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Abstract

The continuous improvement of the transistors is the basis for the increase of com-
puting power. For enhanced metal-oxide-semiconductor (MOS) field-effect-transistors
(FETs) and other devices suitable gate dielectrics are required, that exhibit a high
relative permittivity, good insulating properties like a large band gap, and a good
layer quality. Additionally, new device structures like negative capacitance FET
(NCFET) are developed.

In this thesis the ternary rare-earth oxides GdScO3 (GSO), LaLuO3 (LLO) and
SmScO3 (SSO) are grown on GaN by pulsed laser deposition (PLD). Those oxides
reveal a hexagonal phase, that has been discovered few years ago. The oxides have
a large lattice mismatch to the GaN and are not at thermodynamic equilibrium,
according to ab-initio calculations. The hexagonal ternary rare-earth oxides reveal
a permittivity of 30 (GSO) and of 32 (LLO) and a bandgap above 5 eV. To under-
stand the growth mechanism of the rare-earth oxides, the layer and especially the
interface are investigated. First of all hexagonal GSO reveals a decomposition of Sc
and Gd at the interface, so that it exhibits twice as much Sc than Gd, which reduces
the length of the in-plane axis of the GSO and subsequently the lattice mismatch.
Secondly, the grains are tilted in-plane, revealing a fibre texture with the c-axis as
fibre axis perpendicular to the interface. Thirdly, the distance of the lattice planes
at the interface is enhanced, revealing a distance of 3.1 Å. The SSO also reveals a
fibre texture and an enhanced interface distance, thought the decomposition of the
Sm and the Sc occurs in places. The hexagonal LLO reveals a fibre texture and a
small decomposition.

For a novel NCFET a ferroelectric is placed in between the gate metal and the
oxide of a MOSFET. The ferroelectric should exhibit a negative capacitance and in
this way cause a voltage amplification, resulting in a subthreshold slope (SS) be-
low 60 mV/dec. PLD grown ferroelectric HfO2 with 5% Gd and HfO2 with 5% Lu
(HfLuO) reveal a remanent polarization of 12 µC/cm2, while the HfO2 with 5% Y,
grown by atomic layer deposition, reveals one of 20 µC/cm2 and a steeper hysteresis.
HfLuO exhibits a pinched hysteresis at the initial state, if the sample is annealed
at 500 °C, which could be related to an antiferroelectric phase. At an annealing
temperature of 700 °C the HfLuO layer becomes ferroelectric.

I





Kurzfassung

Die kontinuierliche Verbesserung der Transistoren ist die Grundlage für die Steigerung
der Rechenleistung. Für verbesserte Metalloxidhalbleiter (MOS) -Feld-Effekt-Transistoren
(FETs) und andere Bauelemente werden geeignete Gate-Dielektrika benötigt, die
eine hohe relative Dielektrizitätskonstante, gute Isoliereigenschaften wie eine große
Bandlücke und eine gute Schichtqualität aufweisen. Zusätzlich werden neue Bauele-
mentstrukturen wie der negative capacity FET (NCFET) entwickelt.

In dieser Arbeit werden die ternären Seltenerdoxide GdScO3 (GSO), LaLuO3 (LLO)
und SmScO3 (SSO) auf GaN mittels gepulstem Laserstrahlverdampfen (PLD) gewach-
sen. Diese Oxide zeigen eine hexagonale Phase, die vor einigen Jahren entdeckt
wurde. Die Oxide haben eine große Gitterfehlanpassung zum GaN und befinden
sich gemäß ab-initio-Rechnungen nicht im thermodynamischen Gleichgewicht. Die
hexagonalen ternären Seltenerdoxide zeigen eine Permittivität von 30 (GSO) und
32 (LLO) und eine Bandlücke über 5 eV. Um den Wachstumsmechanismus der
Seltenerdoxide zu verstehen, werden die Schicht und insbesondere die Grenzfläche
untersucht. Zunächst zeigt das hexagonale GSO eine Entmischung von Sc und Gd
an der Grenzfläche, so dass es doppelt so viel Sc wie Gd aufweist, was die Länge
der Achse in der Ebene des GSO und folglich die Gitterfehlanpassung reduziert.
Zweitens sind die Körner in der Ebene gekippt und zeigen eine Fasertextur, mit
der c-Achse als Faserachse senkrecht zur Grenzfläche. Drittens wird der Abstand
der Gitterebenen auf 3.1 Å an der Grenzfläche vergrößert. Das SSO zeigt auch eine
Fasertextur und einen vergrößerten Grenzflächenabstand, jedoch tritt die Entmis-
chung des Sm und des Sc nur stellenweise auf. Das hexagonale LLO zeigt auch eine
Fasertextur und eine geringe Entmischung.

Für einen neuen NCFET ist ein Ferroelektrikum zwischen dem Gate-Metall und
dem Oxid eines MOSFET angeordnet. Das Ferroelektrikum sollte eine negative
Kapazität aufweisen und auf diese Weise eine Spannungsverstärkung bewirken, was
zu einer Unterschwellenneigung (SS) kleiner als 60 mV/dec führt. PLD gewach-
senes ferroelektrisches HfO2 mit 5% Gd und HfO2 mit 5% Lu (HfLuO) zeigen eine
remanente Polarisation von 12 µC/cm2, während das HfO2 mit 3% Y, das mittels
Atomlagenabscheidung gewachsen wird, eine remanente Polarisation von 20 µC/cm2

und eine steilere Hysterese zeigt. HfLuO weist im Anfangszustand eine tailliert Hys-
terese auf, wenn die Probe bei 500 ºC geglüht wird, was mit der antiferroelektrischen
Phase zusammenhängen könnte. Bei einer Glühtemperatur von 700 °C wird die
HfLuO-Schicht ferroelektrisch.
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1 Introduction

Computer, smart-phones and data processing significantly influence our daily life,
so that the improvement of the computing power is a key for future life. Transis-
tors, which are integrated in a large number on chips, are the basic device for all
computing. Besides new transistor structures like tunnel field-effect-transistors or
the fin field-effect-transistors, the metal-oxide-semiconductor field-effect-transistor
(MOSFET) is still the most important device of semiconductor technology.
In this work the focus is on the development of new gate oxides for MOSFETs. The
effort to make transistors smaller and more efficient has lead to the development
of improved gate oxides in comparison to the common standard gate oxide HfO2 in
complementary metal-oxide-semiconductor (CMOS) technology and to the applica-
tion of recently discovered physical properties of the oxides, i.e. ferroelectricity in
HfO2. In this work both aspects are explored: First, epitaxial ternary rare-earth
oxides grown on GaN are investigated, to improve the electrical properties like the
permittivity of gate dielectrics. Second, ferroelectric HfO2 is analysed for the appli-
cation in negative capacitance field-effect-transistors (NCFET).
Ternary rare-earth oxides are promising candidates for gate oxides, since a large
relative permittivity (κ) and a large band gap is expected of those materials [1].
Schäfer et al. reported on the formation of a so far unknown hexagonal phase of
GdScO3 and LaLuO3 on GaN. The lattice mismatch of the hexagonal phase is above
13% and ab-initio calculations show, that the determined phase is not thermody-
namically stable, but still the existence of the phase is profen by X-ray diffraction
and transmission electron microscopy. [2, 3, 4] The semiconductor GaN offers a
large band gap of 3.4 eV [5], which results in a high breakdown voltage [6] and it
can be employed for power electronic applications [7]. Thus, a combination of the
ternary rare-earth oxides and GaN can become a worthwhile future device. To ver-
ify the ternary rare-earth oxides GdScO3 and LaLuO3 as suitable gate dielectric for
GaN, the electrical properties like the permittivity and the band structure are deter-
mined. Furthermore, the structural properties of the hexagonal layers are analysed
to understand the formation of this phase. Therefore, the layers are investigated by
X-ray diffraction and, in particular, the interface structure is analysed by transmis-
sion electron microscopy.
For the new approach of negative capacitance field-effect-transitors (NCFET) suit-
able ferroelectric layers are required, that can be easily integrated in existing CMOS
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technoloy. The standard gate dielectric HfO2 transforms into an orthorhombic, fer-
roelectric phase by adding various elements like Si or Sr [8]. Since HfO2 is already
used as gate oxide, the implementation of ferroelectric HfO2 into MOSFETs should
be unproblematic. To transform a common MOSFET into a NCFET, an additional
ferroelectric HfO2 layer is mounted in between the gate oxide and the gate metal. In
theory the ferroelectric exhibits a negative capacitance in the region of zero polarisa-
tion, which is stabilized by combining the dielectric gate oxide and the ferroelectric
layer. The negative capacitance induces a voltage amplification of the applied gate
voltage and thereby reduces the subthreshold slope of the device and thus the power
consumption. [9, 10] To fabricate a working NCFET, stable ferroelectric HfO2 is
required, which exhibits a steep polarization switching. Hence the electrical and
the structural properties of HfO2 with 5% Gd, 5% Lu or 3% Y are investigated and
optimized.
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2 Experimental, Fundamentals and Details

The advances in computer technology affect every aspect of our lives, which is why
the further development of the computing power is significant, so that more efficient
transistors are required. The essential device structure for complementary metal-
oxide-semiconductor (CMOS) technology is the metal-oxide-semiconductor (MOS)
field-effect transistor (FET), whose improvement is very dependent on new gate
oxides. In this work, the ternary rare-earth oxides GdScO3, LaLuO3 and SmScO3

are evaluated as gate oxides, for more efficient transistors. Further ferroelectric HfO2

thin films are analysed for negative-capacity FETs (NCFET) (see section 4.1.1.3),
which are MOSFETs with an additional ferroelectric layer. The investigated gate
oxides are key components for further scaling and power reduction of future FETs. In
order to achieve these goals, analysis of the electrical, ferroelectrical and structural
properties of the rare-earth oxides and HfO2 samples is required. In the following
the applied experimental techniques are described: First the macroscopic techniques,
secondly, the microscopic techniques and finally the device fabrication are explained.
The growth and processing of rare-earth oxides and HfO2 are elaborated in 3.1.3 and
4.1.2, respectively.

