.9.
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Figure 5.8: AFM and SEM characterisation of S6 from pre-patterning to post-
patterning with arrows indicating each step. (a), Pre-patterning AFM image of
a clean and sharp TiO2-terminated surface. (b), 3D AFM image of a patterned
area after milling and sonication, showing STO walls. (c), SEM image after a
second sonication to further reduce the milled STO walls. (d), AFM of the terrace
structure after the second sonication showing clear contamination, possibly residual
resist. The top part of the image was blurry due to the tip hitting an impurity
half-way through the scan as marked by the white arrow. (e), AFM image of the
surface after plasma ashing, showing sharp terraces.
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10 µm 1 µm 20 µm

(b) (c)(a)

Figure 5.9: SEM images after LAO growth on the patterned substrate S6. a)
Patterned area of 2 µm squares with 200 nm wide trenches. b) Two free-standing 2
µm squares. c) A non-patterned region between two patterned areas, showing flakes
of abnormal sizes.

LAO was grown on S6 utilising PLD and RHEED. The growth was stopped at

250 uc due to the RHEED signal showing signs of flake formation, resulting in a

95 nm LAO film. However, an issue appeared during the post-annealing phase in

the growth process. A malfunction in the system caused the software to freeze

out, meaning the sample cooled down naturally, followed by heating it up to post-

annealing the next day which might have had an effect on the flake formation. The

result of the growth is depicted in figure 5.9, showing cracked LAO/STO membranes

in the patterned area. Figure 5.9(a) shows 2× 2 µm squares with 200 nm trenches,

with clear evidence of controlled LAO/STO membrane shapes and size. The flakes

crack mostly along the trenches, indeed indicating the trenches weakens the crystal

lattice as intended. However, the image also shows that further optimisation of the

growth is needed to completely release the membrane from the substrate. Only

a few free-standing membranes were observed as seen in figure 5.9(b). Flakes of

abnormal sizes (larger than 10 µm) in non-patterned areas were observed (figure

5.9(c)). The reason for enormous flakes and only partially cracked regions is not

clear, but is likely related to the growth. Design 2 will be crucial to examining the

size limitations of the flakes.

The reference sample grown in parallel with S6 was used as a resist control sample, to

examine if the resist stack affected the surface. We wanted to know if the processing

could cause the lack of flakes outside of the milled regions. AFM was used to image

the surface before and after PMMA as presented in figure 8.6. Figure 8.6(a) has

white dots on the surface, which is believed to be Sr-complexes. This assumption is

based on it was possible to remove the dots from other samples utilising the same

procedure[50]. Figure 8.6(b) displays the sample after exposing it to PMMA and

MQ-water, showing that the terrace structure has not undergone visible changes,

while the dots on the surface have been dissolved from the water treatment. As

listed in the table of samples, the resist control sample S5 did not show any sign of

flake formation, indicating that the resist does indeed change the surface, however,

inconsistent with the patterned S6 with partial flake formation.
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5.4.2 Optimised pattern

From S6, we have realised that it is potentially possible to guide the LAO/STO flake

formation. Therefore, to optimise the milling pattern, a new pattern was designed,

consisting of squares ranging from 0.5 to 20 µm with 250 and 500 nm wide trenches

as seen in figure 5.4. From the result of S6, it seemed unlikely that the smallest

square will form into freestanding membranes, but to verify the assumption it has

been included in the design. As we observed giant flakes on S6, 20 µm squares

has been added to the design. Additionally, squares within squares as well as 4

µm squares rotated 45◦ were added in the design, to see if we are able design a

SQUID and membranes which are able to fissure diagonally to the crystal plane.

Long thin flakes were also observed on S6, thus we designed long strips increasing

from 500 nm to 23 µm in thickness with 250 nm trenches. The Hall bar design from

previous design was put on hold since the design only showed weak evidence of fully

cracked membranes, while the squares have been brought into focus to increase the

optimisation of designed LAO/STO membranes.

2 µm 200 nm

(a) (b)

Figure 5.10: AFM images acquired utilising contact mode. (a), An AFM image
of 2 × 2µm squares with 250 nm trenches. The bright and dark lines on top are
artefacts from the imagining. (b), AFM image of a square from (a) displaying clear
terraces.

Imaging S7 prior to spinning resist revealed dots on the terraces as seen in figure

8.7(b). This is not a new subject and has been seen before, where it has been

shown to be strontium complexes, which can be dissolved by rinsing the sample in

deionised water for 30 s as demonstrated by Connell et al.[50]. The milled pattern

has - besides the deionised water treatment, been prepared similar to the S6, where

a 3 stack resist was spun on the surface, followed by EBL and development. The

sample was exposed to a Kaufman ion-milling source for 6 minutes. The resist was

removed in (80C
◦
) NMP followed by 15 minutes sonication in the warm NMP to

remove the STO walls. The sample was rinsed in acetone and IPA. Figure 8.8 shows

AFM images of S7 before plasma-ashing the sample. Figure 8.8(a) displays 2 × 2

squares with 250 nm trenches, which presents a milled sample where terraces are

present on the non-milled squares. However, conducting a 1.5 × 1.5µm image of a
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square (figure 8.8(b,c)) revealed a contaminated surface possibly resist residue, which

was simply addressed by plasma-ashing and the result is shown in figure 5.10(a).

The resulting terraces is shown in figure 5.10(b) emphasising the importance of

plasma-ashing the sample after remove the resist. One thing to note is that The

surface had to be imaged utilising contact mode rather than tapping mode, possibly

due to the surface changing hydrophilicity when ashed and rinsed.

Unfortunately, an alignment error resulted in a poor growth and no flake formation.

The error in laser alignment is not possible to know prior to growth, thus the main

result of S7 is the process for producing clean and sharp terraces, which was used

for S8, S9 and S10.

5.4.3 Patterned flakes

Three samples S8, S9 and S10 were prepared following the same recipe as for S7.

The three sample have been milled for 6 minutes. Non of the samples was imaged

with AFM prior to milling based on previous results where milling did not have

an effect on the surface, although the sample still requires imaging after milling to

ensure a clean surface with sharp terraces. Figure 5.11 shows AFM imaged captured

after milling. Same issue appeared for S8,S9 and 10 as for S7, where tapping mode

was not able to image the surface, thus contact mode was used.

10 nm

0.01 µm

12.5 nm

0.0
500 nm

500 nm 500 nm

8.0 nm9.0 nm 0.0 nm0.0 nm

(a)

(b)

(c) (d)

Figure 5.11

Figure 5.11 shows AFM images of S8. The surface reveals unconventional terraces,

both the initial (figure 5.11(a)) and following scan (figure5.11(b)). We cannot ex-

plain the features in (a), but the square edges of the terraces might originate from

the cleavage of the chip, but is still completely clear. The terraces of S9 and S10 are

outstanding (figure5.10(c,d)) and well suited for LAO deposition.

The result of LAO growth on S9 can be seen in figure 5.12 for 250 nm trenches and

figure 5.13 for 500 nm trenches, displaying the LAO growth on the patterned STO

substrate is a success. The surface shows clear evidence of flake formation in the

defined area from 20 × 20 µm2 to 2 × 2 µm2 for the squares with 250 nm trenches
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and from 20× 20 µm2 to 4× 4 µm2 for squares with 500 nm trenches. The square

with a 45° tilt hosting 4× 4 µm2 squares and 500 nm trenches also show evidence of

a cracking surface. The full sample is imaged and can be found in appendix 8.1.4.

We anticipated the 20×20 µm2 squares to crack internally as an effect of the signif-

icant magnitude of strain caused by the pre-patterend squares being much larger in

size compared to what we usually see. This is the case for the squares with 250 nm

trench. However, the squares with 500 nm trenches have squares witch retained the

20×20 µm2 squares. Considering the smaller squares of 10×10 µm2 and 7×7 µm2,

for the 500 nm trenches pattern, the quantity of flakes seems to decrease while at

4× 4 µm2, it increases again. There are no flake formation for squares smaller than

4×4 µm2 with 500 nm trenches. For the squares with 250 nm, the largest unbroken

squares are formed at 10 × 10 µm2 while the highest quantity of flake formation

peaks at 7× 7 µm2 squares. The smallest possible squares which were able to form

are the 2 × 2 µm2 squares, where the squares have not yet fully detached it self

completely and mostly only half the square was detached. However, still possible to

pick up and transfer the flakes with the micro manipulator. To explain the cracking

behaviour of flakes in the different squares, we will need to consider the width of

the trenches and possibly the dept as well. For the 20 × 20 µm2 squares, we saw

that the the squares with the smallest of the two trenches were not able to obtain

20×20 µm2 flakes but but rather cracked into smaller pieces. This could be a result

of the width of the trench is not sufficient to relax the system as much as for the

squares with 500 nm trenches, where we saw full 20 × 20 µm2 flakes. As the size

of the squares decrease, only design with 250 nm trenches were able to efficiently

produce flakes, which is consistent with the theory. For the design with 500 nm

trenches, the crystal is sufficiently relaxed to not stress the crystal sufficiently for

fracture mechanics to occur.

The results for the square with a 45° angle was as anticipated, where the fractures

seem to follow the crystal axis. However, when it encounters a trench, it begins

to follow the trench. Therefore, it does not seems like the initial fracture follows

the angled trench, but rather a plane in the crystal thus showing that the crystal is

weakest along the crystal axis which will work as a fracturing catalyst.

Recalling the square within a square with 250 nm trenches, and the outer square is 5

µm wide and the inner square is 1.5 µm side might suggest another size is necessary.

Figure 5.14(a) shows a global trend over the whole sample, where only a fraction of

the outer squares are fractured, while the inner is unbroken. Comparing this result

to the 7 × 7 µm2 where the density of fractured squares peaks, it seems the inner

square affects the strain sufficiently for the patterned area to relax. Furthermore,

the inner square did not fully crack which we would expect from the squares where

we did not see flake formation below 2 µm. If this experiment would be reproduced,

an example of a design could be a combination of 250 and 500 nm trenches with

larger outer and inner square to engineer an optimised pattern where the inner and
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outer square cracking would consistently.

2 µm

(a)

20 µm 

(b)

Figure 5.14: SEM images from S9 showing example of the square in square (a)
and the strips (b). (a), The inner square (1.5 × 1.5(µm)2 surrounded by a larger
square 5× 5(µm)2 was rarely observed though out the sample. (b), The strips was
in comparison vastly absent though out the sample.

The long strips surrounding the squares seem rather succesful (figure 5.14(b)). The

SEM images reveals ambivalent results for the strips. Part of the strips have curled

up and lies on the surface in a ring, while other broke into smaller squares before

being able to form a ring. The result is rather difficult to interpret as an effect of

the strips having moved from the initial area of forming. However, it seems most

of the thick strips have formed and did not move too far away, while the thinnest

has disappeared. Therefore, it is ambiguous to tell if the flakes fractures across the

trenches. An explanation for the flakes moving could be caused by the shipment,

where the chip was wrapped in clean room wipes.
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100 µm 20 µm

20 µm100 µm
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Figure 5.12: Result of LAO growth on S9 revealing flake formation in the patterned
areas. Left panel displays areas with 250 nm trenches from 20× 20 µm2 squares to
2× 2 µm2. Middle panel shows a zoom in of left panel marked as the back square in
the right panels. The right panel shows a higher magnification of the middle panel
marked as the squares is the middle panels.
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Figure 5.13: Result of LAO growth on S9 revealing flake formation in the patterned
areas. Left panel displays areas with 500 nm trenches from 20 × 20µm2 squares to
4× 4 µm2. Middle panel shows a zoom in of left panel marked as the back square in
the right panels. The right panel shows a higher magnification of the middle panel
marked as the squares is the middle panels. Lower panels shows the 45° tilted square
with 4 × 4 µm2 squares and 500 nm trenches where right image is a zoom of the
square in the middle image.
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Chapter 6

Electrical properties of

LaAlO3/SrTiO3 flakes

6.1 From flake to device

Producing electronic devices based on LAO/STO flakes was a difficult process, as

every step of the way proved a new challenge and something that had never been

done before. Every struggle was something new and a solution had to be built from

scratch. Solutions and implementations from the field of semiconductor physics were

the most applicable, however still had to be modified. This section highlights the

struggles and solutions of the journey from flake to finished device.

6.1.1 Flake transfer

Transferring the flakes was an uphill battle in itself and the transfer turned out to

be a double-edged sword. In order to achieve speed and efficiency, one must sacrifice

precision and consistency (and vice versa). Many different transfer methods were

suggested such as direct contact between growth substrate and transfer substrate.

Bare Si substrates were used as transfer samples, however it proved to further com-

plicate the process. Another approach was to sonicate flakes off of transfer chips

to then let them dry off on a pre-patterned Si/SiO2 substrate. While the Si/SiO2

substrates with a pre-patterned array of metal alignment marks were determined

a crucial part of the process, the involvement of liquid transfer and direct contact

were disregarded. The thought process behind direct contact transfer was that we

wanted flakes with LAO on top and not upside-down flakes, however, we quickly

found out that it was not in our control with this method. Many different transfer

methods were trialled, but the one reigning supreme was a relatively simple one.