2.1 Macroscopic techniques

In this section the macroscopic techniques are elucidated including the electrical
characterization, X-ray diffraction, X-ray photoelectron spectroscopy, atomic force
microscopy and scanning electron microscopy.

2.1.1 Capacitance voltage measurements

To determine the capacity and further the permittivity (κ) of the oxides, capacitance
voltage (CV) measurements were performed using a E4980A Precision LCR Meter
from Keysight Technologies. Two metal top contacts with an area ratio of 400
(4 mm2 : 0.01 mm2) were contacted, whereby the high potential was connected to
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the small pad and the low potential was connected to the large pad. Since capacities
are proportional to the area and they are added reciprocally the capacity of the large
pad is negligible. A DC voltage with an overlying AC voltage (VAc) of 50 mV at a
frequency (ω) of 100 kHz is applied. The capacitive current (ICap) was measured
and the capacitance (C) was determined from the relation ICap/VAc = ωC. The
capacity normalized to the area is plotted over the DC voltage. From the measured
capacity the Capacitance Equivalent Thickness (CET) is calculated by:

CET = d =
κSiO2

ǫ0A

C
. (2.1)

Here d is the calculated layer thickness of an SiO2 layer exhibiting the same capaci-
tance, κSiO2

the permittivity of SiO2, ǫ0 the vacuum permittivity, A the area of the
capacitor and C the capacity. The calculated CET was plotted against the actual
layer thickness of the oxide for samples with varying thickness (see Figure 3.12).
Thus, a linear trend was visible and from the regression line the permittivity (κ) of
the oxide layer was calculated by:

κ =
3.9
m

, (2.2)

where m is the slope of the regression line and 3.9 is the permittivity of SiO2.

2.1.2 Current voltage measurements

Resistivity, breakthrough voltage and leakage current of the oxides were determined
by current-voltage measurements using a 4200-SCS from Keithley Instruments Ger-
many. The high potential was connected to the small pad (0.01 mm2) and the low
potential was connected to the large pad (4 mm2). A DC voltage was applied and
the current was measured. Since resistivity is inversely proportional to the area and
they are added in series, the resistivity is mainly caused by the small pad.

2.1.3 Polarization voltage measurements

Besides the capacitance and the resistance of the ferroelectric capacitor the coercive
field strength (Ec ) and the remanent polarization (Pr ) are important properties
of the ferroelectric capacitor (compare section 4.1.1). The ferroelectric capacitors
were investigated by an AixACCT TF2000 from aixACCT Systems GmbH. The eas-
iest way to measure the polarization is by the Sawyer-Tower Circuit as displayed
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q⊥ = REwald(sin(ω) − sin(2Θ − ω)). (2.6)

Here REwald is the radius of the Ewald sphere in the reciprocal space. The intensity
is plotted against the calculated q‖ and q⊥. A perfect, endless crystal would exhibit
a high intensity at an specific q‖ and q⊥. Due to imperfections in the crystal the
reflection is broadened. The broadening of the reciprocal lattice point provides
conclusions about the layer quality and the layer growth. A horizontal broadening
is due to island growth or grain boundaries, while a horizontal broadening is related
to the limited layer thickness. Broadening in the direction of the scattering vector is
related to tensions and changes in the composition and a perpendicular broadening
to the scattering vector is related to mosaicity. [12]

2.1.6 Grazing incidence X-ray diffraction

By grazing incidence X-ray diffraction (GIXRD) thin polycrystalline layers were
investigated. To improve the signal to noise ratio of a thin layer, small incident
angles (< 3°) are employed. This way the X-rays pass mainly through the near-
surface region, while the signal of the substrate is suppressed. The detector is shifted
around the sample, so that different crystallographic orientations of the layer are
explored. Thus, the grains fulfil the Bragg condition at a certain point, independent
of their orientation. By GIXRD different crystals can be distinguished by their
characteristic peaks in a polycrystalline thin film. Since only a small part of the
thin film fulfils the Bragg condition, the intensities are lower compared to XRD. The
resolution is limited by the chromatic aberration of the X-ray source, precluding the
differentiation of similar crystal structures. [12] For GIXRD measurements employed
here, ω was fixed to 2°.

2.1.7 X-ray reflectivity

X-ray reflectivity (XRR) was used to determine the layer thickness and the rough-
ness at the surface and at the interface to the substrate of the grown oxide layers.
XRR is an applied ω − 2Θ scan at small angles ranging from 0-10° [12]. Due to the
small angles, the reflections are not caused by the lattice spacings, but by the inter-
faces. The reflection of the incident X-ray by interfaces is described by the Fresnel
equations, which elucidate the reflection and transmission of electromagnetic waves
at an interface. At the beginning of the measurement (ω ∼ 0) the incident beam is
parallel to the sample surface and gets reflected by the layer with increasing angle.
At the critical angle of the layer some X-rays penetrate the layer and are partially
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reflected by the substrate. The reflected beams of the layer and the ones reflected
by the substrate interfere and cause measurable oscillations, with a width depending
on the path difference of the X-ray reflected by the oxide and the X-ray reflected by
the substrate. Since the layer thickness is related to the path difference, the layer
thickness can be determined from the width of the oscillations. Further, the rough-
ness of the interfaces causes diffuse scattering, inducing a reduction of the measured
intensity. Therefore, roughness of the interfaces are related to the steepness of the
intensity reduction. [12] The measured intensity is plotted against the scattering
vector q.

2.1.8 X-ray photoelectron spectroscopy

X-ray photoelectron spectrocscopy (XPS) is a widely used surface analysis technique
to determine non destructively the binding energies and hence chemical composition
of thin films and surfaces. The investigated surface is irradiated with soft X-ray
photons, which interact with the surface atoms. During this process the energy of
the X-ray photon is transferred to an electron in the core level and the electron is
ejected. The electron leaves the atom with a specific kinetic energy (Ekin), which is
detected. The kinetic energy of the electron depends on the X-ray photon energy
(hν) and the binding energy of the electron (Ebin) and is described by the following
equation [13]

Ekin = hν − Ebin − ΦS [13], (2.7)

where ΦS is a small, almost constant work function. From the XPS spectra an
elemental analysis is possible, because the binding energy is unique for each atom.
Further, the binding energy of the electrons is influenced by the chemical envi-
ronment, so that changes in the kinetic energy, carry chemical information. The
technique is surface sensitive, i.e. chemical information are only acquired from the
surface and from the region few nm underneath the surface. The electrons ejected
by the X-ray photons exhibit a certain amount of kinetic energy, which is reduced
by inelastic scattering with atoms. If the electron reaches the surface, the residual
kinetic energy must be larger than the binding energy, to leave the sample and reach
the detector. Hence, the distance an electron can travel without scattering is an im-
portant characteristic of a sample, which is called inelastic mean free path (λfree).
Most signal of the XPS spectra comes from the escape depth d = 3λfree, which
is roughly 10 nm. [13] The samples for XPS investigation were bare substrates or
exhibited a 4 nm thick oxide layer.
The characteristic band alignment of an oxide on a semiconductor is a key property
and was identified by the method of Miyazaki [14]. The bandgap of the oxide and the
semiconductor, and the valence band offset (VBO) are determined and subsequently
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the conduction band offset is calculated. The bandgap (Egap) was determined from
the shifted onset of the electron loss peak at higher binding energy from the peak
(as shown in Figure 3.17 (a)). Therefore, the intersection of the average background
at the base of the peak and the linear fit to the electron loss peak was identified,
which was the onset of energy dispersion by inelastic collision. The bandgap was
calculated from the onset of energy dispersion by inelastic collision (Eonset) and the
binding energy at the maximum of the peak (Epeakmax). [14]

Egap = Eonset − Epeakmax [14]. (2.8)

The V BO was ascertained by the two onsets at low binding energies, which resulted
from the minima of electron excitation of the valence band of the oxide and the
semiconductor. The onset was defined as the intersection of the linear regression of
the onset with the background at 0 eV (see Figure 3.17 (b)). [14]

V BO = EV B Oxide − EV B Semiconductor [14], (2.9)

where EV B Oxide and EV B Semiconductor are the onset of the oxide and the semicon-
ductor, respectively. In order to detect a signal from the oxide as well as from the
semiconductor a thin oxide layer (~10 nm) is obligatory, because of the small escape
depth of the electrons [14]. The XPS measurements were done at the Department
of Materials Science and Engineering at the Technion. For XPS measurements a
Thermo VG Scientific Sigma Probe with a monochromated Al Kα source with an
energy of 1486.6 eV was used. The collector was a high angular acceptance elec-
trostatic lens with an imposed pass energy of 50 eV, adjusted 20°-80° relative to
the sample normal. The detector was an energy and angular multi channel 180°
spherical analyser.

2.1.9 Atomic force microscopy

Atomic force microscopy (AFM) was used to derive an image of the surface morphol-
ogy and to evaluate the roughness of the substrates and the layers. An oscillating
cantilever with a narrow tip is raster-scanning over the surface at very low distance.
The force between the surface and the tip results in a deformation of the cantilever,
which is measured by the displacement of a laser beam, that is focused on the can-
tilever. When the tip gets closer to the surface, the Van-der Waals forces change the
oscillation behaviour. In the ideal case the tip is an individual atom, that interacts,
with the atoms of the surface. A feedback loop is used to keep the tip at a constant
distance to the surface and maintain a free oscillation. The position and the height
of the cantilever is controlled by piezo elements, so that the known position and
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height is used to from an AFM image, representing the height profile of the surface.
[15]
In this thesis a Digital Instruments Nanoscope IIIa AFM in tapping mode was used.

2.1.10 Scanning electron microscopy

Scanning electron microscopy (SEM) is used to investigate the surface of the sub-
strates and the samples. In a high vacuum an electron beam is formed at a field
emission cathode, which is raster-scanned over the sample surface. The primary
electrons of the electron beam, generate secondary electrons, that are detected. The
intensity of the secondary electrons is plotted against the position of the electron
beam and in this way an image of the sample surface is created. Secondary electrons
are only emitted from the first few nm of the sample, so that the sample topography
is displayed. SEM achieves a high resolution of few nm. In this thesis a SEM Gemini
1550 from the company Zeiss was used.

2.2 Transmission electron microscopy

The local structure and composition of the oxide layer is investigated by transmission
electron microscopy (TEM). The invention of the first TEM by Max Knoll and Ernst
Ruska allowed surpassing the resolution of a light microscope. In our days a wide
range of microscopical techniques even on the atomic scale is available, e.g. imaging,
compositional and bonding analyses, measurement of local electrical and magnetic
fields, studies under external stimuli, to name a few. All of these techniques make use
of the signals produced, when a (coherent) electron beam is elastically or inelastically
scattered by the sample.
In this thesis various diffraction techniques, making use of the elastically scattered
electrons, are employed, in order to access the crystal structure. High resolution
(scanning) microscopy is used to investigate the atomic structure, in particular the
interface between the substrate and the layer. Furthermore, energy dispersive X-
ray analysis is performed to measure the local chemical composition. Finally, the
transmission of an electron beam through the material requires a thin (100 - 10 nm)
specimen. The preparation of such TEM specimen is described in the following.
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2.2.1 Preparation of TEM specimen

For transmission electron microscopy (TEM) high-quality images and analysis, thin
samples, i.e. 10-100 nm, were required. TEM samples were fabricated by focused
ion beam (FIB) using a Helios NanoLab 400S or wedge grinding using a MultiPrep
polishing system from Applied High Tech. Before cutting a FIB lamella an Au layer
was sputtered on top of the sample for protection during cutting. Afterwards the
lamella was cut at 30 keV and was polished at 5 keV with Ga ions. A standard
lamella exhibits a thick area, which is attached to the grid. This thick area gets
thinner stepwise, until the lamella exhibits an electron transparent region. Stan-
dard lamella of the rare-earth oxides could not be thinned to electron transparency,
because they used to break or the oxides were torn off by the tension in between the
substrate and the oxide layer during the sample thinning. Therefore, an improved
lamella structure was developed to stabilize the oxide. Three different approaches
were tested and evaluated. Since the oxide was stable, if the lamella was thicker, in
the first approach the electron transparent area was reduced in length and the size of
the bulk area, attached to the grid, was kept larger. During thinning of the lamella
the oxide was still torn off. For the second try at both ends of the lamella similar
bulk areas were added with an smaller electron transparent region in between. The
lamella was only attached to the grid on one side, while the bulk area standing free,
was only hold by the thin electron transparent area. During thinning of the lamella
the electron transparent region became too weak, to hold the free standing bulk area
and broke during thinning or investigation. The final design used an asymmetric
shape of the lamella, with a large bulk area attached to the grid and a smaller, free
standing bulk area at the end of the lamella (see Figure 2.5 (a)). In addition, the
electron transparent area for investigation was minimized down to 5 µm. In this
way the oxide was stabilized and breaking of the lamella during investigation and
thinning was prevented. The final thinning and polishing of the samples was done
with the aid of low energy thinning by a Fischione NanoMill Model 1040 by 900 eV
and 500 eV, respectively. The sample was polished for half the time at 500 eV as it
was thinned at 900 eV.

Samples were also prepared by wedge grinding, see Figure 2.5 (b) and (c). Here, a
wedge is formed, which becomes thinner and in the ideal case electron transparent
at the edge. To prepare a cross section sample by wedge grinding two pieces with
a size of 0.8 x 2 mm2 were cut out of the sample by a diamond saw. The sample
pieces were cleaned with a cotton bud soaked in acetone, which was gently swept
over the oxide surface. Afterwards the top side of the sample pieces were glued
together with a small amount of Gatan G1 glue with the oxide layers facing each
other. The glued sample was pressed together in a bench vice and annealed for 15
minutes at 200 °C to harden. The sample stack is shown in Figure 2.5 (b). The
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unitless value 2. After grinding, the holder was put into acetone, to solve the wax.
Underneath the holder a filter paper was placed, on which the sample fell, when the
wax was solved. A scheme of the finished wedge is shown in Figure 2.5 (c). To place
the sample in a TEM, the sample had to be fixed to a Mo-ring. The filter paper was
taken slightly tilted from the acetone with tweezers, so that residual acetone could
drain. The Mo-ring was clamped into reverse tweezers and a very small drop of
Gatan G1 glue was placed on the edge of the ring with a thin cat hair. Afterwards,
the ring was flipped and the sample was picked up with the glue on the ring. The
tweezers, holding the ring with the sample on it, was slowly heated up to 200 °C,
to prohibit bubbles in the glue. The grid samples were finally thinned and polished
by the Fischione NanoMill Model 1040 in the same way as the lamella.

Table 2.1: Parameters for wedge grinding.
Step Grain size [µm] Rotation speed [rpm]

1 15 70
2 6 50
3 3 25
4 1 20
5 0.1 15

2.2.2 Electron Diffraction techniques

In this thesis selected area diffraction (SAED), nanobeam electron diffraction (NBED)
and automated diffraction tomography (ADT) are applied, to determine the crystal
structure, space group and atom positions in the unit cell.
Diffraction is mathematically described by the diffraction of the initial electron wave
(~k0) into the diffracted one ( ~kD), which results in a change described by the vector
~K. The diffraction is elastic, so that |~k0| = | ~kD|. If ~k0 + ~kD = ~K = ~g, whereby
~g is the diffraction vector of a any lattice plane, the Laue condition is fulfilled and
hence the electrons interfere coherently and a diffraction spot becomes visible. The
diffracted beams form the "Ewald sphere" and all lattice planes with a ~g on the
sphere contribute to the diffraction pattern as shown in Figure 2.6. By rotating the
Ewald sphere different reciprocal planes with a different set of ~g are observed. In
contrast to XRD the Ewald sphere is almost planar due to its huge radius. The
electron wave length at 200 kV is 2 pm, revealing a radius of the Ewald sphere of
540 nm-1. Due to the limited thickness (t) of the TEM specimen, the diffraction
spots exhibit a rod-like shape, where the length of the rod scales with 1

t
. Hence,

diffraction spots become visible, even if the Ewald sphere deviates by the so called
excitation error (~s) from the pattern of the "ideal" spot (see Figure 2.6) [16] and
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determined. [18]
Automated diffraction tomography (ADT) was employed to confirm the unit
cell, determine the space group and finally retrieve the atom positions in the hexag-
onal GdScO3 and LaLuO3 [19, 20]. The ADT measurements were performed by Dr.
Ute Kolb and Sergi Plana Ruiz from the Institut für Physikalische Chemie in Mainz.
In a FEI Tecnai F30 S-Twin at 300 kV, STEM mode was applied to image the crystal
and nano beam diffraction (NBD) was used to record the electron diffraction pattern
(DP). Because of the STEM imaging instead of TEM imaging the microscope is in
diffraction mode all the time. In this way, the “microprobe” beam setting available
in FEI microscopes was used for STEM imaging and diffraction pattern acquisition,
which has the advantage of less convergent angle, but the disadvantage of higher
beam probe sizes compared to the “nanoprobe” beam setting (usually used for high-
resolution STEM imaging). The sequential ADT acquisition steps are the following:
The holder is tilted to the initial alpha angle, a STEM image is recorded, the beam
is stopped and positioned to the region of interest, a diffraction pattern is acquired.
Then, the alpha tilt is increased usually by 1° and the previous steps are repeated
until the final angle is reached. The key point of ADT is the high completeness
of the acquired reciprocal space volume and the possibility to acquire diffraction
patterns of off-zone axis, which minimizes the dynamical effects on the intensity
of the reflections. The use of a precessed electron beam allows more reduction of
the dynamical effects and increases the number of reflections for each diffraction
pattern, that in turn increase even more the completeness of the diffraction volume.
However, dynamical effects cannot be fully eliminated and this hinders the structure
solution, when high dynamic materials such as metals or semiconductors are anal-
ysed. The ADT comprises three steps: 1. Data acquisition by recording diffraction
patterns at different sequential alpha tilt angles. 2. Data processing to reconstruct
the reciprocal space, find the unit-cell, determine the space group and extract the
intensity for each reflection. 3. Structure analysis contains structure solution and
refinement. In this work only the first two steps were accomplished and in the future
further investigations will be carried out to elucidate the structure. The investigated
crystal was tilted from -60° to 60° with a tilt step of 1° and a precision angle of 1°. A
spot size 6, gun lens 4 and a 10 µm C2 aperture were used, to set a beam probe size
of around 5 nm and a convergence angle of 0.5 mrad. This configuration was used
for STEM imaging and diffraction pattern acquisition. The sample was investigated
with an electron dose rate of around 1800 e−/Å2s.
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tor (CEOS DCOR), and an in-column Super-X energy dispersive X-ray spectroscopy
unit (ChemiSTEM technology). The resolution is about 0.8 Å. [23] Depending on
the investigated specimen, the accelerating voltage was either 80 keV or 200 keV. In
the STEM multiple, circular detectors are installed recording electrons scattered at
different angles. A bright field detector on the optic axis and an angular dark field
detector are available in the microscope. The in-column Super-X energy dispersive
X-ray spectroscopy unit was used for energy dispersive X-ray (EDX) analysis.