A dry mechanical transfer method often used for transferring semiconductor nanos-

tructures was suggested which meant that the LAO/STO flakes were transferred

from the growth substrate to Si/SiO2 substrates by stroking the growth substrate
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6.1 From flake to device

with the corner of a clean-room wipe and then touching the pre-patterned silicon

substrate. This proved to be an extremely efficient method. The human eye proved

fairly decent for hitting the centred 300x300 µm2 array of alignment marks, how-

ever, there was also a large amount of flakes that were not in the centre region.

The use of this method does not allow control of orientation, quantity or size of the

flakes, however the speed was unmatched. Dark-field optical microscopy was used

to find suitable flakes, which means flakes that were within the alignment grid and

with sizes of a few microns for easier alignment in order to contact the flakes. With

the flakes being on a pre-patterned Si substrate and suitable flakes were found, the

transfer was deemed successful. A clear advantage of having the flakes on Si is the

vast knowledge we have of silicon, but also how resilient and tame it is compared to

the delicate surface and wild nature of the complex oxides. Figure 6.1a-c shows the

growth substrate, the pre-patterned Si/SiO2 substrate and transferred flakes after

resist spinning, respectively.

40 µm 300 µm

(a) (b)

50 µm

(c)

Figure 6.1: Optical images of the flake transfer. (a) Dark-field image of the growth
substrate. b) Bright-field image of the pre-patterned Si/SiO2. (c) Bright-field image
of the transferred flakes in the centre region with an array of metal alignment marks
- image was captured after spinning resist.

The ultimate control of flake transfer is performed using a micro-manipulator which

is essentially a nano-sized needle. To utilise patterned flakes for devices, it was nec-

essary to use the micro-manipulator to transfer the flakes from the STO substrate

to a Si-substrate as seen in figure 6.2. Flakes of abnormal sizes were observed out-

side the patterned area. A ”giant” flake was transferred to the Si-substrate as seen

in figure 6.2(a-d) with optical images showing the initial pickup with the micro-

manipulator (6.2(a,b)) and SEM images showing the flake placed within alignment

marks and with 70 degrees tilt (6.28c,d)). Transferring large unpatterned flakes

went smooth, however, during the process of transferring the patterned flakes to the

Si-substrate, the fully detached flakes adhered strongly to the micro-manipulator

needle thus nearly impossible to separate from the needle again. Therefore, par-

tially cracked flakes as seen in figure 6.2(e) were detached by ”digging” the micro-

manipulator under the cracked part of the flake. The complete transfer is seen in

figure 6.2(e-h). Transferring individual flakes is necessary to produce electronic de-

vices on patterned flakes. Transfer and careful alignment of the flakes is possible
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6.1 From flake to device

with the micro-manipulator, but requires more time and precision than with the dry

mechanical method. However, the micro-manipulator allows probing of virtually any

shape and size that is feasible with the surface patterning of STO. The only limiting

factor besides a huge time investment, is the size of the flakes as small flakes are

difficult to detach from the needle.

(a) (b)

(e)

(c)

(f) (g)

2 µm
1 µm

20 µm 20 µm 2 µm
5 µm

5 µm

(h)

500 nm

(d)

Figure 6.2: Individual transfer of patterned flakes. (a,b), Optical images of picking
up a giant flake - from the non-patterned area, utilising the micro manipulator. The
flakes were not completely cracked. Therefore, the micro manipulator was used to
rip the remaining part of the LAO/STO membrane out of the substrate. The result
of this is seen in (c), where the flake has been transferred to a Si substrate and a 70
degree tilt image was captured (d). (e), Patterned area of the STO substrate with
milled 2 × 2 µm flakes. The membranes were almost detached from the substrate.
(f), a single free-standing membrane. (g,h), 2 × 2 µm flake transferred to a Si
substrate between metal alignment marks. The flake was not completely detached
from the substrate, but ripped out in the same way as the flake in (a)-(d).

6.1.2 Contacting the 2DEG

Following transfer and identification of a reasonable amount of suitable flakes on the

substrate, electrical contacts in two-terminal configuration were defined by electron

beam lithography using a ∼ 960 nm thick resist stack. It is crucial that the resist is

spun with a low acceleration, such that the flakes stay in the centre region of the Si

substrate. Some flakes were observed to move around when a less dense resist was

used along with high acceleration during spinning. A thick stack of resist is required

for the large amount of metal that is necessary to reach the LAO/STO interface.

Contacting the flakes turned out to be more difficult than initially anticipated for

several reasons. The strained flakes have a large curvature which points up from the

surface. Some shapes of flakes were observed to have lower curvature (e.g. square

flakes), compared to a long thin flake-strip, thus the geometry is crucial since the

curvature is guilty of requiring a large stack of metal to be evaporated since the

2DEG is located on the sides of the flake quite a distance from the sample surface.

Using a pre-patterned silicon substrate resulted in Au not being the only evaporated

metal. Gold does not adhere to silicon due to its inability to oxidise and bond with
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6.1 From flake to device

the Si/SiO2 substrate, thus titanium was selected as the adhesion layer.

The second challenge was to contact the exposed interface which has to be accessed

from the side of the flake, again due to the 2DEG forming a few nanometers from

the LAO/STO interface. It is not sufficient to only evaporate a thick layer of metal

on top of the flake with no tilt, since this would not properly contact the interface

(figure 6.3a). Therefore, an angled evaporation step was introduced in order to

help the metal crawl up the side of the flakes. Utilising both angled deposition and

large amounts of metal was not sufficient to produce a satisfying yield of conducting

flakes. Sputtering was explored as an alternative evaporation method which yielded

a few conducting flakes, however, all of them were in the MΩ-range of resistance.

Kaufman milling using argon was introduced to hopefully increase the local conduc-

tivity at the contact regions, as it has previously been shown that milling induces

conductivity in STO[105]. This means that milling should result in better contact,

also because the interface might not be as conducting along the edges as in the inner

parts. Milling would ensure that a fresh layer of LAO/STO interface was present

while inducing conductivity. The middle part of the flake was still covered with

resist to avoid milling the entire flake. Kaufman milling and its effect is further

explained in section 3.2.

The sample that was subject to milling showed promising results with a few con-

ducting devices down to kΩ-regime. The evaporation of titanium was split into two

steps, such that the first layer was deposited with an angle and rotation to cover the

sides of the flake in order to create a solid foundation for the rest of the metal. The

method of angled milling and metal evaporation was indeed promising with the first

device showing metallic behaviour surviving cryogenic temperatures. This recipe

was then used for a rather long streak of devices as seen in table 6.1, which shows

the chronological order of fabricated samples and how the process evolved over time.

Reproducing a metallic device capable of withstanding the cold unforgiving grasp of

cryogenic temperatures felt almost impossible and after a long dry-streak, a major

changed was enforced.

The gap between contacts, which is where the flake is exposed, was narrowed down

to always be lower than 500 nm in order to combat the extreme curvature of the

flakes. The flakes are naturally less curved towards the middle, thus intuitively eas-

ier to contact with less metal. The gap was previously around 1 µm and was then

decreased to be in the range of 300-500 nm.
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1 µm100 nm

(a) (b)

Figure 6.3: SEM images of the contacting process. a) An image with 35° tilt,
highlighting the difficulty of contacting the interface located on the side of flake.
Here, top gates were evaporated as a test using a thin layer of Ti/Au (5/50 nm)
with no tilt and no rotation, clearly illustrating the contacting issues. b) A finished
device fabricated using the step-wise evaporation process of Ti/Au (15/600 nm)
with an angle of 20° and no rotation, clearly showing the effects of the undercut in
the resist profile.

The major change included increasing the angle of milling while not rotating to

increase the effective milling flux on the side of the flakes. Instead of having a

low angle with full rotation which gently milled every exposed part, we tried to

increase the angle to 50°. The maximum angle to increase the effective milling of

the side of the flakes were calculated by geometry, using the resist dimensions and

was calculated to ∼56°. Figure 6.4a illustrates the milling process and how the

maximum angle was calculated with the given resist dimensions. The chosen angle

of 50° is within the limit and fairly lower as a precaution. Identifying flakes of same

orientation was the first step in the contacting process. The samples would then be

aligned such that when tilting for both milling and metal evaporation, the two sides

of the flakes would be directly hit, which resulted in direct milling and evaporation

at the exposed interface. Each side was milled for 1 minute.

Evaporation of metal also saw a drastic change. Rotation was dropped completely,

while an angle of 20° was used for every deposition. The evaporation was split into

four steps (sometimes more), such that instead of depositing all the metal at once,

the sample was tilted 20° and half of the Ti was deposited. The sample was then

tilted -20° and the other half was deposited. The same goes for Au, however when

depositing low amounts of Ti (< 20nm), the gold layer was increased to 600 nm in

thickness, which resulted in the deposition of Au being split into 4 steps with Ti

still being two steps. This is presented in table 6.1, where the evolution of angles

and rotation is easily followed with positive and negative angles responding to two

opposing sides of the flake.

The introduction of high-angle milling and multiple-step evaporation increased the

yield of conducting devices, especially the number of devices that would remain

conducting at low temperatures. This is not shown in the table, however, not

all samples were chosen for electrical characterisation at low temperatures due to
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time constraints. All devices were examined at room temperature with most of the

conducting devices also being characterised at low temperature down to 4 K, while

only a few were measured in the dilution refrigerator down to ∼14 mK.

The resist profile was not as sharp as anticipated, but had large undercuts leading

to the metal deposition having a shadowing effect (figure 6.3(b)). It is clear that the

flakes must be aligned correctly to keep the gap free of metal, in order to not short

the whole device. However, depositing with an angle, will result in metal inside the

undercut and can potentially complicate the process of a 4-terminal configuration

as the whole device can be shorted. It is important that rotation is excluded as it

provides the broadened metal layer in every direction as shown appendix figure 8.19.

p++ Si

SiO

-θEvaporation angle
0°

Au
Ti

2

p++ Si

SiO2

STO
LAO ~1 µmθ

1.5 µm

90°-θ
0°

PMMA

Milling angle
(b)(a)

θ+

1 12

Figure 6.4: Schematic of the final milling and metal evaporation recipe. (a), The
maximum angle of milling is calculated using the geometry of the resist profile. A
distance of 1.5 µm between flake and the 1 µm tall resist wall, results in an angle of
56°, which is the maximum angle at which the resist wall will not block the milling of
the flake. (b), The resist profile was not as sharp (red dashed lines) as anticipated,
leading to large undercuts, thus a broader layer of metal - defined area receives
”double” metal (2). while the outer regions receives one layer due to the angled
deposition (1). The scaling of different elements has been caricatured for illustrative
purposes.

The resist profile is schematised in figure 6.4(b), where the anticipated sharp resist

walls are represented by the red dashed lines. However, the sharp walls were not

realistic and instead a large undercut was present in which evaporating will result in

a broader layer of metal as depicted. Depositing with an angle will further promote

the effect. The broad layer of metal was not deemed a significant problem when

fabricating 2-terminal devices, thus figure 6.4 depicts the final recipe for Kaufman

milling and metal evaporation of this project. The recipe did prove effective as seen

in table 6.1 from sample RRt4 and on-wards. A total of 11 samples averaging 16

devices per sample were produced with this recipe in hopes of finding metallic flakes.

A few of the samples fabricated with the final recipe still had zero conducting flakes

(some were likely caused by human errors), however the general trend saw an increase

in the yield of conducting flakes as plotted in figure 6.5. The plot shows the ratio

between conducting devices and total devices with a linear fit showing the trend.