2.2.4 Energy dispersive x-ray spectroscopy

Spectrometry utilizes the signals resulting from inelastic scattering of the beam
electrons with the specimen. During inelastic scattering the beam electrons par-
tially transfer their energy to the specimen, resulting in a whole range of signals
with information about the specimen’s chemistry, bonding and dielectric function.
Energy-loss electron spectrometry, characteristic X-rays and secondary electrons are
the most important signals. In this work the specimens are investigated by energy
dispersive X-rays, so that their formation is explained. A high-energy electron beam
penetrates into the inner-shell of an atom and interacts with an inner-shell electron.
If a critical amount of energy from the electron beam is transferred to the inner-shell
electron, it is ejected and a hole in the shell is formed. The ionized atom has more
energy than at the ground state and to return to this state, the hole is filled with
an electron from the outer shell. Thereby an X-ray or an Auger electron is emitted,
revealing a characteristic energy, which depends on the two electron shells involved.
The X-ray is detected and from its energy the type of atom can be distinguished.
The shells of an atom are described by K,L,M, etc. from the innermost to the out-
ermost shell. The emitted X-ray is named after the shell, from which the electron
is ejected, and by the distance to the shell, the hole is filled from. X-rays emitted,
while refilling the shell with an electron from the next shell, get the index α, and
those filled from the shell after the next shell get the index β and so on. Thus, an X-
ray emitted by filling a hole in the K shell from the M shell is named Kβ. To remove
an electron from the innermost shell consumes more energy than an electron from
an outer shell. Further, atoms with a higher mass exhibit more protons, so that the
binding of the electrons is stronger. So the energy of the X-rays increases with the
atomic number and for shells further inside the atom. A quantitative X-ray analysis
can be performed by the the Cliff-Lorimer ratio technique, by which the ratio of
the measured X-ray intensities of different elements is related to the concentration
ratio. The weight percent of the elements A (CA) and B (CB), is related to their
X-ray intensities (IA and IB) by the Cliff-Lorimer equation [16].
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CA

CB

= kAB

IA

IB

[16], (2.11)

where kAB is the Cliff-Lorimer factor [16]. EDX investigations in the STEM are
done using an FEI Titan G2 80-200 CREWLEY equipped with a Schottky type
high-brightness electron gun (FEI X-FEG), a Cs probe corrector (CEOS DCOR),
and an in-column Super-X energy dispersive X-ray spectroscopy unit (ChemiSTEM
technology) [23].

2.3 Growth and device fabrication

This section contains the applied processes for device fabrication. A general de-
scription of the processes is given, while the parameters for sample preparation are
listed in section 3.1.3 and section 4.1.2 for the ternary rare-earth oxides and the
ferroelectric layers, respectively.

2.3.1 Pulsed laser deposition

Pulsed laser deposition (PLD) was used to deposit HfO2 with 5% Lu (HfLuO),
HfO2 with 5% Gd (HfGdO), GdScO3 (GSO), SmScO3 (SSO) and LaLuO3 (LLO). A
stoichiometric rotating target in a vacuum chamber is evaporated by a focused laser
beam, see Figure 2.9. The target material is ionized and forms a plasma shaped
like a plume, which sublimates on a substrate aligned in the spreading direction
of the plume. In this work a KrF excimer laser with a wave length of 248 nm, a
fluence of 5 J/cm2, a pulse rate of 10 Hz and a pulse width of 20 ns was used. The
substrate was placed on a SiC heater providing temperatures up to 900 °C. The SiC
heater is a resistance heater, that heats up, if constant current is flowing through
it. Since measuring the temperature of the substrate is impossible and depends
strongly on the substrate material and geometry, the exact growth temperature is
unknown. Instead the current through the heater was specified. Epitaxial growth
was enabled by heating the substrate. The detailed target preparation and the
growth parameters are specified in section 3.1.3 and 4.1.2.
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2.3.4 Rapid thermal annealing

To crystallize the amorphous HfO2 the samples were annealed within short heating
and cooling times, called rapid thermal processing (RTP) or rapid thermal annealing
(RTA). For the RTP a Helios from Mattson Technology was used. During the anneal
a constant flow of Ar was applied in the chamber. The layers were annealed for 30 s
at various temperatures reaching from 300 °C up to 1000 °C. The Helios has a
cooling chamber for fast cooling of the samples. If the cooling should not be used,
the sample stayed in the heating chamber and an additional gas flow for 8 minutes
was adjusted.

2.3.5 Reactive ion etching

Reactive ion etching (RIE) was used to remove a TiN top layer on HfO2. In contrast
to chemical etching, reactive ion etching (RIE) has the advantage of anisotropic
etching. In RIE the sample is placed on a cathode, which is connected to a radio
frequency generator. The anode is grounded and an etching gas is inserted. Free
electrons are accelerated in the electric field and collide with the gas molecules.
Thus, the gas molecules are ionized and form a plasma, which is accelerated to
the sample and hits it orthogonal to the sample surface. In this work an Oxford
Plasmalab 100 Cluster Tool is used. The sample is etched with an SF6 and Ar (ratio
3:1) gas at a pressure of 10−8 mbar at 150 W. TiN is strongly etched by this process,
while other metals like Pt are not, and are therefore used as hard mask. After RIE
the remaining TiN was etched with Standard Clean 1 (SC1) process at RT for 15 s
following the approach of Kern et al. [24]. SC1 consists of NH3, H2O2 and distilled
water in a ratio of 1:1:5.
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3 Rare-earth oxides on GaN

The following chapter comprises the characterization of the rare-earth oxides GdScO3

(GSO), SmScO3 (SSO) and LaLuO3 (LLO) regarding their electrical and structural
properties. Electrical properties are investigated with respect to the suitability of
the oxides as gate materials. Structural properties of the non-thermodynamic equi-
librium, hexagonal phase of the LLO and GSO layer are investigated, to understand
the formation of the hexagonal phase. In the following a introduction about the
requirements for gate dielectrics, ternary rare-earth oxides on GaN and the sam-
ple preparation are elaborated. Subsequently, the results of the electrical and the
structural investigations are described, and finally the results are summarised and
discussed.

3.1 Introduction

The proceeding development of the computing power demands the improvement of
gate dielectric and the exploration of new gate materials. In this thesis the rare-earth
oxides GdScO3, SmScO3 and LaLuO3 are investigated. In the following sections the
requirements for gate dielectrics and the state of the art for rare-earth oxides is
explained. In the final section the sample processing is explained.

3.1.1 Requirements for gate dielectrics

The gate dielectric is important for the effective function of a MOSFET or a
MOSCap (see section 3.1.1.2). The MOS system in those devices contains a het-
erojunction between a semiconductor and a dielectric, and a Schottky barrier in
between the dielectric and a metal. To achieve a good performance of the device
the gate dielectric has to fulfil several requirements [1]:

• The applied gate voltage falls across the semiconductor and the oxide, whereby
a large portion of the applied voltage should fall across the semiconductor close
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to the oxide interface. This way a high switching efficiency of the transistor
is assured. Therefore, a large ratio of the oxide capacitance and the semicon-
ductor capacitance is desired, which can be achieved by a larger area of the
capacitor (A), a thinner oxide thickness (d) or a higher permittivity (κ) of the
oxide [1, 25]:

C =
ǫ0κA

d
, (3.1)

where ǫ0 is the vacuum permittivity. A larger area dissents with the scaling
of the devices, while the minimal thickness is limited by the occurrence of
leakage currents. Therefore, the κ of the gate dielectrics must be boosted,
which depends on the material properties as discussed in section 3.1.1.1.

• Leakage in between the semiconductor and the oxides must be prevented,
because a good insulation between the semiconductor and the oxides channel
is essential. Hence, a high band gap and a high band offset are indispensable
and since the band offset does not need to be symmetric a band gap of at least
5 eV and a band offset of at least 1 eV is required. [1, 26]

• The gate dielectric must be thermodynamically stable in contact with the
substrate and compatible to established production techniques, i.e. it must be
stable at an annealing at 1000 °C for 5 s.

• The gate dielectric must exhibit a high interface quality to the substrate to
minimize defects at the interface. Defects and impurities cause an hysteresis
and shift of the flatband voltage (VfB ).

• Bulk defects should be prevented or reduced, since they cause a shift and a
hysteresis of the flat band voltage. Further, defects in the gate dielectric reduce
the breakdown voltage.

3.1.1.1 Permittivity

For a high efficiency of electronic devices an increasing capacity of the dielectric
gate oxide is necessary. Increasing the area of the capacitor is impossible due to the
proceeding scaling of the devices. The thickness of the gate oxide can be reduced
until dramatic leakage occurs. Thus, the relative permittivity (κ) must be increased.
The relative permittivity is related to the propensity of the gate material to form
dipoles under an applied electric field. For simplicity the case of a plate capacitor
with two metal plates with vacuum in between is assumed. The electric field (E) in
between the metal plates is constant, but when a dielectric is placed between the
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ides on the substrate, since the capacity is the sum of the capacity of a deposited
oxide and a native oxide like SiO2 on Si. To determine the permittivity of the gate
dielectric capacitance equivalent thickness (CET) plots of the oxides are determined
Therefore, using the capacity of a gate dielectric with several thicknesses is measured
by CV and the capacity is either extracted at the maximum capacity in accumula-
tion or several volts from the flat band voltage (compare section 3.1.1.2) into the
accumulation region. From the determined capacity the CET is calculated by

CET =
ǫ0κSiO2

A

C
, (3.4)

where κSiO2
is the relative permittivity of SiO2 and is 3.9, A is the area of the

capacitor and C is the determined capacity. The CET is the thickness that a SiO2

gate dielectric would have, to exhibit the same capacitance per area as the measured
one. The determined CETs for oxides with varying thickness are plotted over the
deposited oxide thicknesses. The slope of the CET can be described by a linear
equation:

CET =
κSiO2

κoxide

doxide + CETIL, (3.5)

where κoxide is the relative permittivity of the deposited oxide, doxide is the thickness
of the deposited oxide and CETIL is the thickness of the interfacial layer. For Si
substrate the interfacial SiO2 layer thickness can be determined from CETIL.