The samples having zero conducting flakes were disregarded along with the very first

sample which only had two devices causing an explosive yield of 50%, in order to
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produce an adequate time-line of yield percentages. The plot shows great progress,

however it does not yield any information about the resistance values, thus not

showing the amount of devices in the kΩ-regime and ready for low temperature

measurements.
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Figure 6.5: Ratio between conducting devices and total devices on sample from
table 6.1. The samples with a ratio of 0 has been excluded since it did not give a clear
image of the process, since it was unclear what caused no devices to conduct. The
sample with only two devices was also excluded, due to the extremely low amount
of devices causing an unrealistic ratio.
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Chip

name

LAO

thickness

(nm)

Resist

stack

Ar-

milling

angle/ro-

tation

Metal thickness

(nm)

Evaporation

angle & rota-

tion

#

De-

vices

# De-

vices

≤20MΩ

Comments

RR7 178 A8 7 Ti/Au ———–

(150/150)

20°/20° —– X/X 2 1 Annealed

after mea-

surements

RR3 178 EL9+A8 7 Ti/Au———–

(300/300)

0°/0° ——— 7/7 18 0 Annealed

after mea-

surements

RR2 178 EL9+A8 7 Ti Sputtering/Au

(50/150)

0°/0° ———–

7/7

16 4

RR9 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0° X/7/7 23 4

RR8 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400),

20°/0°/0° X/7/7 6 0 Bad lift-off

RR10 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0° X/7/7 14 1

RR11 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0° X/7/7 16 6

RR13 178 EL9+A8 7 7 7 7 7 over-

exposed

RR14 178 EL9+A8 7 7 7 7 7 over-

exposed

RR15 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0°- 7/7/7 18 2 Forgot ro-

tation

RR16 178 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0°- 7/7/7 40 7 Complications

of 96 con-

tacts

RRt1 100 EL9+A8 15°/X Ti/Ti/Au

(50/250/400)

20°/0°/0° X/7/7 19 2

RRt2 100 EL9+A6+A6 7 7 7 7 7 resist issues

RRt3 100 EL9+A6+A6 15°/X Ti/Ti/Au

(50/250/400)

20°/20°/20°
X/X/X

23 0 shorted

contacts

RRt4 100 EL9+A6+A6 ±50°/7 Ti/Ti/Au/Au

(100/100/150/150)

±20°/±20° ——-

7/7

18 0 New recipe

mis-aligned

RRt5 100 EL9+A6+A6 ±50°/7 Ti/Ti/Au/Au

(100/100/150/150)

±20°/±20° ——-

7/7

19 4

RR17 178 EL9+A6+A6 ±50°/7 Ti/Ti/Au/Au

(100/100/200/200)

±20°/±20°—–

7/7

13 6, Dev 8

Chip1 70 EL9+A6+A6 ±50°/7 Ti/Ti/Au/Au

(100/100/200/200)

±20°/±20°——-

7/7

17 10, Dev 2,

3, 10

Chip2 70 EL9+A6+A6 ±50°/7 Ti/Ti×2/Au×4

(5/5×2/150×4)

0°/±20°/±20°×2

7/7/7

18 0 Forgot tilt

on first dep.

Chip3 70 EL9+A6+A6 ±50°/7 Ti/Ti×2/Au×4

(5/5×2/150×4)

0°/±20°/±20°×2

7/7/7

20 7, Dev 11,

17

Forgot tilt

on first dep.

RR18 178 EL9+A6+A6 ±50°/7 Ti/Ti/Au×4

(5/5/150×4)

±20°/±20°×4

7/7

9 4

RR19 178 EL9+A6+A6 ±50°/7 MoRe/MoRe/Au/Au

(200/200/200/200)

±20°/±20°——

7/7

9 0



6.1 From flake to device

Chip4 70 EL9+A6+A6 ±50°/7 MoRe/MoRe/Au/Au

(200/200/200/200)

±20°/±20° ——

7/7

19 5

RR20 178 EL9+A6+A6 ±50°/7 Al/Al/Au/Au

(100/100/200/200)

±20°/±20° ——

7/7

16 5

Chip5 70 EL9+A6+A6 ±50°/7 Al/Al/Au/Au

(100/100/200/200)

±20°/±20°——

7/7

24 14

Table 6.1: Chronological table of all samples containing flake devices along with all fabrication parameters. Chip
name refers to the name of the Si/SiO2 substrate with flakes transferred, contacted and bonded. The chip name is
also the name that was given in the lab-book.
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6.2 Measurement setup

The measurement setups used for electrical characterisation throughout this work

follows the general circuit outlined in figure 6.6. The device under test (DUT)

was loaded in the cryostat (blue dashed line) which is a Triton dilution refrigerator

system from Cryofree, Oxford Instruments. The temperature was regulated with

a Lakeshore Cryotronics instrument (Model 372 AC Resistance Bridge and Tem-

perature Controller). An AC excitation was sourced using an SR830 DSP lock-in

amplifier and a 105:1 AC voltage divider to yield AC excitations of 5-100 µV depend-

ing on the type of measurements. Temperature dependence measurements utilised

a 100 µV excitation, where as other typically used 5-10 µV. Measurements using a

DC bias was performed by sourcing a DC bias alongside the AC excitation. The

DC bias was sourced by an NI PXI-4461 digital-to-analog converter (DAC) which

is able to source ±10 V and runs through a 1000:1 DC voltage divider. The source

signals goes into the cryostat in which the device is located, however, there is also

filters and contact resistance and due to 2-terminal configurations, the total resis-

tance measured will be a combination of filter resistances, contact resistance and

the device itself. An I-V converter (Physics Basel SP983 IF3602) was connected

as the drain for this setup in which the DC voltage output was measured by the

DAC and the AC signal was measured with the lock-in amplifier. For measurements

with a low time constant (≤ 300 ms), the AC-signal was read out from the lock-in

by the DAC. The backgate(s) would always be a gold plate on the printed circuit

board (PCB), which would then be capacitively coupled to the device. The gate

was controlled with a Keithley 2614B SourceMeter.
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Lock-in
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Figure 6.6: Circuit drawing of the measurement setup used for electrical char-
acterisation of the device under test (DUT). The voltage divider used was a 105:1
AC and 1000:1 DC. The dashed blue line indicates the circuit inside the dilution
refrigerator. The dashed black line represents the lock-in being measured with the
DAC. The lock-in and DAC are connected to a computer which reads out the data.

74



6.3 Temperature dependence

6.3 Temperature dependence

This section will review the expected metallic behaviour of LAO/STO systems. We

previously confirmed the metallic behaviour on some of the earliest flake devices

(figure 4.4 in chapter 4) and now we will discuss other devices with the primary

focus on flakes produced with flakes of 70 nm LAO. As a consequence of not be-

ing able contact the flakes in a Hall-bar or Van der Pauw geometry, the measured

voltages are influenced by the filter and contact resistances. We were able to obtain

the filter resistance by measuring directly between the contacts of the PCB sample

holder. However, as we were only able to contact the flakes with two contacts, we

cannot determine the device resistance independently, but rather a mixture of filter

resistances, contact resistances arising from contact between different materials and

possibly the internal resistance of the current source. Therefore, the measurements

in this section are influenced by filter and contact resistances unless anything else is

stated.

The samples bonded to a PCB sample holder were electrically characterised at room-

temperature showing large variation in resistances and many of the devices were in

the MΩ-regime where the resistance increased further upon cooling, which we sus-

pect is caused by the dominating and varying barriers at the metal/flake interface

as commonly observed in semiconductor devices. Most devices exhibited immea-

surably high resistance due to poor contacts (table 6.1. However, some devices did

however exhibit a lower resistance which decreased further upon cooling as expected

for metallic LAO/STO interfaces.

The resistances of 5 metallic devices that did not freeze out upon cooling, were

measured as a function of temperature by standard lock-in techniques using an AC-

excitation of 100 µV as shown in figure 6.7(a). The behaviour is typical for metallic

conductors and resembles that of typical conducting LAO/STO interfaces. The de-

creasing resistance is a result of freezing out phonons, thus gradually decreasing the

effect of electron-phonon scattering. The demonstration of metallic flake devices

down to mK-regimes is a central result as it confirms the preservation of a con-

ducting electron system at the LAO/STO interface in the flake geometry. This is

a non-trivial result as the altered growth conditions and strain-effects could poten-

tially modify the interface properties profoundly. The present result thus changes

the flake concept from being an entertaining curiosity to a potential new general

concept for integrating oxide electronics with silicon technology, finally bringing ox-

ide heterostructures into the realm of mesoscopic devices, and potentially unlocking

new possibilities and phenomena due to the new state of strain. In the following,

detailed electrical measurements will be presented which confirms the 2D nature of

the flake 2DES similar to the bulk LAO/STO interface 2DES.

The chip containing device 8 is named RR17 and was fabricated using flakes with an

LAO thickness of 178 nm and the other 4 devices were produced using thinner flakes

(∼70 nm LAO). Device 2 and 3 are from the chip named Chip1, whereas device 11

and 17 are from the chip named Chip3 (see also table 6.1). For the remaining of this

75



6.3 Temperature dependence

chapter, the devices will not be referred by their chip name, but rather their device

number. Device 2,3 and 8 were contacted with 200/400 nm Ti/Au, while device 11

and 17 were contacted using 15/600 nm Ti/Au.

Figure 6.7(a) reveals a sharp transition close to 0 K, which resembles a supercon-

ducting transition as the resistance suddenly drops. The resistances of the filters

within the dilution refrigerator were measured for each device and subtracted for a

more representative image of the temperature dependence, as some devices had a

larger filter resistance causing them to diminish the features of other devices. Figure

6.7(b) shows the temperature range 0-0.4 K matching the shaded region in figure

6.7(a) and the insert in (b) shows the region 0-0.5 K for device 2 as it had a signifi-

cantly larger resistance than the rest and a longer transition, thus the temperature

range was expanded to 0.5 K. All devices exhibit a superconducting transition at low

T with Tc in the range 0.1-0.3 K in excellent agreement with other studies[121, 7].

The resistance does not go to zero due to the contact resistance arising from the

two-terminal configuration, however, agrees reasonably well with a zero resistance

state considering the filter resistances and contact resistance.
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Figure 6.7: Temperature dependence of two-terminal resistance for 5 metallic
LAO/STO flakes. Filter resistances were subtracted for all devices. (a), Resistance
as a function of temperature from ∼95 K to 14 mK. (b), Region matching the shaded
area in (a) showing the temperature region 0-0.4K, fitted with EMT. Insert shows
data and fit for device 2 from 0-0.5 K.

Device 11 seems to be the only one to plateau towards 0 K, thus a genuine su-

perconducting device with zero resistance which is already observed around 0.1 K,

indicating the order of magnitude for the contact resistance. The soft and rather long

transition is consistent with previous studies[121], which showed that the thickness

of LAO affects the superconducting transition. The transition of a 2D supercon-

ductor is expected to be governed by the BKT-transition[30]. The region 0-0.4 K

was fitted with the effective medium theory (EMT) from Caprara et al.[122], as

seen in figure 6.7(b). EMT explains how it might not be the entire 2DEG that is

superconducting all at once, but rather SC-puddles that each has their own critical

temperature, giving a distribution of Tc, as not all of the SC-puddles are activated at
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6.4 Characterisation of superconductivity

the same Tc. The EMT is one possible theory for understanding the slow transition

and it seems to pleasantly follow all five transitions. The EMT fits were performed

using an error function with four parameters:

R(T ) = R∞
[
ω erf

(
T − Tc√

2γ

)
+ 1− ω

]
(6.1)

where Tc is the critical temperature for the superconducting transition, R∞ is the

resistance at T = 400 mK (500 mK for device 2), γ is the width of the Gaussian

Tc-distribution arising from different SC-puddles and ω is the weight representing

the fraction of SC-puddles, with 1-ω representing the metallic background.

6.4 Characterisation of superconductivity

The confirmation of the metallic flakes leaves many open questions regarding the

nature of the conducting system such as geometry and gatability. The observation of

a superconducting phase in the flake devices with critical temperatures in agreement

with expected Tc ∼ 200 − 300 mK[121, 56] is exciting and the aim of this section

is to compare the superconducting characteristics to bulk LAO/STO and use the

anisotropic magneto-response to gain insight into the spatial extend.

We exposed the samples to an external magnetic field (H) while sweeping the temper-

ature from 400 mK to a base temperature of 14 mK. Unfortunately, the instrument

was only able to read out the temperature every 30 seconds resulting in relatively

low resolution of temperature. While the software (Python and Jupyter) using the

module QCoDes, wants to measure accordingly to the preset delay time (measuring

interval), we extracted the first temperature value as this would correspond with

the measured two terminal resistance, which is also how the error in temperature

was later determined. The two-terminal resistance as a function of temperature at

different magnetic fields in all directions x, y and z is shown for all the measured

devices in figure 6.8.
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Figure 6.8: Magneto-response for device 2, 3, 8, 11 and 17. Panels show measured
two-terminal resistance as a function of temperature for y (left), x (middle) and z
(right) directions. The magnetic field was increased in steps of 100 mT for device 2,
3 and 8 (three upper rows) while the resolution was increased for device 11 and 17
(two lower rows), as the field was stepped with 50 mT. Note that the filter resistances
was not subtracted.

The resistance as a function of temperature was measured at varying external mag-

netic fields in directions x, y and z, where x and z are in-plane (parallel) to the

sample older, while the y-field is out-of-plane (perpendicular). The measurements

indeed follows the anticipated behaviour of the perpendicular critical field being
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6.4 Characterisation of superconductivity

smaller than the parallel critical field. Some structures are observed for T 100 K,

however, the cause is unknown and might be related to inhomogeneities such as

charge traps or impurities moving around as the field is increased. However, all de-

vices returned to a normal conducting state for increasing fields. Only a few showed

a plateau in the superconducting phase (device 3, 8 and 11). From these measure-

ments it is possible to extract the critical temperature Tc at the different magnetic

fields. Tc was extracted from each magnetic field for each device and direction, by

comparing the initial resistance value at 300 mK to the most superconducting phase

RSC at zero field. Typically the Tc is extracted when the resistance has dropped

to half of the value at T = 0.4-1 K[121]. Due to large resistance values influenced

by filter and contact resistances, we defined Tc as the 5 % drop in resistance, thus

Tc = 95 % × (RN − RSC). The extracted temperatures were plotted as a function

of magnetic field for device 2, 3 and 8 as shown in figure 6.9.
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Figure 6.9: Critical temperature as a function of magnetic field for device 2, 3
and 8. The results are fitted with eq. 2.2. The inserts show an SEM image (optical
image for device 8) of the measured device with a coordinate system illustrating the
magnetic field directions with respect to the flake device. The SEM image of device
3 was captured using a 30°tilt.
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The panels display the extracted data while the dashed line displays the correspond-

ing fit following Hc(T ) ≈ Hc(0)

[
1−

(
T
Tc

)2
]
, where Hc is the critical external field

and Tc the critical temperature. From the fits, we were able to extract Tc and Hc

as shown in table 6.2. The critical temperatures obtained from the fit for x-, y-

and z-field were considered where the largest and smallest Tc for each device were

determined as the upper and lower limit (i.e. 226 and 222 mK for device 11), re-

spectively. This leads to a percentage variation of 1.8%, 18.3%, 13.0 %, 13.5 and

18.9% for device 11, 17, 2,3 and 8, respectively, from which device 11 stands out with

excellent agreement in the obtained values of Tc. The results from device 11 and 17

is seen in figure 6.10. The inserts in figure 6.9 and 6.10 show SEM images (optical

for device 8), from which it is seen that device 3 has the flake standing on the side,

which results in the z-direction being the perpendicular direction as indicated by

the coordinate system. The critical z-field for device 3 is much lower than the two

parallel y- and x-fields and could not be determined using the 100 mT steps.
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Figure 6.10: Critical temperature as a function of magnetic field for device 11 and
17. The results are fitted with eq. 2.2. The inserts show an SEM image of the
measured device with a coordinate system illustrating the magnetic field directions
with respect to the flake device.

Using anisotropic magneto-response with the fitted value for H(T=0) and T(H=0)

it was possible to calculate the thickness of the 2DEG and the coherence length fol-

lowing equation 2.6 and equation 2.1, which includes the parallel and perpendicular

critical fields. Note that in table 6.2, two thicknesses of the 2DEG have been calcu-

lated, as both x- and z-fields are parallel fields to the sample, and for a conventional

system, we would expect them to be parallel to the 2DEG as well, however, the Hcx

and Hcz shows a different story. The Hcz field for device 2 is above an order of mag-

nitude larger than Hcx. Hcy is the smallest of the three fields thus indicating, that

Hcy is the most perpendicular. To explain why it might be Hcz is larger than Hcx we

will need to consider the orientation of the flake with respect to the field (insert of

SEM image with coordinates in Tc versus magnetic field plot). Since the flakes are

curving due to the strain (chapter 4), a truly parallel direction may not exist and
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6.4 Characterisation of superconductivity

the following is thus a best estimate. It might be that the flakes bend more upwards

in the direction of the x field thus creating a situation where the flake has to create

a larger field to expel the external field line which will need to bend more before

they penetrate the superconducting film. Thus when calculating the thickness of

the 2DEG, the orientation with the largest field will result in the smaller of the

two thicknesses calculated according to equation 2.6, which means that the smallest

thickness is most likely the most accurate thickness while the largest thickness is the

upper thickness limit for the 2DEG. The coherence lengths varied from 30 to 77 nm,

which is in reasonable agreement with previous studies reporting a superconducting

coherence length of 60 nm in a 2D LAO/STO sample[30], where Reyren et al. found

coherence lengths of 70 and 105 nm for 8 uc and 15 uc thick LAO films[121]. We

calculated thicknesses ranging from 17 nm to 53 nm as depicted in table 6.2. The

2D superconducting film thickness is larger than the one reported by Reyren et al.

as they report a upper limit of 10 nm for their film thickness. Shalom et al.[123]

reported thicknesses ranging from 10 to 44 nm, with coherence lengths 51 to 194

nm, thus our values seem to be within acceptable range of previous studies.

A way to estimate the thickness of the 2DEG is to measure the carrier density

which is possible utilising a 4 point probe method such as Hall measurements, as

performed by Reyren et al.[121]. They determined the 2D electron density along

with the critical temperature and used the study by Koonce et al.[56] (figure 2.3) to

find the 3D carrier density from which it was possible to estimate the 2D thickness of

the superconducting layer. Due to the limitations of the two-terminal measurements,

we were not able to measure the carrier density. However, we were able to estimate

the electron density by knowing the critical temperature and the thickness of the

superconducting 2DEG calculated from the anisotropic magneto-response and then

use the 3D carrier density from Koonce et al. together with the thickness in order to

estimate the 2D carrier density. The bulk electron density (n3D) for the Tc of device

17 is 3 · 1019 cm−3. Since we have estimated the thickness of the 2DEG, we can find

the sheet electron density by multiplying with the thickness: 3·1019 cm−3 ·19.3 nm =

5.8 · 1013 cm−2. Having estimated ns it is possible to estimate the electron mobility

by assuming square flake devices such that the dimensions of the device cancel out,

which seems fair considering the SEM images in figure 6.10. Calculating the mobility

for device 17 using µ = 1
neR

, yields an approximate mobility of 391 cm2/Vs, when

using the resistance at T = 400 mK and subtracting filter resistances and the contact

resistance which is approximated from the superconducting phase. Performing the

same calculation for device 11 where n2D ≈ 2.5 × 1019 cm−3 × 18.9 nm = 4.7 ×
1013 cm−2, which is in reasonable agreement with earlier finds of the carrier density in

typical LAO/STO in the order of ns ∼ 1013 cm−2 [5, 124]. The mobility of device 11

is determined to be µ = 332 cm2/Vs. The carrier densities for device 11 and 17 were

deducted from bulk STO using the Tc values. Using n2D for LAO/STO as in ref [124],

one would find different densities as a Tc = 200 mK yields n2D ≈ 1.5 × 1013cm−2,

thus different mobilities. Our mobility values calculated from bulk STO are in good

agreement with the values reported by Shalom et al.[123].
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Table 6.2: Table of characteristic properties for different metallic flake devices.

Device Tc[x,y,z]

(mK)

Hcx
(mT)

Hcy
(mT)

Hcz
(mT)

ξ

(nm)

dx
(nm)

dz
(nm)

2 219, 200, 226 856 303 1975 32.96 40.41 17.52

3 170, 179, 193 708 363 no fit 30.11 53.48 0

8 187, 220, 185 802 128 1110 50.71 28.03 20.26

11 223, 222, 226 945 195 1467 41.08 29.37 18.92

17 104, 123, 111 383 55 279 77.35 38.48 52.82

6.5 Critical current of the superconducting 2DEG

To find the critical current dependence of temperature and external magnetic fields,

we have stepped the temperature and fields while sourced both a DC voltage from

-4 to 4 mV and a 10 µV AC source. The resistance is measured by the response

in AC signal. The DC current was measured with a I-V converter and DAC as the

setup shows in figure 6.6. The result for device 11 and 17 can be seen in figure 6.11.

Since the flakes were measured in a two-terminal configuration, a finite resistance in

the black region is present, which would be zero resistance without filter and contact

resistance.
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Figure 6.11: Resistance as a function of current for temperature and magnetic
fields in x, y and z directions. The y-direction is perpendicular to the devices (out
of plane) while the other two are parallel (in-plane). The upper panels show the
results for device 11, while the lower panels shows device 17.

The two devices shown in figure 6.11 express somewhat different behaviour. Larger

fields and temperature were necessary to characterise device 11 compared to device

17. The critical current (Ic) for device 11 is ∼ 70 nA, while for device 17 the Ic is

∼ 25 nA. Ic also falls off more smoothly for device 11 compared to device 17, where

Ic is fairly constant until a threshold where it drops and the critical current diverge
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6.5 Critical current of the superconducting 2DEG

to zero. Ic for device 11 decreases over a longer temperature range until it reaches

a finite resistance. In comparison, values in table 6.2 are in general larger, while

the critical fields in IDC versus field are smaller, as it seems to return to a normal

conducting state more rapidly. Since the x (parallel)- and y-field (perpendicular)

for device 11 still show a critical current at 600 mT we cannot determine the critical

fields based on these. The structure of the critical current for the parallel z-fields for

device 11 displays oscillating features. Device 17 also do this very faintly, but not

as prominent as device 11. In presence of a perpendicular field, the critical current

decays almost with a factor two at 50 mT from where the critical current decrease

slowly till it reaches ∼ 275 mT while Ic for device 17 in comparison exhibits an

arcing feature, and reaches a normal state conductance before reaching 50 mT.
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Figure 6.12: Ic for device 11 obtained by following the critical current edge in fig-
ure 6.11 for temperature and Bz. (a), The critical current for the temperature sweep
in figure 6.11. The red, blue and green dashed lines represents fits for Ginzburg-
Landau, Josephson junction and super fluid critical current. The black dots repre-
sents the data. (b), DC measurement of critical current where the red trace displays
the up-sweep while the blue trace displays the down-sweep showing a critical current
and re-trapping current.

To acquire a better understanding of the critical current we extracted the critical

current from the temperature and Bz plot in 6.11 for device 11. The blue dots in

figure 6.12(a) represents the data and the red, blue and green dashed lines shows

the fits. The red dashed lines shows a fit to Ginzburg-Landau mean field result for

a homogeneous 2DEG Ic = Ic(0)(1− t2)3/2(1+ t2)1/2[125], where t = T/Tc. Near Tc,

the expression reduces to a more familiar (1− t2) temperature dependence. The fit

follow the data decently up to 60 mK, but it does not account for the region 60 -

160 mK of the critical current, indicating the 2DEG is more complex than a regular

homogeneous film. In contract to a homogeneous film, one could image there would

exists smaller regions of superconducting 2DEG in the 2DEG of the flake, which

would effectively form internal Josephson junctions. Consequently, we have fitted Ic

to Josephson junction critical current IJJ =
(
π∆(T )
2eRN

)
tanh

(
∆(T )

2T

)
[125], where RN
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is the normal state resistance and ∆ is the temperature dependent gap from BCS

theory. We used the a numerical solution to the function which follows the whole

temperature range ∆(T ) = ∆0 tanh
(
k
√

Tc−T
T

)
[126], where k = 1.74. The fit is

shown in figure 6.12(a) as the blue dashed line. The theory follows the data nicely for

the first 9 data point, from where it fails to take the steeper slope into account. Thus

we are only partially able to conclude a JJ nature in the flake, although it fits better

than fit for the homogeneous 2DEG. Finally, we fitted the data to EMT as done

when finding the temperature dependence of the two-terminal resistance. The super

fluid densities IS ∝ ω
[(

TP−Tc√
2γ

)
−
(
T−Tc√

2γ

)]
, where Tc is the critical temperature

for the superconducting transition, γ is the width of the Gaussian T c distribution

arising from different SC-puddles and ω is the weight representing the fraction of SC-

puddles. This follows the data surprisingly well, although it is difficult to tell based

only on the fit alone if the super fluid theory fully explains the superconducting

2DEG since it has four fitting parameter broadening the ability to perform a good

fit. Although, since both the EMT for the temperature dependence and the super

fluid densities for the critical current seems to be in well agreement with the data,

the theory of multiple puddles in the 2DEG might be holding some truth. It also fits

the idea that there are multiple superconducting region (or puddles) which creates

a Josephson junction effect, which also could be why IJJ fits parts of the data

fairly well. In comparison to a homogeneous superconductor one would not expect

a monotonous dependence of Ic(B). In the simple case, a Fraunhofer diffraction

pattern would be a possible fit for the parallel magnetic field dependence. However,

in a case with a small number of Josephson junctions in a complex geometry it

would not be unreasonable to expect a complicated not monotonous dependence

of magnetic field for the critical current. Although, we would expect to see the

oscillation when the field penetrates the Josephson junction, which makes it difficult

to tell why we see them in the parallel field.
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Figure 6.13: DC bias sweeps with increasing temperatures shown in conductance
quanta for device 10 (a) and resistance quanta for device 2 (b). Filter resistances has
been subtracted. (a), Device 10 shown in conductance due to the zero conductance
regime around zero bias. (b), Device 2 is displayed as resistance with an offset for
clarity.
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6.6 Gate-dependence

DC bias sweeps and measuring the response in conductance (given in units of con-

ductance quanta) while stepping the temperature from base to 300 and 400 mK for

device 10 and 2, respectively. Device 10 was not heavily affected by an increasing

temperature. This could be caused by the device behaving similar to device 17,

where Ic is constant till it reaches a threshold temperature, and we have simply not

reached the threshold at 300 mK. Device 2 on the other hand showed a very similar

transition as device 11, regarding Ic dependence of T. The transition temperature

of device 2 is Tc ∼200 mK, as the region of superconductivity is clearly closed.

6.6 Gate-dependence

One of the intriguing properties of the LAO/STO interface is the effects of electro-

static gating and the ability to induce the superconducting phase by applying a gate.