3.1.1.2 MOSCap and MOSFET

The metal-oxide-semiconductor field-effect-transistor (MOSFET) is the most impor-
tant device for high-density integrated circuits like microprocessors. A MOSFET is
named after the channel opened in the substrate, which is doped oppositely, cf. a
p-MOSFET fabricated on a n-doped substrate. The working principle of a MOS-
FET is described for a p-MOSFET, because the used GaN is n-doped. The principle
is the same for an n-MOSFET. A p-MOSFET is produced on a n-doped substrate
and consists of a p-doped source and drain region in the semiconductor, an hetero-
junction between an oxide and the semiconductor, and a Schottky barrier between
a metal and the oxide as displayed in Figure 3.2 (a). By applying a positive volt-
age at the gate metal a channel in between the source and drain region is opened
and a current flows. Two types of MOSFETs are distinguished: A depletion type
MOSFET (i) is self-conducting, if no gate voltage is applied, while an enhancement
type MOSFET is only conductive, if a gate voltage is applied. [5] The electrical
properties of the semiconductor, the oxide and the interface of a MOSFET can be
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GdScO3, DyScO3 and LaScO3 were deposited by PLD as high-κ gate dielectric on
Si. A lower leakage current and a much higher crystallization onset temperature
were measured, compared to HfO2. A higher crystallization temperature is bene-
ficial, because high temperature anneals are necessary for device fabrication. [30]
Gottlob et al. reported on a fully functional n-MOSFET with epitaxial Gd2O3 high-
κ gate dielectrics and TiN metal gate [31].
An auspicious substrate for future transistors is GaN for power electronic appli-
cations, like power conditioning, microwave amplifiers and transmitters, due to its
outstanding properties [7]. GaN reveals a band gap of 3.4 eV [5], a high breakdown
voltage, fast switching speed, high-power handling, low on-resistance [6] and intrin-
sic robustness [7]. In contrast to SiO2, III-V semiconductors like GaN lack a native
oxide as an insulator and for passivation [32]. Therefore, a suitable oxide for GaN
passivation and reduction of interfacial traps is desired. GaN suffers from a current
collapse at high drain voltages, which is an increased resistance in the channel region.
The mechanism for the current collapse is still unknown, but trapped electrons by
surface states in high-electric fields are supposed to cause the increasing resistance
[33, 34]. Current research focuses on oxides for the surface passivation to reduce the
current collapse by trapped electrons. Huang et al. achieved dynamic ON-resistance
reduction and significant current collapse suppression by AlN deposition grown by
plasma-enhanced atomic layer deposition [6].
Further, oxide-based high-κ dielectrics like HfO2 [35] and Al2O3 [34] have been
deposited as passivation layer. Besides common dielectrics, rare-earth oxides are
investigated as gate dielectric for GaN. Lin et al. fabricated a metal-insulator-
semiconductor high-electron mobility-transistor (MISHEMT) using an electron beam
evaporated Er2O3 gate oxide on AlGaN. The MISHEMT revealed a more than four
orders of magnitude lower gate leakage than that of the corresponding conventional
SiO2/Si HEMT. XPS measurements reveal the formation of a natural oxide of Al-
GaN during fabrication. [36] Trivalent oxides like most rare-earth oxides form better
interfaces with the GaN than covalent oxides, because they allow charge matching
across the interface [36, 37]. In addition, rare-earth oxides are thermodynamically
stable in contact with GaN [36]. Jur et al. reported on the epitaxial growth of
Sc2O3 and La2O3 on GaN by MBE for enhancement mode MOSFETs. The Sc2O3

and La2O3 are epitxial grown in the hexagonal phase, so that the leakage is re-
duced in comparison to amorphous Sc2O3 and La2O3, due to less electrical defects.
Though, the leakage reduction can be dwindled by the high lattice mismatch of
21% and 7.2% for La2O3 and Sc2O3, respectively. Due to the lattice mismatch the
layers reveal a high concentration of dislocations, creating possible leakage paths.
However, no increased gate leakage was measured, which is explained by the surface
passivation of GaN by an oxide, which reduces the electrical defects or is a barrier
to leakage paths between electrical defects in the oxide to the GaN. This oxide could
be Ga2O3, that forms due to the large growth temperature of 400 °C. The existence
of Ga2O3 is proven by X-ray photoelectron spectrospcopy, by which a Ga-O bond
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is detected. [38] Besides the effect of the lattice mismatch on the leakage, it also
influences the nucleation and growth mode. Further, the La2O3 is hygroscopic and
reveals La-O-H bonds measured by XPS [38]. Gd2O3 as gate oxide in a MOSFET
was investigated by Johnson et al. The Gd2O3 exhibits a κ of 11.4 and a Eg of
5.3 eV and was grown in the bixbyite crystal structure on GaN by MBE. The leak-
age through the gate oxide disabled the MOSFET, so that an additional amorphous
SiO2 layer was necessary for insulation. [39]
Many ternary rare-earth oxides are known to crystallize in a rhombohedral per-
ovskite structure. The common building block in this structure is, that oxygen
atoms form a tetrahedron with Sc, Ti or Lu in its center. However, few years ago a
so far unknown hexagonal phase of the ternary rare-earth oxides LaLuO3(LLO) and
GdScO3(GSO) was discovered [4]. For the LLO and the GSO various crystalline
phases have been reported, which are listed in table 3.1. Additionally the reported
crystal structure of the binary oxides Sc2O3, Gd2O3 and La2O3 are shown. For the
ternary rare-earth oxides no hexagonal phase has been reported before and from the
binary rare-earth oxides only La2O3 and Sc2O3 exhibit a hexagonal phase.

Table 3.1: Reported crystal structures, space group and relative permittivity of the
rare-earth oxides GdScO3, LaLuO3, Sc2O3, Gd2O3, La2O3 and Lu2O3

Material Crystal
structure

Space group Relative
permittivity

Reference

GdScO3 orthorhombic Pnma - [40, 41]
LaLuO3 cubic - 30 [42]
LaLuO3 orthorhombic Pbnm 30 [43]
LaLuO3 orthorhombic - - [44]
Sc2O3 hexagonal - [38]
La2O3 hexagonal - - [38]
Gd2O3 cubic Ia3̄ - [45]

The crystal structure was determined by XRD and TEM as shown in Figure 3.7. In
Figure 3.7 (a) a Ψ-scan of GSO on GaN of the 11̄01 reflection is shown, exhibiting
a sixfold symmetry of the GSO, which proves the existence of the hexagonal phase.
In Figure 3.7 (b) a diffraction pattern of the LLO and the GaN substrate along the
(1210) zone axis is displayed. Since the diffraction spots of the LLO are next to
the GaN ones, the LLO layer is grown epitaxial and has a similar hexagonal crystal
structure. The oxides were epitaxial grown by pulsed laser deposition (PLD) on GaN
(0001) and Si/Y2O3 substrate at about 680 °C. The lattice parameters determined
from XRD and TEM are a=0.38 nm and c=0.61 nm, and a=0.36 nm and c=0.59 nm
for LLO and GSO, respectively. The c-axis of the oxides is perpendicular to the
substrate surface. The layers reveal a high lattice mismatch between the oxide and
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and Sc2O3 and La2O3 and Lu2O3 powders in the desired amount, respectively. The
GSO, LLO and SSO powders were ball milled in isopropanol for 24 h and calcined at
1300 °C for 24 h. Finally, the powders were pressed into 25 mm targets and sintered
at 1500 °C for 12 h. For epitaxial growth the substrates were heated up to 900 °C.
Finally 100 nm thick Al contacts were defined on the oxides as described in section
2.3.3.

3.2 Experimental Results

In the following section the experimental results of the ternary rare-earth oxides on
GaN are presented. First the electrical characterization and secondly the structural
investigation are shown. In the subsequent section the results are summarized and
discussed. Parts of this work have already been published [48, 49, 50].

3.2.1 Electrical characterization of GdScO3 and LaLuO3

Capacitance voltage (CV) measurements of hexagonal GdScO3 (GSO) layers de-
posited on GaN with different thickness in the range of 5-40 nm were performed.
The capacity was normalized to the area of the small pad and plotted against the
applied voltage as shown in Figure 3.9. All measured CV curves exhibit a low ca-
pacity at negative voltages and a large capacity at positive voltages, which can be
explained by the band diagram of the GaN substrate: The GaN is n-doped and
therefore the Fermi energy level is close to the conduction band (compare section
3.1.1.2). Thus, an applied positive gate voltage bends the bands downwards and
the majority carriers, electrons, accumulate at the interface, so that the measured
capacity is the capacity of the GSO oxide layer as shown as inset on the right side
of Figure 3.9. At negative voltages the bands of the GaN bend upwards and the
semiconductor is depleted (see inset left side Figure 3.9). Besides the GSO oxide an
additional capacitance of the depletion layer contributes to the overall capacity, so it
is reduced. Due to the large band gap of the GaN and the measurement frequency of
100 kHz no inversion layer is formed. With increasing layer thickness the capacity is
reduced. The flatband voltage (VfB ) is determined at the inflexion point of the CV
curve. The VfB differs for the shown sample and it is in the range of -0.22 V up to
0.04 V. All measured hexagonal GSO on GaN samples during this thesis revealed a
varying VfB. Electrical defects in the oxide, like oxygen vacancies, or surface defects
of the semiconductor, like imperfections of the crystal at the interface, are charged
and screen an applied voltage, which effects the band diagram and consequently the
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LLO (c) and hexagonal GSO (d) deposited on GaN are shown. In each spectrum
two peaks can be distinguished. The shift of the peak position for O1s is related to
the electronegativity of the binding atom of O. However, Sc and Gd have nearly the
same electronegativity and therefore the shift of the O1s peak on the GSO samples
is similar for a Gd or a Sc bond. Thus, the peak of O bound to Gd (O-Gd) can not
be distinguished from the peak of O bound to Sc (O-Sc). Hence, the peak at 529 eV
in Figure 3.16 (b) and (d) is related to O-Gd and O-Sc, displayed by the green
area. The shift of the O1s peak due to the binding of O to either La (O-La) or Lu
(O-Lu) can not be distinguished, too, because of the same electronegativity. Hence,
the peak at a binding energy of 529 eV in Figure 3.16 (c) is related to O-La/Lu,
coloured purple. The second peak at 532 eV is most likely related to O bound to
H (O-H) coloured blue, because rare-earth oxides are highly hygroscopic. From
the ratio between the O-Gd/Sc and the O-H peaks a qualitative conclusion on the
quality of the oxide can be drawn, because at structural defects H can be absorbed.
The amorphous GSO reveals a lower ratio compared to crystalline GSO, because
amorphous layers are not stressed and are less influenced by structural defects in the
GaN. Consequently, the LLO with the largest mismatch reveals the largest amount
of H due to more structural defects.
The band gap of the rare-earth oxides is determined from the O1s fitted peak and the
related electron energy loss onset as displayed in Figure 3.17 (a) for hexagonal GSO
on NovaGaN. The XPS spectra reveals the O1s energy (EO1s(max)) at 531.9 eV.
The related electron energy loss onset (Eonset) is the lowest electron energy loss
contribution and is determined from the intersection of the linear fit of the inelastic
scattering tail with the minimum intensity and is at 537.2 eV. The band gap is
determined by

Egap = Eonset − EO1s(max), (3.7)

where Egap is the band gap and is 5.3 eV.
The valence band offset (V BO) is determined from the onset of the valence band
of the oxide (EV B oxide) and the semiconductor (EV B semiconductor). Here the onset is
defined as the intercept of the linear interpolation of the valence band (VB) peak
and the average background. The average background is fixed to 0 eV, because no
electrons are emitted at any energy lower than Egap. The V BO is calculated by

V BO = EV B Semiconductor − EV B Oxide. (3.8)

In Figure 3.17 (b) the XPS spectra with the onsets of the oxide and the semicon-
ductor of hexagonal GSO on NovaGaN is shown. The linear fit to the onset of the
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energies of the Ga K line, the Gd L line and the Sc K line, respectively. On the left
hand side of the interface Ga but neither Gd nor Sc are detected and vice versa to
the right hand side of the interface. Thus, Ga does not diffuse into the GSO neither
do Gd or Sc diffuse into the GaN. In the EDX distribution map of Sc a higher
intensity of the characteristic X-rays of Sc is detected at the interface (Figure 3.23
(d)). Since Sc is lighter than Gd, the larger Sc content at the interface fits to the
darker contrast in the HAADF at the interface.