The ability to modify the superconductivity and induce an on/off switching of the

phase was recognised in by Caviglia et al.[7]. Therefore, we would expect a change

in the carrier density in the 2DEG when applying a gate. To our surprise, most

of the flakes with 70 nm LAO were not affected by the gate except for one device

(device 2) which will be discussed later and another device showing quantum dot

features which will be discussed in section 6.6.1. The thick flakes with 178 nm LAO

were gate-dependent as shown previously in figure 4.4. Figure 6.14 shows a VSD
sweep from -4 to 4 mV, which were gated from -70 to 80 V. Figure 6.14(a) shows an

average taken over all the data captured for all the gate sweeps. The full gate sweep

ranging from -70 to 80 V can be found in appendix ?? in terms of IDC versus Vg

with differential resistance given in units of resistance quantum. As we were able to

average out all the sweeps, we ended up with a less noisy sweep which sums up the

results of gating the device. The general trend seen for device 11 applies for nearly

all flakes of similar growth conditions.
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Figure 6.14: Gate dependency of device 11. Filter resistance has been subtracted.
Red and purple denotes the down-sweep, while blue and green represents the up-
sweep. (a), Resistance as a function of DC bias. (b), DC bias values matching the
grey area with marks in (a). (c), Normal state resistances as a function of back-
gate voltage, displayed with an offset of 0.02 for clarity as all four measurements
were on top of each other. Data was extracted from the black crosses in (a). (d),
Width of the superconducting phase as a function of back-gate voltage for both
sweep directions.

To clarify the non-existent gate ability, we plotted critical bias(figure 6.14(b)), the

normal state resistance extracted at x-marks in (a) (figure 6.14(c)) with an offset

for clarity and finally the width of the superconducting region (figure 6.14(d)). All

these have been plotted for both up and down sweep directions, where blue and green

represent the points extracted from the up-sweeps, while red and purple represent

the down-sweeps. This clearly shows zero gate-dependency. Another device which

was also fabricated with the 70 nm LAO (device 2) was examined by sweeping the

DC bias and stepping the back-gate at different perpendicular magnetic fields (figure
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6.6 Gate-dependence

6.15). This devices shows a gate-dependence, but much less that than the standard

LAO/STO 2DEG, which can be pinched off entirely (as we showed earlier for 178 nm

LAO flakes). The zero-field colour-plot shows that the superconducting region at 80

V is much larger than at -50 V, however, not a major gate-dependency considering

the 130 V range of back-gate voltage. Doing the same with perpendicular magnetic

fields at 0.5 T and 1 T shows structures resembling Coulomb physics, however,

the superconducting phase has clearly been suppressed. The structures appear for

positive gate voltages above 20 V and are also visible in the background of the zero

field plot. Note that the colour scale may deceive one to think that there are major

transitions in conductance. The conductance in the superconducting area measured

for the zero field plot does agree with a zero resistance state considering the filter

resistance and contact resistance.
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Figure 6.15: Conductance as a function of DC bias and back-gate voltage for chip1
device 2 with perpendicular By field of 0 T (top), 0.5 T (middle) and 1 T (bottom).

The thinner flakes are more strained, thus possible that spontaneous polarisation

causes ferroelectric domains which will counteract the effect of the electrical field

from the back-gate. . There was, however, one 70 nm LAO flake device that we

were able to electrostatically tune with the back-gate. Analysing the gate data for

device 2 revealed a large increase in the superconducting region at positive gate
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6.6 Gate-dependence

voltages (figure 6.16). The bias values are plotted in (a), while the evolution of the

superconducting region is plotted in (b) showing that the critical current increases

with a factor of ∼7. The normal state resistance for device 2 are plotted in figure

6.16(c), which shows the device becoming more conducting at larger gate voltages.

The critical current increases with positive gate as expected by increasing the carrier

density. It is safe to say that the more curved flakes are less susceptible to gating.

This could be due to strain and ferroelectricity as discussed previously, or it could

be due to the dielectric mismatch between the STO and the vacuum (for bending

flakes) making the electrical field lines bend away.
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Figure 6.16: Gate-dependence of device 2. (a), Bias values of the edges at negative
bias (blue) and positive bias (green) as a function of back-gate voltage. (b), Plot
showing how the size of the SC region, ∆, evolves as a function of back-gate voltage,
which is simply the distance between the blue and green curves in (a). (c), Normal
state resistance at positive bias (blue) and negative bias (orange).

Device 11 and 17 were completely unaffected by the gate (appendix ??). Perhaps

a more local gating such as top-gates could provide a better coupling, rendering

the device more susceptible to electrostatic gating. Utilising top-gates should be

straight forward as the contact is poor without high-angle milling and angled metal

deposition. Another device that was affected by the gate is device 10, which showed

Coulomb blockade and will be discussed in the following section.

6.6.1 Quantum dot flake device

Device 10 behaved different from the other devices upon cooling the device to cryo-

genic temperatures (figure 6.17). While having a metallic behaviour comparable to

the other devices, the resistance of device 10 started to increase slowly around 40

K with a giant peak in resistance around 5 K before showing what resembles the

same superconducting transition as the other devices. However, the narrow region

of 0-1 K (insert of figure 6.17, shows that the resistance increase again at 200 mK.

The origin of this peak is unknown. The resistance peak could be explained by the

model from Fuchs et al.[127]0 which accounts for the activation of impurities and

charge traps, which also yields an increase in resistance at low temperatures.
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Figure 6.17: Temperature dependence of device 10. Insert shows 0-1 K regime
fitted with EMT. Filter resistance has been subtracted.

By modulating the carrier density, we were able to induce conductance peaks, which

were only extremely distinct at base temperature. Figure 6.18(b) shows a gate-sweep

of device 10 clearly resembling Coulomb blockade. The full story of back-gate sweeps

at base T and 400 mK, along with gate-leakage causing the device to be fried can

be found in appendix (figure 8.22).
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Figure 6.18: Conductance as a function of back-gate voltage of device 10 at 14
mK, showing Coulomb blockade.
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6.6 Gate-dependence

We performed bias sweeps as a function of back-gate voltage to produce Coulomb

diamonds, which is shown in figure 6.19. As this was merely a test to confirm the

Coulomb blockade behaviour, the resolution is fairly low, but we were able to define

a diamond as marked by the white dashed triangle. Therefore, we decided to drive

the gate a bit further to extend the range of the diamond plot before performing

the high resolution measurements, but in that process, the back-gate leaked to the

device and annihilated the flake device. Nonetheless, it is a curious finding, that

a quantum dot can appear. It may be a localised charge-trap close to one of the

contacts. We do also see the SC gap in the measurements.
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Figure 6.19: Resistance plotted as colour vs. DC bias and back-gate voltage show-
ing Coulomb diamonds. Measurements were performed with a 5 µm AC excitation,
while sweeping the DC bias from -4 to 4 (only the range -1 to 1 mV is plotted) while
stepping the gate from -30 to 70 V in steps of 3.125 V, yielding the poor resolution
of the bias-gate map. The diamond of interest is highlighted with a white dashed
line, with certain length scale being marked by letters.

We extracted the typical properties of Coulomb diamond plots (table 6.3) in order

to compare our device to conventional quantum dots. It was rather simple to find

∆Vg which we determined to be 15.6 V, which is a massive value meaning that the

dot required a back-gate voltage of 15.6 V to transfer an extra electron. The level

spacing in the dot (addition energy, Eadd) was extracted from the white data points

shown in the diamond plot and was determined to be Eadd = 0.18meV. The scaling

factor α tells us how well the system responds to the gate voltage and was calculated

from Eadd and ∆Vg following the relation: Eadd = α |e|∆Vg. We found a tiny value

of α = 1.2×10−5, however expected due to the weak gating effects. The challenging

part was to find the capacitance for the different parts (source, drain, gate) of the

system given the low resolution. Using the two slopes marked as a and b in the
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6.6 Gate-dependence

diamond plot, it is possible to find the desired capacitance values from the following

relations: a = |e|Cg

Cs
, b = −|e|Cg

C−Cs
, Ctot = Cs + Cd + Cg. The capacitance contribution

from the gate (Cg) was calculated as 10 aF corresponding to ∼ 1.1% of the total

capacitance (Ctot) of 890 aF, where the source and drain capacitance values (Cs and

Cd) were 400 aF and 480 aF, respectively. Once again we, ascribe an extremely

weak gate coupling to the flake devices grown with 70 nm LAO. The origin of the

Coulomb blockade is not clear, as it might be due to a limited area of the flake

being conducting, poor contacting and weak coupling or simply a piece of metal

located somewhere unknown. If it was a charge trap close to one of the contacts,

the back-gate would also be screened by the contact. It seems that we measure

transport through the flake as we see a gap around zero bias. Unfortunately, we did

not capture SEM images of the device before electrical characterisation, to avoid

any unnecessary processing before measurements.

Table 6.3: Table of values extracted from the diamond plot of device 10.

Eadd ∆Vg α Ctot Cs Cg Cd
0.18 meV 15.6 V 1.2×10−5 890 aF 400 aF 10 aF 480 aF
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Chapter 7

Conclusions and outlook

In summary, we studied a new type of system in the field of complex oxides. Self-

formed freestanding LAO/STO micro-membranes (flakes) were characterised in de-

tail, revealing that the conducting interface is indeed preserved. Various LAO thick-

nesses were used, however, the most electrically promising one was the thinnest with

70 nm LAO. Thinner flakes were found to be less gate-dependent than thicker flakes,

possibly due by the strain causing spontaneous ferroelectric polarisation negating

the electrostatic gating or by the large dielectric mismatch between vacuum and

STO for bending flakes.

Contacting the 2DEG proved more difficult than anticipated, however, we present

a method to reliably produce flake-based electronic devices. The method includes

high-angle Kaufman-milling followed by step-wise angled metal deposition, which

immensely encouraged the realisation of flake-based mesoscopic devices.

The flakes were found to be metallic with a superconducting Tc in the range 0.1-0.3

K and their electrical properties varied significantly with one exhibiting quantum

dot features. Characterisation of the superconductivity revealed that the LAO/STO

flakes requires large magnetic fields to suppress the superconductivity. We deter-

mined that the thickness of the 2D superconducting film varied from device to de-

vice in the range 17-53 nm with coherence lengths in the range 30-77 nm. Magnetic

field sweeps revealed a drop in resistance at zero field, indicating effects of weak

anti-localisation. Critical currents were extracted and fitted with existing models.

Effective medium theory fitted both the temperature dependence and the critical

current reasonably well. The carrier density and mobility were estimated and found

to be in great agreement with previous studies.

Furthermore, we explored the opportunities for controlling flake formation. Pre-

patterning the bare STO substrate before deposition of LAO with designs covering

a systematic sequence of patterns to find the optimal size and dimensions of flake

formation, was performed using EBL and Kaufman-milling. The optimal size of

square flakes were determined, however it seemed that the width of the milled parts

(trenches) affected the flake formation with broader trenches allowing for larger

flakes. For 250 nm trenches the optimal flake size was in the range 4-10 µm, while
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7.1 Outlook

for 500 nm trenches the range shifted to 4-20 µm. At 7 µm the 250 nm trench

pattern was completely cracked which continued up to 20 µm. The 500 nm trench

areas were not completely cracked, yet again indicating that trenches affect flake

formation. SEM and AFM was used to image the patterns, which found that the

surface is extremely susceptible to the PMMA resist and as such, both sonication

to remove walls arising from milling and plasma-ashing to remove resist residues

were necessary to reliably produce clean and flat terrace structured STO surfaces.

However, ashing was found to sometimes change the hydrophilicity of the surface

rendering it impossible to image the surface with tapping mode AFM, thus requiring

the less enticing contact mode.

Ultimate control, transfer and alignment was obtained using a micro-manipulator,

in which patterned and unpatterned flakes were transferred to a pre-patterned sil-

icon substrate. Small flakes would adhere strongly to the needle and was difficult

to place on the Si substrate, however, transferring patterned flakes with the micro-

manipulator would allow for even more control. This would allow for electrical

characterisation of patterned flakes, which would be the natural step going forward.

7.1 Outlook

The work in this project opens up a vast expanse of possibilities moving forward.

With the possibility of reliably contacting the flakes, it is possible to find suitable

flakes to produce four terminal devices to negate contact and filter resistances and to

extract other interesting properties such as electron mobility and density. This can

be expanded upon as the pre-patterning process saw success in producing patterned

flakes. The optimal sizes and trenches can be accounted for in the Hall-bars that

were included in the first design to maybe produce flakes shaped as Hall-bars. The

success of patterned flakes can also lead to other exotic shapes as we saw the promis-

ing square with a hole inside resembling SQUID devices. Designing a new pattern

with exotic shapes following the optimal size for flake formation could lead to an

interesting path of fascinating mesoscopic devices allowing observation of quantum

effects.

Controlling the size of the flakes is one way to restrict the lateral dimensions. How-

ever, investigating the effect of varying thickness of LAO on the electrostatic gat-

ing of the 2DEG is also an exciting direction for future studies. Achieving gate-

dependent devices such as the Coulomb blockade device in this work, would allow

for other types of devices which requires gates, such as quantum point contacts and

quantum dots which is often achieved with split gates or top gates. We showed a

test deposition of top gates and it should be possible even without an insulating

layer of oxide due to poor contact to the 2DEG.
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Chapter 8

Appendix

8.1 Appendix for surface patterning for controlled

flake formation

8.1.1 Protocol for Surface patterning for controlled flake

formation

• Rinse the substrate in acetone and IPA. Dry the sample with N2.

• Spin coat EL6 at 4000 rpm for 45 seconds. Bake at 185◦C for 2 minutes.

• Spin coat Czar 13% at 4000 rpm for 45 seconds. Bake at 185◦C for 2 minutes.

• Spin coat Espacer 300Z at 4000 rpm for 45 seconds (let Espacer sit in the

pipette tip till it reaches room temperature before releasing it on the sample).

Do not bake.

• EBL: Expose the substrate with a dose of 300 µC/cm2.

• To remove the Espacer layer and start developing the pattern, immerse the

sample in MQ for 1 minute followed by drying with N2.

• Immerse the sample in o-Xylene for 25 seconds followed by MIBK:IPA (1:3)

for 5 seconds. Stop the development by immersing the sample in IPA for 10

seconds.

• Kaufman Milling (Argon): Set the beam voltage to 600 V and beam ampere

to 23 mA, rest should be default settings. Use full rotation and no angle. Mill

the sample for 6 minutes which should yield trenches of 28 nm.

• Remove the resist with hot (80◦C) N-Methyl-2-pyrrolidone (NMP) for 30 min-

utes.
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8.1 Appendix for surface patterning for controlled flake formation

• Sonicate the sample for 15 minutes in hot NMP at 40% power and 37 kHz.

• Inspect the sample. If walls along the trenches are still present, sonicate the

sample for additional 15 minutes in hot NMP.

• Plasma-ash the sample for 2 minutes to remove resist residue, followed by

cleaning with acetone+IPA and drying.

• Immerse in MQ-water for 30 seconds to remove SrO-complexes, followed by

cleaning with acetone+IPA and drying.
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8.1 Appendix for surface patterning for controlled flake formation

8.1.2 S4

STO-walls arising from milling:

1 µm1 µm1 µm

(a) (b) (c)

Figure 8.1: SEM images of S1 showing the STO walls that was present after milling
for (a) a Hall bar, (b) overview of Hall bars and (c) outer part of squares. All scale
bars depict 1 µm.
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Figure 8.2: Characterisation of Hall-bar design from S1 after 6 minutes of milling.
a) SEM image showing patterned region of 10 µm Hall bars. b) AFM image of a
patterned Hall bar with complementary height profile in (c) matching the red line,
showing the 28 nm milled trench.

AFM of 12 minute milling:
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Figure 8.3: AFM of S4 after 12 minutes of milling. (a), Hall bar structure after
Kaufman ion-milling. The surface and trenches of the Hall bar was examined in
(b) and (c). (b), Closeup of the terrace structure in the Hall bar, captured at green
square in (a) displaying unconventional terraces. (c), Height profile of the red dashed
line in (a). The height is measured to 40 ± 4 nm. The height profile shows a dip
in the middle of the trench, indicating the AFM tip might not have reached the
bottom the trench. d) Height profile following the blue line in (a), showing that the
tip does not reach the bottom of the trench.

EDXS analysis of S4:
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1 µm 5 µm

Spectrum A

Spectrum B

Spectrum A

Spectrum B

Spectrum 1

Spectrum 2

Spectrum 1

Spectrum 2

(a) (d)

(b)

(c)

(e)

(f)

Atomic %:
O = 72.4 %
Al = 5.8 %
Sr = 21.8 %

Atomic %:
C = 7.6 %
O = 70.4 %
Al = 17.8 %
Sr = 4.2 %

Figure 8.4: EDXS data of a patterned and non-patterned area of S4. a) SEM
image of patterned area with spectrum A in (b) and spectrum B in (c), matching
the marked yellow squares. d) SEM image of a non-patterned area with spectrum
1 and 2 shown in (e) and (f), respectively, as marked by the orange squares.

EDXS analysis of reference sample 18-096:
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10 µm 10 µm

(a) (b)

(c) (d)Spectrum 1 Spectrum 2

1

2

Figure 8.5: SEM and EDXS of the reference sample labelled 18-096 grown with
∼70 nm LAO. a) Fully cracked LAO film with a small circular area of relaxed LAO
film. b) A circular area of relaxed LAO film similar to the one in (a), with EDXS
being performed at the marked squares in and outside the circular area. c) EDXS
spectrum from inside the relaxed film large Al peak. d) EDXS spectrum from outside
the circular area, showing less Al and more Sr.

8.1.3 S6 and resist control sample S5
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Figure 8.6: AFM images of S5 before and after PMMA and development. (a),
S5 before exposing the sample to PMMA. The sample was in acetone and IPA.
(b), AFM after resist spinning, development and resist removal. The sample was
immersed in H2O for 30 seconds to remove Sr-complexes on the surface. The ori-
entations of the terraces in (a) and (b) are different due to varying scan angle and
sample orientation.
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Figure 8.7: (a), Statistical analysis of the height of STO terraces of S7 after H2O-
treatment. The blue circles represent the step height relative to the adjacent step
going from left to right in (c). The insert in (a) displays where the height has been
picked from the steps. The error bar is ± 10% of the height. Solid red line is the
mean of the step height, where the dashed red lines represent the error of the mean
value. The black line represents the theoretical height of a STO unit cell. The data
has been obtained from the horizontal purple line in (c). (b), Displays the STO
substrate prior to water treatment.
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8.1.4 S7 - optimised pattern

The new design was created from the observations of previous growth on S4 and S6.

2 µm
200 nm

(a)

(b)

(c)

Figure 8.8: AFM images of milled S7 before ashing.(a), Surface image with a
non-linear height scale to display the terrace structure on top of the squares. (b,c),
1.5×1.5µm AFM image captured in the red square from (a). (c) displays the rough
surface where terraces are visible under the contamination. (b) shows a 3D image
of (c) to highlight the rough surface.

8.1.5 Growth results of S9
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8.2 Electrical properties of flakes

8.2 Electrical properties of flakes

8.2.1 Protocol for device fabrication

• Clean a pre-patterned Si/SiO2 substrate with acetone and IPA. Dry the sub-

srate with N2.

• Transfer flakes from the growth substrate onto the pre-patterned Si/SiO2 sub-

strate by gently touching the growth substrate with the corner of a clean-room

wipe and then touch the Si substrate.

• Spin coat EL9 (∼300 nm) at 4000 rpm for 45 seconds using slow acceleration.

Bake at 185◦C for 2 minutes.

• Spin coat A6 (∼330 nm) at 4000 rpm for 45 seconds using slow acceleration.

Bake at 185◦C for 2 minutes. Repeat this step for a total resist stack of

EL9+A6+A6 (∼960 nm)

• EBL: Expose the contact pattern onto the substrate with a dose of 1200µC/cm2,

0.6 µs dose time, 500 pA beam current, 40 µm aperture.

• Develop the sample by immersing in MIBK:IPA (1:3) for 60 seconds, followed

by 5 seconds in IPA and again 20 seconds in another cup of IPA. Dry the sample

with N2.

• Kaufman Milling (Argon): Set the beam voltage to 220 V and beam ampere

to 20 mA, rest should be default settings. Use an angle of 50°, but do not use

any rotation. Discharge for 2 minutes and let it warm up for 2 minutes. Mill

for 1 minute, rotate the sample holder 180°, and mill for 1 minute.

• Evaporate metal using rates of ∼1.5 Å/s for Ti and ∼4 Å/s for Au. Make

sure the flakes are aligned properly such that the metal is evaporated onto the

sides of the flakes. The evaporation should be done in 4 steps with an angle

of 20°.
Evaporate 100 nm Ti, rotate 180° and evaporate another 100 nm Ti. Rotate

back and evaporate 200 nm Au. Rotate 180° and evaporate 200 nm Au. The

total should be 200/400 nm of Ti/Au. Tip: use alu-foil to cover everything

except the centre region (makes lift-off easier to perform).

• Remove the resist with hot (80◦C) N-Methyl-2-pyrrolidone (NMP) for 60

minutes. Rinse in acetone and IPA. Dry with N2.

• The sample is now ready for bonding. Glue the sample onto a Copenhagen

daughter-board using conducting silver paste. Bond the devices using Al wires.

The sample is now ready for measurements.
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8.2 Electrical properties of flakes
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2
0

 µ
m

1
0

 µ
m

7
µ

m
4

µ
m

2
 µ

m
1

µ
m

0
.5

 µ
m

2
5

0
 n

m

4
µ

m

2
 µ

m
1

µ
m

2
0

 µ
m

1
0

 µ
m

7
µ

m

5
0

0
 n

m
2

5
0

 n
m

4
 µ

m
5

0
0

 n
m

4
5

 d
eg

La
rg

er
 m

ag
n

if
ic

at
io

n
 o

n
 n

ex
t 

p
ag

e

U
n

it
 c

el
l D

F
ig

u
re

8
.1

5

123
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8.2 Electrical properties of flakes

8.2.2 Applied external magnetic field

Resistance versus magnetic field in directions x, y and z were measured which is

plotted in figure 8.17 for device 2 (upper panels) and device 8 (lower panels). The

magnetic field sweeps for chip1 device 3 and 10 can be found in appendix 8.18.

The field was swept from negative to positive, with a low sweep rate to avoid the

resistance spiking or similar, which has been observed before when rapidly sweeping

the magnet. The sweeps were performed both a base temperature (∼ 14 mK) and

400 mK represented as the blue and red line, respectively. 400 mK was chosen such

that all the devices would exceed their respective critical temperature.

The field in the x-direction was swept from -1 to 1 T and the y-direction from -

0.8 to 0.8 T, while we swept the z-field to 2.9 T to gain a broader spectrum of

the parallel field. Prior to sweeping the y-field, we would expect the resistance

at base temperature to increase, as the quantity of pinned flux increases by ∼
2 for every mT, till the device reaches Hc2 from where it will transition into a

normal state of conductance. For the parallel field we expect the transition to

occur much slower, as it take a larger field to destroy the perfect diamagnet and to

penetrate the superconducting 2DEG. However, the data was not as straight forward

as anticipated. Device 8 was in general more susceptible to an external field than

device 2 which is seen by the rapid increase in resistance.
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Figure 8.17: Magnetic field sweeps in x, y and z directions at T = 400 mK (red
line) and T = 14 mK (blue line) for device 2 (upper panels) and device 8 (lower
panels).

Device 2 exhibits shoulder features, where the resistance not only reaches a plateau,

but also decreases with ∼ 200 Ω for the shoulder closest to 0 T. The shoulder fur-

thest from zero field is more flat but with a slightly more upwards trend. When

exceeding zero field from negative to positive sweep direction, the resistance sud-

denly increases. The z-field sweep for device 2 shows small shoulders around 1 T,
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8.2 Electrical properties of flakes

but also exhibits a maximum at B = 0, which is inconsistent with the other sweeps.

The x- and z-field critical field from 6.2, are 856 and 1975 mT for device 2, respec-

tively. The shoulder structures in the x-field are explicitly clear, which we would

also expect to see in the z-field due to both directions being in-plane to the 2DEG,

however, also tiny shoulders are observed. The shoulder around 1 T seems to be the

same which occurs at 1 T in x-field, but at much smaller scales. Device 8 showed

shoulders at the z-field sweep at ∼ 500 mT which was not present in x-field sweep,

indicating there is a different between the in-plane sweeps thus emphasising the im-

portance of performing sweeps in both directions. The y-field showed sharp minima

at zero field for both devices, showing signs of weak anti-localisation. However,

we might not have used a sufficiently low sweep rate as there are some tiny spikes

which can be many things, but noise from the magnet might be one contribution.

In a bulk material the direction of applied field would not matter, however it clearly

does in these measurements. Other contributions to the structure of the magnetic

field sweeps can be interference effects arising from quantum confinement as the

device is rather small, while it is clearly extremely direction-dependent, consistent

with typical effects observed in mesoscopic physics, such as universal conductance

fluctuations (UCF), weak anti-localisation and weak localisation. The magnetic

field might change the phase of the scattering electrons, which can be compared to

semiconducting billiards. The amplitude of UCF increases as the sample is less sym-

metric, in which a small and asymmetric flake device should see direction-dependent

conductance fluctuations of significant sizes.

As the applied fields in figure8.17 are larger, we would expect the devices to transi-

tion out of the superconductivity state, which happens at the point where the plot

for the 400 mK sweep crosses blue line. These values seems to be consistent with

the fitted values. The superconductivity is slowly surpressed with increasing fields

and above the critical field, the resistance still increases, which could perhaps be

explained by magnetoresistance, however odd that the 400 mK does not show the

same effect and might be due to the effects of even lower temperatures.

Magnetic field sweeps were only performed for device 2,3,8 and 10 and not for

device 11 and 17. These measurements were performed right before redoing the

x-field measurements in figure ?? as previously mentioned, which was measured

together with device 10. Performing the magnetic field sweeps in-between the two

temperature dependence plots with stepping x-fields, caused a larger resistance state

and for device 10 it caused the device to be completely pinched off towards base

temperature, which it did not do on the initial measurements. Device 10 showed

Coulomb blockade behaviour and the sudden switch to a zero current state indicated

that the ”quantum dot” device was suddenly activated with a magnetic field. Device

10 will be discussed in detail in section 6.6.1.
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Figure 8.18: Magnetic field sweeps in x, y and z directions at T = 400 mK (red
line) and T = 14 mK (blue line) for device 10 (upper panels) and device 3 (lower
panels).