The measured EDX intensities of the Gd, Sc and Ga are qualitatively evaluated.
Each pixel in the EDX map contains an EDX spectrum, but the measured inten-
sities of the characteristic X-rays are to weak for evaluation. Therefore, the EDX
intensities of all pixels on a line parallel to the interface are summed up to improve
the signal to noise ratio. The Ga intensity is normalized to the average intensity
of Ga in the first nm and the Gd and Sc intensity is normalized to the Gd and Sc
intensity of the last nm of the measured area. The resulting intensities of the Gd,
Sc and Ga are displayed as a linescan over the HAADF image of the measurement
area in Figure 3.25 (a). In the linescan the atomic resolution of the EDX intensities
is visible by the Ga peaks, corresponding to the positions of the atom rows of Ga.
The Ga intensity at the interface decreases from 90% of its value in the GaN to 10%
within 0.5 nm, thus a sharp interface exists. The Gd and Sc characteristic X-ray
intensities are about zero in the GaN. The Sc intensity increases from the GaN in
the direction of GSO before the one of Gd. At the interface the Sc intensity reaches
a 2.5 times larger intensity compared to the average one, while the Gd intensity is
below the average. At the first atom row the Gd exhibits a larger and the Sc a lower
intensity compared to the average. 2 nm away from the interface into the GSO the
intensities of Gd and Sc are about average. The larger Sc and Gd intensity are
reflected in the HAADF by a brighter contrast of the first atom row of GSO at the
interface compared to the GSO 2 nm away from the interface.
The EDX intensities of Sc and Gd were used to quantitatively determine the Gd /
Sc ratio perpendicular to the interface. The investigated area is about 12 x 6 nm2,
so that a constant thinning is to be expected. Hence, the investigated area exhibits
a constant thickness, so that changes in the EDX intensities due to thickness vari-
ations are excluded and only occur due to changes in the chemical composition. In
the linescan in Figure 3.25 (a) 2 nm away from the interface into the GSO the Gd
and the Sc intensity reveal a constant value. Because Rutherford backscattering
spectrometry as well as the pulsed laser deposition target reveal a Gd / Sc ratio of
1:1, the amount of Gd and Sc 2 nm away from the interface are defined equal. In
this area the intensity of the characteristic X-ray of Gd were integrated in the range
from 5.8 eV to 6.3 eV and of the Sc in the range from 3.92 eV to 4.25 eV, and their
ratio is defined as reference for a 1:1 composition. Subsequently, the Gd / Sc ratio
for each line of the linescan was calculated and normalized to this reference. The
resulting ratio is plotted against the position of the line as shown in Figure 3.25
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the line. The area for the measurement is indicated by white lines in Figure 3.26
and the plotted intensities against the positions are shown in the inset. Therefore,
the intensity summed up along those lines, that are on a lattice plane, reveal a large
signal intensity, while those lines in between the lattice planes show a low signal
intensity. In the inset of Figure 3.26 the determined intensity is plotted against the
position of the line, displaying peaks, which correspond to the center of the lattice
planes. To determine the exact position of the center of the peak, a Gaussian is
fitted. The distance between two maxima reflects the lattice plane distance. The
determined distances are 0.26 ± 0.001 nm, 0.29 ± 0.002 nm for the GaN and GSO
atom rows, respectively. The determined distances matches to the c-axis of hexag-
onal GaN and to the length of the c-axis of hexagonal GSO determined by XRD.
At the interface a distance of 0.31 nm is identified, which is larger than the c-axis
of GaN or GSO.

Depending on the substrate temperature during the growth the GSO exhibits differ-
ent crystal structures on the GaN. For high temperatures of approximately 650 °C
the GSO becomes hexagonal, while at room temperature the GSO is grown amor-
phous. The local chemical composition of the amorphous GSO grown on GaN was
investigated by high angle annular dark field (HAADF) images, while energy disper-
sive X-ray (EDX) measurements were performed by scanning transmission electron
microscopy (STEM). The properties of the amorphous GSO were compared to the
ones of hexagonal GSO. In contrast to the hexagonal GSO the amorphous GSO is
destroyed by electron irradiation at an accelerating voltage of 200 kV and therefore
needs to be investigated at 80 kV.

HAADF images obtained at 80 kV are shown in Figure 3.27 with the GaN ori-
ented along the [210] zone axis. The upper images are recorded at position 1 and
display the same area before (a) and after (b) the EDX measurement. Before the
EDX measurement (Figure 3.27 (a)) the GSO reveals a bright layer at the inter-
face, above which darker spots are visible. The layer is amorphous and does not
reveal any crystalline area, although some small crystals in the darker area could be
surmised. In Figure 3.27 (b) the same area as in (a) is shown, but after the EDX
measurement. Due to sample drift during the measurement, the sample is slightly
displaced. A red cross in the images marks the same position on the lamella. In the
image after the EDX measurement the GSO layer has changed. The dark spots in
the upper and lower part of the image are faded, but the layer is still amorphous.
The brighter layer at the interface is still present. In Figure 3.27 (c and d) a different
position on the same lamella is shown, revealing a crystalline grain (indicated by
the white circle) at the interface in the GSO. The stacking sequence is ABC, so that
the crystal seems to be cubic and the distance in between the atom rows is 0.3 nm.
The grain and the brighter layer at the interface exists before and after the EDX
measurement. A change of the amorphous part is not visible.
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ization reported, was on Si/Y2O3 buffer layers, because the GaN substrate revealed
too many defects, causing leakage. [4] This problem was overcome by new GaN
substrates, so that the GSO and LLO are electrically validated for the first time as
high-κ gate dielectric on GaN for power electronic applications. According to the
requirements for gate dielectrics (section 3.1.1) the determined relative permittivity
(κ) and the band gap (<5 eV) of the amorphous and hexagonal GSO as well as
hexagonal LLO make them suited for implementation into devices. The hexagonal
GSO exhibits a larger permittivity than the amorphous phase, so that the hexago-
nal crystal structure increases the permittivity of the oxides. In the following the
investigated GSO and LLO layers are compared to other rare-earth oxides, which
are listed in table 3.3.

Table 3.3: Determined relative permittivity and band gap of amorphous and hexag-
onal GSO and hexagonal LLO on GaN. For comparison the properties of
GSO and LLO grown on Si/Y2O3 and of the binary oxides Sc2O3, Gd2O3,
La2O3 and Lu2O3 are listed, too.

Material Crystal structure Relative
permittivity

band gap

GdScO3 on GaN hexagonal 30 4.2
GdScO3 on GaN amorphous 23 5.2
LaLuO3 on GaN hexagonal 32 5.7

GdScO3 on
Si/Y2O3

hexagonal 24 [4] 5.9 [4]

GdScO3 on
Si/Y2O3

cubic 14 [4] 5.2 [4]

LaLuO3 on
Si/Y2O3

hexagonal 26 [4] 5.8 [4]

LaLuO3 on
Si/Y2O3

cubic 23 [4] 6 [4]

LaLuO3 orthorhombic 30 [43] -
GdScO3, DyScO3,

LaScO3

amorphous 22 ± 3 [30] 5.7 ± 0.1 [53]

Lu2O3 cubic 30 [42] -
Gd2O3 cubic [31] 12 [31] 6 [54]
Sc2O3 - 14 [54] -
La2O3 - 23.5 [55] 6 [56]
Lu2O3 - 15 [57] 5.5 eV [58]

Due to Engström ternary rare-earth oxides can overcome the disadvantage of binary
rare-earth oxides, i.e. either a low permittivity or a low band gap [1], which is true
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for GSO and LLO, that exhibit a sufficient band gap and a larger permittivity than
the binary oxides (12-30). In comparison to other reported electrical properties of
ternary rare-earth oxides, the hexagonal GSO and LLO reveal improved properties.
Zhao et al. investigated amorphous GdScO3, DyScO3 and LaScO3 and reported a
permittivity of 22 comparable to amorphous GSO measured in this thesis. There-
fore, the hexagonal crystal structure seems to increase the permittivity of the oxides.
The amorphous as well as the hexagonal GSO exhibit a larger permittivity than the
GSO and LLO on Si/Y2O3, although the band gap is slightly reduced [4]. Liu et
al. investigated cubic LLO on GaAs and determined a κ of 30 [42], which is also
larger compared to the value reported by Schäfer [4]. Thus, the κ determined on
the Si/Y2O3 is lower compared to GSO and LLO deposited on bare GaN.