8.2.3 Shorted contacts

1 µm 1 µm

(a) (b)

Figure 8.19: SEM images showing the effect of resist undercut when rotation
is used in the evaporation step. a) A device fabricated using Ti/Au (300/400 nm)
with an evaporation angle of 20° and rotation. b) Higher magnification of (a), clearly
revealing the shorting between contacts.
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8.2.4 Bonded chip

20 µm

(a)
(b) (c)

Figure 8.20: Example of a bonded chip with flake devices in a gel box stored in a
nitrogen cabinet. (a), Bonded chip with flake devices. (b), Close-up of the bonded
chip in (a) glued with conducting silver paste to a Copenhagen daughter board V0.4.
(c), Example of two-terminal flake device located in the center of the chip in (b).

8.2.5 Gate-dependency of device 11 and 17
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Figure 8.21: Global back gate sweep for device 11 and 17 to the left and right,
respectively. The measured critical current displays no change for the back gate
swept 150 V. The Colour scale is in units of resistance quantum, and shows a fi-
nite resistance in the region around Ic = 0 as a consequence of filter and contact
resistance.
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8.2 Electrical properties of flakes

8.2.6 Quantum dot flake device

−40 −20 0 20 40 60
 

0

5

10

15

20

25

30

35

C
on

du
ct

an
ce

 (µ
S)

0 to -50 V
-50 to 70 V
70 to 0 V

VBG (V)
−20 0 20 40 60

0

5

10

15

20

25

0 to -50 V
-50 to 70 V
70 to 0 V

 

VBG (V)

T = 400 mk T = 14 mk

2 µm

−40 −20 0 20 40 60 80 100

0

5

10

15

20

25

30

35

40 0 to -50 V
-50 to 70 V
70 to 0 V

C
on

du
ct

an
ce

 (µ
S)

VBG (V)

T = 14 mk

(a) (b)

(c) (d)

Figure 8.22: Conductance as a function of back-gate voltage of device 10 at 400
mK (a), base temperature T = 14 mK (b) and an extended range, showing the device
stopped conducting at 90 V (c), caused by gate-leakage, thus frying the device as
imaged with SEM in (d).
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8.3 Freestanding, as-grown, epitaxial LAO/STO micro-heterostructures hosting a
2-dimensional electron gas

8.3 Freestanding, as-grown, epitaxial LAO/STO

micro-heterostructures hosting a 2-dimensional

electron gas

This section includes the latest draft of article which has been composed in col-

laboration with Prof. Fabio Miletto Granozio and his team in Italy with the main

author being Alessia Sambri. Our contribution to the article included electrical

characterisation (figure 4) along with commenting and reviewing the manuscript.
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The 2-dimensional electron system (2DES) forming at the LaAlO3/SrTiO3 (LAO/STO) interface is

commonly considered as the prototypical example of emerging electronic properties stemming at the

interface between complex oxide materials. Oxide-based 2DES display a number of outstanding functional

properties, including high mobility1, superconductivity2, 3, yet ill-understood magnetic properties4, 5 that

can be stabilized by atomic engineering6, a strong Rashba type spin-orbit coupling7, and an extraordinarily

high charge-to-spin conversion efficiency8. Even more interestingly, most of these properties are largely

gate tunable3, 5–7, 9. This makes oxide 2DES a candidate platform for creating a new generation of devices

in the field of electronics, spintronics and quantum technologies.

In order to incorporate LAO/STO based devices into both established and incoming information and

communication technologies, integration on silicon is crucial. The apparently straightforward approach to

pursue, monolithical integration of perovskite oxides with silicon, has been addressed through decades9, 10

with mixed success at a laboratory level. Although epitaxial growth of LAO/STO heterostructures on

Si has been demonstrated by several groups, metallic transport properties of the samples are either not
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addressed at all11, 12 or are found to degrade at the lowest temperatures13. Thus, epitaxial integration of

oxides with Si remains, at the level of industrial process compatibility, an unsolved challenge.

A different possible approach is to bypass the intrinsic processing compatibility issues by directly

transferring LAO/STO nano- or micro-structures onto Si-based circuitry. This would allow the use of

substrates with pre-defined functionalities, such as microwave resonators and nanoscale gate arrays, needed

in mesoscopic device operation. This route has been successfully applied in electronics based on low

dimensional Van der Waals materials14 or on bottom-up synthesized nanostructures, such as semiconductor

nanowires used, e.g., for semiconductor/superconductor hybrids15–18. Pursuing such an approach requires

identifying a route for the reliable synthesis of high-quality freestanding conducting oxide nanostructures.

A significant advancement in this direction was recently provided by the use of a water-soluble, epitaxial

Sr3Al2O6 sacrificial layer19–22 to realize free-standing perovskite films23. A successful application of this

concept to the realization of freestanding LAO/STO metallic samples has not, however, been reported so

far.

Here, a new route for the realization of as-grown, freestanding, µm-sized LAO/STO metallic samples

is pursued relying on strain engineering of film growth in a pulsed laser deposition (PLD) process. By

preserving the strained state of epitaxial LAO films (bulk lattice parameter 0.379 nm) well above the

critical thickness expected from the 3% lattice mismatch on STO (bulk lattice parameter 0.391 nm),

we induce a disruptive strain relaxation process that fragments the surface resulting in the creation of

LAO/STO micro-heterostructures (µHSs).

1 Results

The samples discussed in this work range in a wide thickness interval. The thickest ones exceed, by almost

two orders of magnitude, the reported theoretical critical thickness hc for strain relaxation confirmed by

experiments on semiconductors growth (around 4 nm for 3% mismatch, according to 24) and by about an

order of magnitude a previously reported limit for pseudomorphic LAO/STO growth25. Different deposi-

tion conditions leading to largely different growth regimes have been determined by plume spectroscopy

and growth stoichiometry optimization26 on PLD films. We demonstrate that complementary growth

regimes can be selected in high-oxygen-pressure PLD, using the pulse energy density on the target as a

tuning knob.

In a low-laser-fluence growth regime, denoted as “A”, a gradual strain relaxation takes place, presum-

ably through dislocation formation. Data collected on a 30 nm thick sample grown in regime A, reported
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Figure 1. (Panel a) specular (0,0) RHEED spot intensity evolution versus time during the growth of a 30

nm thick LAO sample grown in regime A (low fluence). The sample shows good macroscopic metallic

properties (R(T) curve in first inset), flat surfaces with regular terraces (AFM image in second inset) and a

relaxed vertical lattice parameter c=0.378 nm (XRD plot in third image); (Panel b) sketch showing the

first three stages of the growth of LAO/STO samples in our high fluence conditions, at increasing

thickness. The last stage, i.e. the formation of vertical cracks, starts occurring at about 25 nm; (Panel c)

specular (0,0) RHEED spot intensity evolution versus time during the growth of a 30 nm thick LAO

sample grown in regime B (high fluence). The samples show highly persistent RHEED oscillations, a

fully insulating behavior (not shown), vertical surface cracks (AFM image in first inset), and a reduced

vertical lattice parameter c=0.374 nm consistent with tensile in-plain strain (XRD plot in third image).

in Fig. 1, Panel (a), show the growth of smooth conducting film, with terraced surfaces, damped RHEED

oscillations and a relaxed vertical lattice parameter. Films grown in this regime have been shown to be

conducting up to a maximum investigated a thickness of 120 nm, as shown in the supplementary material,

beyond the thickness limit demonstrated in previous works (50nm)27.

More interestingly, in a high-laser-fluence growth regime, denoted as “B”, a quite complex evolution vs.

thickness takes place. The first three stages of this evolution are depicted in the series of sketches reported

in Fig. 1 in Panel (b). The films grow highly perfect, in a regime in which apparently no dislocations

can nucleate. Above a first critical thickness, vertical cracks, presumably extending well below the
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film-substrate interface, appear at the surface. This is in agreement with mechanisms already observed in

semiconductor film epitaxy28. Such vertical cracks, leading to insulating LAO/STO heterostructures, as

measured in a macroscopic Van der Pauw configuration, were observed for all our samples with thickness

of 30 nm or above grown in this regime, while all samples below 20 nm were found conducting. Data

collected on a 30 nm thick sample, reported in Fig. 1, Panel (c), showed persistent RHEED oscillations,

indicative of a steady growth regime persisting until the end of the deposition, a fully insulating behavior

(data not reported), vertical surface cracks in AFM (as shown in an inset) SEM and optical images (as

shown in the supplementary material) and a reduced vertical lattice parameter c=0.374 nm consistent with

tensile in-plane strain. The surface morphology, at this stage, presents similarities with cracked sample

surfaces shown in 29 and 27. The latter paper, in particular, clarifies the role of high-oxygen-pressure

growth for achieving highly perfect samples, preventing strain relaxation through dislocations.

Figure 2. (a) Sketch of the fourth and last stage of LAO/STO growth in our high fluence conditions:

freestanding membranes break away from the substrate as a result of horizontal cracks formation; (b)

AFM image of a freestanding membrane of a 180 nm thick sample; c) AFM 1-D profiles collected on the

red and cyan lines of the membrane shown in (b); (d) SEM picture of a typical surface of a sample in high

fluence conditions at the fourth and final stage, showing membranes with typical lateral dimensions of 2-3

nm and, more rarely, tapes with lengths up to several tens of microns , rolled up in helices; (e) Low

resolution cross-sectional TEM image of a typical membrane in a 180 nm thick LAO film. The red arc

following the interface belongs to a circle with radius Rcurv = 8 µm;

The last stage of the samples surface for growth in regime B is illustrated by the sketch in Fig. 2a. It

shows that, as a consequence of the extreme strain energy accumulated during the perfect dislocation-free

growth in regime B, curved free-standing membranes appear on the surface. Such membranes self-form
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spontaneously, breaking away from the substrate by an abrupt strain relaxation process propagating a

fracture plane parallel to the surface, within the STO single crystal substrate. No sacrificial layer is

involved in this process and no chemical etching is needed. All data reported in the following part of this

paper (Figs. 2, 3 and 4) refer to samples in such stage.

Further information about regime A and the previous stages of regime B is presented in the supple-

mentary material. This includes further details about the different growth conditions for regimes A and B,

the pretty complex transition from stage three to stage four as a function of thickness and aging and data

from ultrathick samples in which persistent RHEED oscillation of constant amplitude have been observed

up to a thickness of 170 nm.

The AFM image of a 178 nm thick sample is shown in Fig. 2b. The one-dimensional profiles extracted

along orthogonal direction plotted in Fig. 2c allow to estimate a curvature radius of about 11 µm. In Fig.

2d, a scanning electron microscope (SEM) image of a 60 nm thick sample show that surface is covered by

a mosaic of several-µm-sized, freestanding, regularly shaped, 2-3µm sized membranes with sides aligned

to the in-plane [100] and [010] directions of the substrate. In our sample all membranes show a finite,

grossly similar, curvature, that is not expected for a pure LAO fragment. Instead, it is suggestive of a

bilayer membrane made of materials in different strain state17–19. Some membranes keep from cracking

along one direction up to a length exceeding 10 µm. When the length largely exceeds the curvature radius,

membranes roll-up in helices. The detail of a single helix with a curvature radius of about 5µm is shown

in Fig. 2c.

The transmission electron microscopy (TEM) image of a freestanding membrane is shown in Fig. 2e.

The TEM images confirm what was anticipated in the sketch in Fig. 2a, i.e., that the curved membranes

shown in Figs 2b and c are actually bilayer heterostructures, reproducing at the microscale the intended

macroscopic LAO/STO heterostructure. The measured LAO thickness 178 nm is in excellent agreement

with the estimate from RHEED oscillations. We also observe that the thickness of LAO and STO layers is

comparable. Images shown in the supplementary information demonstrate that most of the membranes

are detached from the substrate, as the one shown in Fig. 2d, while others are still partially connected to

the underlying STO crystal. Several membranes were explored across their whole thickness, in order to

detect the presence of dislocations. Remarkably, no dislocations are found: the growth of the LAO film

appears to be fully coherent from the interface to the surface. Data collected on samples with different film

thicknesses suggest that the thicknesses of the STO fragment stripped away from the substrate correlates

with LAO thickness. More statistics is needed to provide conclusive evidence and a quantitative analysis
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on this issue.

The high-resolution image and the data analysis reported in Fig. 3a confirms that the macroscopically

strained and bent state seen in the low resolution image in Fig. 2a is coherently reproduced down to the

atomic scale. An accurate inspection of the image tells, already visually, that the leftmost and rightmost

planes perpendicular to the interface diverge from top to bottom , while the planes parallel to the interface

present a faint curvature. This suggests that the system can be modelled as an almost dislocation-free,

curved heterostructure, coherently strained from the atomic to the micron scale.