Besides a sufficient large band gap, the band alignment of the oxide in relation
to the substrate was investigated, revealing a staggered band alignment, so that the
conduction band of the GSO and LLO is in the band gap of the GaN. Consequently,
if a positive gate voltage is applied, the electrons face no potential barrier, so that
a current flows already at low voltages. In contrast to a positive gate voltage, at a
negative gate voltage a high barrier exists for holes and electrons, preventing any
current up to a large applied gate voltage. [49] The staggered band alignment results
in an asymmetric shape of the current voltage (IV) curve (compare Figure 3.15),
which reveals larger currents at positive voltage than at negative voltage. Further,
different IV characteristics are determined for amorphous GSO, hexagonal GSO and
hexagonal LLO. Leakage is induced by electrical defects, that form leakage paths,
so that a larger current indicates more defects [39]. The amorphous GSO reveals
a lower current at negative bias in the region from 0 MV/cm to -10 MV/cm than
the hexagonal ternary rare-earth oxides, indicating less electrical defects in amor-
phous than in hexagonal GSO. Due to the large bond length mismatch of hexagonal
GSO with the GaN, more structural defects and subsequently electrical defects are
generated than in amorphous GSO [39]. Consequently, the hexagonal LLO, which
exhibits the largest lattice mismatch and thus the most structural defects, exhibits
the largest current. Proof for the different concentrations of structural defects is
given by X-ray photoelectron spectroscopy (XPS) measurements. A hydrogen con-
tamination of the oxide layers is measured, which is absorbed at structural defects,
so that a larger hydrogen amount implies more structural defects. The hydrogen
concentration increases from amorphous GSO to hexagonal GSO to hexagonal LLO.
Since amorphous GSO has no lattice mismatch, less structural defects are expected
than for hexagonal GSO, and the lower lattice mismatch of hexagonal GSO than
the one of hexagonal LLO produces less structural defects.
Apart from the band gap and the permittivity, electrical defects influence the per-
formance of the gate dielectric. Due to the varying substrate quality (see Figure 3.10
and section 3.2.1) no quantitative analysis is possible, but a qualitative evaluation
of the defects by the change of the CV characteristics. Capacitance-voltage (CV)
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measurements of the deposited layers reveal a shift of the VfB during measurement
(compare section 3.2.1), indicating the existence of electrical defects. Due to the
shift to positive voltage during the measurement (see Figure 3.11), the electrical
defects are negative charges, that screen the applied gate voltage [1]. By applying
a larger voltage a larger shift of the CV curve occurs. Most probably the traps are
acceptor-type, that are neutral at the initial state, and are filled by electrons, when
the bands are bended downwards by applying a positive voltage. Thus, the applied
voltage is screened by the negative charges. A larger bending of the bands by a
larger applied voltage, fills more traps deeper in the bandgap. [1, 59] Further, the
electrical defects in the oxides are stable as can be seen in Figure 3.11 (b), since
the hysteresis caused by the charges only occurs during the first cycle. Subsequent
cycles exhibit a negligible hysteresis, so that the traps are not emptied by a negative
applied voltage nor by time, i.e. after 64 h. The existence of electrical defects is also
indicated by the large hydrogen concentration measured by XPS. The hydrogen is
absorbed at structural defects, that also create electrical defects. Beside the shift of
the CV curve the intersection of the linear fit to the capacitance equivalent thickness
(CET) plots with the y-axis, varies for all the measured CET plots (see Figure 3.12).
To calculate the CET the relative permittivity of SiO2 (3.9) is used. In this way the
interfacial layer thickness of a SiO2 layer can be identified for an oxide deposited on
Si. Although the relative permittivity of a native oxide or contamination of the GaN
surface is not 3.9, the variation of the intersection of the linear fit with the y-axis
indicates a existence of a varying interfacial layer. Various surface contaminations
are possible. Despite the substrate cleaning a carbon contamination [60] of the GaN
is possible and due to the high substrate temperature (~600 °C) the oxidization of
the GaN is likely [38]. Further, by XPS a Cl contamination was measured (compare
section 3.2.2), which results from the cleaning of the GaN by HCl [49]. Due to the
rough interface and the substrate quality deviations on a 2 inch wafer, the contam-
ination and oxidization on the GaN varies. Therefore, the intersection of each CET
plot with the y-axis and in order the formation of an interfacial layer depends on
the chosen GaN substrate.

Taking the lattice constants measured by XRD, a large lattice mismatch of 13%
and 18% for GSO and LLO, respectively, is detected, where the lattice mismatch
(∆) is defined as:

∆ =
aL − aS

aL

[28], (3.9)

where aL and aS are the lattice parameters of the epitaxial layer and the substrate,
respectively. As a consequence the critical thickness tc, up to which strained, epi-
taxial growth occurs, is given by the empirical formula

tc =
aL

2 · ∆
[28], (3.10)
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is as low as 1.5 nm for GSO and 1 nm for LLO. Since all investigated layer thick-
nesses investigated up to 150 nm always reveal the same hexagonal lattice constants,
we have to assume that the layers are fully relaxed.
The existence of the hexagonal phase of GSO and LLO has already been shown by
Schäfer [4], but the formation mechanism of the hexagonal phase is yet unknown.
The hexagonal GSO and LLO reveal a lattice mismatch of 13% and 18% for GSO and
LLO with respect to the GaN, respectively and is not stable regarding to ab-initio
calculations. In this thesis, the formation of the hexagonal phase is investigated,
especially the interface, at which the epitaxial growth of the layers begins.
X-ray diffraction (XRD) measurements (see Figure 3.19 and Figure 3.29) proof the
growth of the hexagonal phase of GSO, SSO and LLO, with the c-axis perpendicular
to the interface. Reciprocal space map measurements revealed a fibre texture of the
grown epitaxial layers with the c-axis as fibre axis perpendicular to the interface. In
this way a possible relaxation mechanism is offered to match the oxide layer atoms
locally to the GaN atoms. The in-plane tilt of the oxide layers is determined by
reciprocal space maps, revealing an average grain tilt of 0.17° and 0.12° for LLO
and GSO, respectively. In other words adjacent grains are only tilted by a small
angle against each other. This explains, why electron diffraction patterns, such as
the one shown in Figure 3.7 (b) do not show an obvious sign of rotated grains. The
space group of the hexagonal phase can not be determined by XRD measurements,
so that the assumed space group for the ab-initio calculations were guessed. Auto-
mated diffraction tomography measurements were performed, to narrow down the
possible space groups. The investigations revealed the space group is P–c, so that
the space groups P63mc, P-62c or P63|mmc are the only possible space groups for the
hexagonal phase. Aldebert et al. investigated the space groups of different crystal
structures of La2O3 and determined, that hexagonal La2O3 exhibits the space group
194 (P63|mmc) [61]. Thus, this space group is most probably the one, hexagonal
GSO and LLO exhibit.
Besides the structural analysis of the whole oxide, the interface is important for
the epitaxial growth. The epitaxial growth and the formation of the hexagonal
phase despite the large lattice mismatch and consequently the large tension at the
interface, is attributed to the interface properties. For this reason the interface was
investigated by TEM and STEM with EDX. The determined structural defects are
shown in Figure 3.45. All investigated ternary rare-earth oxides revealed a region
of blurry contrast at the interface. In the oxide away from the interface individual
atom columns are distinguished. At scattered places at the interface the oxides re-
vealed atom columns, that were oriented in relation to the GaN atoms. The blurry
contrast in between those places indicates a change in orientation, which results
from tilted domains. Due to the tilt of the domains, the atoms of the oxide can be
matched to the GaN atoms and absorb the tension in between the oxide and the
substrate, induced by the large lattice mismatch. The region of blurry contrast was
widest for the LLO layer, which is related to the largest lattice mismatch.
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Another structural defect, that may reduce the stress in between the oxide layer and
the substrate, was a decomposition of the oxide. Hexagonal GSO exhibits a decom-
position of Sc and Gd at the interface, whereby twice as much Sc as Gd is present in
the first atomic plane at the interface. As in hexagonal GSO the amorphous GSO
does not show any decomposition, so that the formation of a Sc rich interface layer
is special for the hexagonal phase. Since the atom radius of Sc (160 pm) is smaller
as the one of Gd (188 pm), a hexagonal Sc2O3 would reveal a shorter a-axis than the
GSO. Jur et al. deposited hexagonal Sc2O3 on GaN by metal-organic chemical vapor
deposition and determined the length of the a-axis to be 3.42 Å, which is a reduction
of the axis of 5% compared to hexagonal GSO. The calculated lattice mismatch of
hexagonal Sc2O3 to GaN is 7.2%, which is lower compared to the lattice mismatch
of GSO (13%). [38] Although the first atom row at the interface exhibits Gd, so that
the phase at the interface is not pure hexagonal Sc2O3, the higher Sc content reduces
the lattice mismatch at the interface. The residual Gd, that is segregated at the
interface, is distributed over the three next atom rows. In this way the enlargement
of the a-axis due to the larger Gd content is reduced. In comparison SSO reveals
a strong decomposition of the Sc and the Sm in places, while at other places only
a slight decomposition was determined. In the LLO only a slight decomposition
with a larger Lu content at the interface was measured (see Figure 3.39). In both
cases the decomposition of the oxides results in first atom row with a reduced a-axis
because of the smaller atom radius of Lu (175 pm) to La (195 pm) and Sc (160 pm)
to Sm (185 pm). A smaller atom radius of the oxide atoms and a larger difference
in atom radius seem to make the decomposition energetically favourable.
Since the PLD targets are stoichiometric, the decomposition of the oxides occurs
during the growth of the oxide layer on the substrate. Most probably the oxide
forms an homogeneous layer up to a critical layer thickness, at which the decompo-
sition of the oxide happens to reduce the tension.
While all of the investigated hexagonal ternary rare-earth oxides reveal a blurry
contrast and a decomposition at the interface, the hexagonal rare-earth scandates
GSO and SSO exhibit another structural defect. GSO and SSO reveal an enhanced
distance of the atom rows at the interface, which is larger than the distance of the
atom rows in GaN and GSO or SSO. A possible explanation is a N-terminated GaN
and a O-terminated oxide layer. The bonding of the substrate and the oxide by a N-
and O-terminated layer is unlikely, since O as well as N are anions. If either the Ga
would be N-terminated or the oxide layer O-terminated, the atom row distance at
the interface would not be larger than the one of GSO. Most probably the enhanced
distance results from a weak bonding of the oxide layer and the substrate. The
enhanced distance and consequently the weaker connection between the GaN and
the GSO supports the tilting of the grains and reduces the stress due to the lattice
mismatch.
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The electrical characterization of the oxide layer revealed a large permittivity (23-
32) and a band gap about 5 eV, making them suitable candidates for future gate
dielectrics. The investigated hexagonal ternary rare-earth oxides exhibit improved
properties in comparison to the amorphous phase, the binary oxides and other
ternary rare-earth oxides. Acceptor-type defects and a possible interface contami-
nation influence the electrical properties of the investigated samples. The GSO and
the LLO reveal a staggered band alignment to the GaN, causing asymmetric IV
characteristics.
The structural investigation of the layers revealed a fibre texture of the grown layers,
whereby the grains are tilted by 0.12° to 0.17°. Especially the interface is important
for the epitaxial growth and the stabilization of the hexagonal phase, despite the
large lattice mismatch of the oxide and the substrate and consequently the large
stress at the interface. The investigated hexagonal oxides reveal tilted domains re-
sulting in a blurry contrast at the interface. Further, a decomposition of the ternary
oxides occurs at the interface. Additionally, the GSO and the SSO exhibit an en-
hanced interface distance, that reduces the stress. The determined structural defects
favour and contribute to the explanation of the stabilization and formation of the
hexagonal phase. The space group of the hexagonal phase is narrowed down to
the space groups P63mc, P-62c and P63|mmc by automated diffraction tomography,
whereby the space group 194 (P63|mmc) is most probably.
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4 Ferroelectrics