To quantitatively address the lattice deformations induced by such strained bent state state, we resorted

to geometric phase analysis (GPA)28. According to the GPA technique, εxx and εyy are defined with respect

to average in-plane and out-of-plane lattice parameters of the heterostructure, rather than to the unstrained

LAO and STO lattice parameters (this difference must be kept in mind when comparing the experimental

data with forecasts from elastic energy minimization, in which strains are calculated with respect to the

relaxed parameters). Fig. 3b shows the obtained εyy strain map, mostly dominated by the lattice mismatch

between the STO and the LAO layers in the vertical direction.

Much finer details about the lattice deformation are highlighted by the εxx and εyy in-plane-averaged

profiles plotted in Fig. 3c, providing full information about the lattice deformations induced in our

heterostructure by the curved geometry. Beside the above mentioned εyy discontinuity at the interface,

we observe in fact a negative slope of εxx in the positive vertical direction (i.e., from STO to LAO) and

a positive slope of εxx away from the interface. From a straightforward geometric analysis reported in

the supplementary material, it is recognized that the angular coefficient of εxx (0.95×10−3nm−1) equals,

beside the sign, the inverse of the curvature radius Rcurv ∼ 1µm, while the slope of εyy on each side of the

interface is related, to first order, to the Poisson ratio.

The sketch reported in 3d summarizes our GPA results. It suggests that within each layer of our

µHSs,a curved neutral surface is found, where the the lattice (neglecting so far the rhombohedral LAO

distorsion) is cubic and unstrained. The plots in 3c indicate that such neutral surfaces εxx = εyy lie at about

10nm from the interface, slightly outside the region thinned for high-resolution microscopy.

The understanding of the equilibrium shape and strain distribution in freestanding epitaxial bilayer

membranes has been addressed in some previous works based on semiconductors epitaxy17–20. It can be

mapped back to a classical continuous mechanics problem19 that was addressed to quantitatively describe

the deformation of bimetal thermostats30 at variable temperature. To clarify the strain states of our samples,

we address our µHSs as bilayer beams, rather than membranes. This approximation provides a direct
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Figure 3. (a) HREM cross-sectional image of the interface showing that the macroscopic bending is

reflected at the atomic scale, in a perfect, dislocation-free, curved lattice; (b) εyy map, as obtained by GPA;

(c) in-plane averaged εxx and εyy profiles vs. a growing (from STO to LAO) vertical coordinate; (d)

geometric sketch of the heterostructure, showing the position of the neutral surfaces, at a distance tSTO

and tLAO from the interface, and the regions in tensile and compressive strain. The sections of the STO

layers expected to show orthogonal ferroelectric order based on the STO strain phase diagram29 are

identified by yellow areas

comparison with our TEM images, due to the thinning of the samples along the zone axis, and with

the helices (as for the membrane problem, which is slightly more complex, we only mention that, due

to the competition between curvatures along orthogonal directions, the curvature radii in membranes

are larger than in beams with otherwise similar layers). Once the geometrical constraints set by the

purely elastic deformation of our system are implemented in our model, the elastic energy minimization

problem is reduced to finding the optimal curvature radius. Such problem is quantitatively addressed

in the supplementary material and an analytic solution is reported within the given approximations. At

distances tSTO and tLAO from the interface two zero-strain (“neutral”) arcs are found, where the strain

vanishes and changes sign. Pure geometry tells that finding the optimal curvature radius is equivalent to

finding the optimal distance of the neutral surfaces to the interface. We address here the specific case of a

µHS composed of two layers with the same values of the respective Young moduli (ELAO ∼ ESTO) and
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thicknesses (dLAO ∼ dSTO). The following equations apply:

tSTO = tLAO =
dTOT

3
(1)

Rcurv =
2
3

aave

∆a
dTOT (2)

where Rcurv is the curvature radius shown in Fig. 3c, aave is the average lattice parameter of the two

layers and dTOT = dLAO +dSTO is the total bilayer thickness. Eq.1,Eq.2 can be demonstrated as a specific

case of Timoshenko formulas30, but they are also derived based on a simple geometrical argument in the

supplementary material. Numerical calculations based on Timoshenko formulas show that the sample

curvature is very stable in the surrounding of the chosen point (ELAO = ESTO); (dLAO = dSTO): in the case,

e.g. in which d and E for one layer exceed by about 40% the other, Eq.1,Eq.2 remain accurate within less

than 4%.

Considering the bulk values of LAO and STO lattice parameters aSTO= 0.3905 nm ; aLAO =0.3787

nm) and of the Young moduli [1] a value Rcurv ∼ 7µm is estimated for the sample in 2a, in reasonable

agreement with the experimental value Rcurv ∼ 8µm reported above. Eq.2 shows that decreasing Rcurv

values are achieved at decreasing sample thickness, in agreedment with our data. In particular, the much

smaller Rcurv measured in Fig. 3a with respect to 2d is related, though in a ill-defined geometry, to the

further sample thinning procedure for high resolution electron microscopy.

We further discuss now the sketch in 3d in terms of the STO polarization-vs-strain phase diagram

reported in 31. Yellow areas in Fig. 3d indicate regions where in-plane and out-of-plane ferroelectric

polarizations are expected to appear, possibly up to room temperature on the tensile side. These three

regions with in-plane, zero and out-of-plane polarization are expected to coexist within a distance of a few

tens of nm, as a consequence of a gigantic strain gradient of about 0.5o/oo /nm (or 0.5µm−1). Such strain

gradient is also expected to induce the build-up of a sizable flexoelectric surface charge and potential,

exceeding by orders of magnitude values obtained on bulk samples in STO32 and, very recently, on

mechanically bent LAO/STO heterostructures33. An even more complex behaviour could be expected for

the largely strain-dependent34 LAO polarization.

The crucial remaining question yet to be addressed, to assess the interest of this system, is if our macro-

scopically insulating samples are indeed insulating down to the microscale, or are made of individually

conducting µHSs. Two-terminal devices were fabricated by transferring µHSs to substrates of Si capped

with 200nm of SiO2 gate insulator.
1Add refs on Young moduli
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Figure 4. (a) False color SEM micrograph of a typical µHS device after transfer to a Si/SiO2 substrate

and contacted in a two-terminal configuration. (b) Resistance as a function of temperature for two typical

devices showing metallic behavior. (c) The gate dependence of the conductance of Device 1 at 4K.

Individual µHSs were located and Ti/Au (300 nm/400nm) contacts were fabricated by electron-

beam lithography (see methods/supplementary material for further details). Figure 4a shows a SEM

micrograph of a typical device. To facilitate electrical contacts, shallow-angle Ar milling was performed.

Four device batches with a total of ∼50 devices were fabricated and measured. A large spread in the

room-temperature 2-contact resistance values were found, most of them exceeding a value of 300kOhm

that generally increased to above the measurement limit upon cooling. We attribute this to dominating

barriers at the metal µHSs interface as is commonly observed in mesoscopic semiconductor devices.

Devices with R ≤ 300kΩ at room temperature, for which a good contact at the metal/2DES interface was

achieved, showed metallic behavior upon cooling as shown in Fig. 4b, and followed the trend expected for

metallic LAO/STO 2DESs. Figure 4c shows the two- terminal conductance upon varying the potential

of the conducting Si substrate acting as a global back-gate through a composite barrier made of SiO2

and of STO. The conductance increases with Vg as expected for a n-type 2DES again in agreement

with expectation for macroscopic LAO/STO samples. Other metallic devices showed a weaker gate

response, however with a consistent n-type trend. Further work, including optimized contact recipes and

the development of four-terminal devices is needed to study the separate contributions of density and

mobility.
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2 Conclusion

In summary, we demonstrated the growth of self-formed, freestanding, epitaxial LAO/STO micro-

heterostructures hosting a 2-dimensional electron system. Their curvature is analyzed from the micro

to the atomic scale by resorting to several complementary microscopy techniques. Due to the extreme

sensitivity of STO dielectric properties to strain, and to the giant strain gradient induced by this specific

configuration, we argue that two orthogonal ferroelectric orientations might coexist in our samples at the

distance of a few tens of nm and that large flexoelectric effects are expected. Our micro-heterostructures

are individually manipulated, transferred on Si/SiO2 substrates, contacted and measured. Within the

intrinsic limitations of the two-contact measurements performed so far, they show the standard transport

properties of high-quality LAO/STO.

The potential fallout of this work is multifold. We demonstrate, in fact:

a) a new strain-based technique allowing to grow highly crystalline, self-formed suspended membranes;

this approach can be applied to other oxide, semiconductor or metal systems, circumventing the necessity

to resort to a sacrificial layer;

b) the capability to create, manipulate and contact micro-sized LAO/STO heterostructures, to be

potentially employed as gate-tunable circuit components; this opens the way to integration of LAO/STO

micro-heterostructure not only with semiconductors, but also with superconducting circuits, flexible

electronics35, exfoliated 2D Materials12, flexoelectric actuator36, and so on;

c) the ability to introduce in oxide science and technology two degrees of freedom of major recent

interest, i.e. curvature and strain. Application to the LAO/STO system opens the route to implementing

devices of unprecedented complexity, in which curvature can tune the 2DES properties (in the normal or

in the superconducting state)37, 38, either through direct geometric effects, or though variation of SrTiO3

dielectric/ferroelectric/flexoeletric properties and of LAO polarization.

Our results open therefore access to a new field of research, where oxide 2DES science meets

microscale materials engineering, micromechanics, ferroelectricity, superconducting electronics and the

study of quantum and topological effects in a curved 2D system.

3 Methods

LAO films were grown by Pulsed Laser Deposition (PLD) on TiO2-terminated (001) STO substrates held

at 730◦C. A single crystal LAO target, mounted on a multi-target rotating carousel, was ablated by using a
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KrF excimer laser (λ = 248 nm, pulse width= 20ns, ablation spot area = 0.78 mm2, 45◦ angle of incidence)

at a 3 Hz repetition rate. A mask allowed obtaining a homogeneous beam profile on the target surface.

The target-substrate distance was fixed at 37 mm. After the growth, an annealing at 500 ◦C in 50 mbar

of oxygen has been performed for 1h, before cooling down the samples in the same pressure condition.

Regimes A and B only differ on the laser fluence, which are respectively 1 and 2.5 J/cm2.

LAO/STO samples topography and crystal structure have been characterized by means of Atomic Force

Microscopy and X-Ray Diffraction (XRD), respectively. The structural characteristics of the samples

have been performed by means of a X’Pert MRD-PRO diffractometer in the high resolution configuration.

A X-ray mirror and a Ge [220] monochromator were placed in the diffracted beam path to generate

monocromatic Cu Kα X-rays, with λ= 1.54056 Å. Crystal quality was determined by means of triple-axis

attachment in which an additional three-bounce Ge (220) channel-cut analyzer was placed in front of

the detector to obtain the same divergence of 12 arcsec as the incident beam. The diffractograms were

acquired with a radiation of 40 kV and 30 mA, a step width of 0.001 ◦C and an acquisition time of 10”

per step. The AFM images were acquired on an XE100 Park instrument operating in non-contact mode

(amplitude modulation, silicon nitride cantilever from Nanosensor) at room temperature and in ambient

conditions.

Electrical characterization on macroscopic samples has been performed by means of Van der Pauw

measurements. The LAO/STO composite membranes were prepared for a TEM side view observation by

embedding them in GATAN G1 epoxy glue, followed by a conventional cross sectional TEM (XTEM)

sample preparation by mechanical thinning of a cylinder section followed by dimpling and low energy

ion milling (0.2 keV). Transmission Electron Microscopy (TEM) analysis has been performed in a (Cs)-

probe-corrected JEOL JEM ARM200CF operated scanning TEM (STEM) mode with a beam energy of

200 keV.

To fabricate electrical devices, the LAO/STO µHS were transferred from the growth substrate to a

Si/SiO2 substrate by gently touching the growth substrate with the corner of a clean-room paper and then

the Si substrate (a similar technique is often applied for transfer of semiconductor nanostructures). Prior

to transfer, the Si substrate was patterned with an array of metal alignment marks. Suitable ?HS were

located with respect to the alignment grid using optical microscopy and electrical contacts in two-terminal

configuration were defined by electron beam lithography using a∼800 nm thick resist stack. To improve

contact performance, a brief, gentle, Argon ion-milling was performed to induce conductivity in the

exposed contact area [1] before evaporation of Ti/Au (300 nm/400nm) contact metals. For both Argon
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milling and metal evaporation, a two-angle approach was employed with a shallow angle (∼20 deg from

substrate normal) from the directions normal to the current flow. This ensures Argon exposure and metal

coverage of the edges of µHS which is where the actual contact is expected. The angle evaporation can

be seen in Fig. XX as the two overlapping metal patches. It was confirmed on bulk STO samples that

milling using the same parameters does not induce conductivity in the regions covered by resist. Samples

were bonded to a PCB sample holder and electrical measurements were performed using standard lock-in

techniques employing a 100µV ac excitation in a RT-4K cryo-setup.
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