Ferroelectric HfO2 (HfO) wth 5% Gd (HfGdO), with 5% Lu (HfLuO) and with 3%
Y (HfYO) was investigated with regard to the electrical and structural properties
to evaluate their suitability for negative field effect transistors. Therefore, polarisa-
tion voltage and capacitance voltage measurements are performed, and transmission
electron microscopy (TEM) images and X-ray diffraction (XRD) especially grazing
incidence X-ray diffraction (GIXRD) scans were recorded. Parts of this work have
already been published [62].

4.1 Introduction

4.1.1 Ferroelectric

Ferroelectrics exhibit in contrast to dielectrics and paraelectrics a spontaneous po-
larisation in the absence of an electric field, induced by the shift of positive and
negative charges in the crystal. Ferroelectric crystals require one polar axis mean-
ing that both ends of the axis are not equivalent. A typical ferroelectric material is
BaTiO3, where the Ti4+ ion is shifted by the electric field against the negative O2-

(see Figure 4.1 (a)). The polar axis is the c-axis along which the Ti ion is shifted.
Ferroelectrics typically form domains, which show differently orientated polarisa-
tion. At the initial state all the domains are randomly distributed exhibiting no
net polarisation (see Figure 4.1 (b)). By applying a positive electric field (E) the
domains are orientated parallel resulting in the maximum spontaneous polarisation
(Ps). If the electric field is turned off, the domains partially relax and the polar-
isation decreases to the remanent polarisation (Pr ), which is stable without any
applied electric field. If a negative electric field is applied the domains are switched
to the opposite spontaneous polarisation. At a certain electric field the net polari-
sation is extinguished. This electric field is called coercive field strength (Ec ). In
theory ferroelectrics exhibit a hysteresis with a specific electric field, at which all
domains switch at once. Due to electrical defects the domains switch successively.
[27]
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walls, so that they do not switch at an applied electric field. Two possible mecha-
nisms affect the domain wall pinning. The first effect is the compensation of domain
wall charges by charged electrical defects and the second effect is an alignment of
electrical defect-dipoles to the local polarisation of the ferroelectric. [63]

4.1.1.1 Landau-Ginzburg-Devonshire theory

The phenomenological theory of ferroelectricity was developed by Ginzburg and
Devonshire based on the Landau theory. The Landau-Ginzburg-Devonshire (LGD)
theory describes the free energy of a ferroelectric by the order parameter polari-
sation in dependence of the temperature, because above a ferroelectric transition
temperature (TC) the polarisation disappears. Thus, the ferroelectricity and the
phase change from dielectric to ferroelectric is described by the free energy density
(G) by the order parameter polarisation (P) for an isothermal and isochoric estima-
tion. Due to the symmetric shape of the free energy density only even exponents
are allowed in the polynomial expansion [27, 64]:

G = F − EP = F0 +
α

2
P 2 +

β

4
P 4 +

γ

2
P 6 − EP [64], (4.1)

where F0 is the free energy density of the paraelectric phase and the expansion
coefficients α, β and γ are pressure and temperature dependent. The minima of the
polynomial expansion are related to the equilibrium conditions. [27, 64]

δF

δP
= 0 and

δ2F

δP 2
> 0. [64] (4.2)

Two types of transition are distinguished: First-order transition of ferroelectrics like
BaTiO3 exhibit a sudden disappearance of the polarisation at TC , while second-
order transition for materials like triglycine sulfat reveal a continuous reduction of
polarisation with increasing temperature (T). For the second order transition the
coefficient are α = T −T0

ǫ0C
, β < 0 and γ = 0, where T0 is a temperature constant, C is

the Curie-Weiss constant and ǫ0 is the vacuum permittivity. Applying the coefficient
of the second-order transition and the equilibrium conditions (equation 4.2) into the
free energy expansion (equation 4.1), two solutions are obtained. P is either P = 0
or P = ±

√

1
β·C·ǫ0

(T0 − T ). Since β, C and ǫ0 are all positive the only real solution
for T > T0 is P = 0. Because above T0 the ferroelectric becomes paraelectric, so
that T0 is TC . The polarisation approaches continuously against 0 for T → TC , so
that this is a second order transition. The free energy expansion of the ferroelectric
under, at and above TC and the polarisation depending on the temperature for a
second-order transition are shown in Figure 4.2. [27, 64]
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1973 K HfO is monoclinic (space group P21/c), above this temperature it is tetrago-
nal (space group P42/nm), until it switches to the cubic phase (space group Fm3m)
at 2773 K. [74] In recent years, ferroelectric properties of polycrystalline HfO layer
with various for example various concentrations of Gd[75], Sr[76], Lu [62], Y [77], Si
[78] and Zr [79] have been discovered. In table 4.1 various added elements and the
ferroelectric properties are shown.

Table 4.1: Added elements of HfO2 and the theoretical and experimental remanent
polarisation (Pr ) and coercive field strength (Ec ). [80]

Element Theoretical Pr

[µC/cm2]
Experimental Pr

[µC/cm2]
Ec [MV/cm]

Si 41 24 0.8-1
Al 48 16 1.3
Gd 53 12 1.75
La N/A 45 1.2
Y 40 24 1.2-1.5

The origin of the ferroelectric HfO is explained by an intermediate metastable or-
thorhombic phase (space group Pbc21), which is stabilized by various added elements
[81]. The polar axis of the orthorhombic phase is along the c-axis [82]. Various de-
position techniques are used for the ferroelectric HfO deposition like ALD [83], PLD
[62] and chemical solution deposition [84]. A theoretical Pr of 40-50 µC/cm2 was cal-
culated, while the experimental determined Pr is about 12-24 µC/cm2 besides HfO
with La with a Pr of 45 µC/cm2 [80]. Schroeder et al. investigated the influence
of Si concentration on the ferroelectric properties. Besides the ferroelectric phase,
they measured a pinched hysteresis for a Si concentration of 5.6 mol %, which could
result from an antiferroelectric phase or domain wall pinning. An antiferroelectric
phase is more likely, because the pinched hysteresis remained stable even after 107

cycles. [8] Ab-initio calculations by Reyes-Lillo et al. suggest the tetragonal phase
of HfO is the antiferroelectric phase [85]. Böscke et al. investigated the influence
of a top electrode (capping) layer during the anneal on the ferroelectric properties.
They reported, that a capping layer increases the orthorhombic phase and therefore
the ferroelectric properties. For the formation of the orthorhombic phase, an in-
plane compressive pressure is necessary. The top capping layer prevents a volume
expansion, which increases the compressive pressure and favours the formation of
the orthorhombic phase. [86] Starschich et al. [84] investigated the wake-up effect
of HfO with Y, describing the increasing polarisation during cycling. During cycling
oxygen vacancies are created and redistributed, forming the orthorhombic phase
and unpinning pinned domains, in this way increasing the polarisation. If a critical
amount of oxygen vacanices is created, they form a leakage path, causing failure of
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second derivation of the free energy with respect to the polarisation C = d2F
dP 2

−1
.

Hence, the ferroelectric exhibits a region around zero polarisation with a negative
capacitance as displayed by the blue box in Figure 4.4 (b). The ferroelectric is
unstable in this region, but in combination with a dielectric the minima of the free
energy (purple curve) is stable in the region of negative capacitance. [90] A simple
capacitance model for explanation of the negative capacity is shown in Figure 4.4
(c) [91].
The capacitance of an NCFET is a series combination of a ferroelectric capacitor
(CF e) and the MOSFET capacitor (CMOS), from which the amplification factor (AV )
can be derived by a simple capacitive divider for a negative CF e. [91]

AV =
δVMOS

δVG

=
|CF e|

|CF e| − CMOS

[91], (4.4)

where δVMOS is the change in the MOSFET channel and δVG is the change in the
gate voltage. AV will be greater than 1 and thus a change in δVG will induce a
greater change in δVMOS. The SS of the NCFET (NCFETSS) can be calculated by
dividing the SS of the MOSFET (MOSFETSS) by the AV . [91].

NCFETSS = MOSFETSS ∗
1

AV

=
60mV

dec
∗ (1 +

Cdep

COx

) ∗
1

AV

[91], (4.5)

where COx is the capacitance of the oxide and Cdep is the capacitance of the deple-
tion region. To determine the effect of the ferroelectric capacitor on the SS, AV is
substituted from equation 4.4 into equation 4.5 and CMOS is expanded into COx and
Cdep. Then the NCFETSS is described by [91]:

NCFETSS =
60mV

dec
∗ (1 +

Cdep

COx

+
Cdep

|CF e|
)[91]. (4.6)

If CF e is smaller than COx the term in brackets becomes smaller than 1 and the SS
of the NCFET is reduced below 60mV

dec
[91]. Negative capacitance has already been

measured on ferroelectrics [92, 93] and several groups have already shown NCFETs
with SS down to 8.5 mV/dec [94, 95, 96]. Therefore, NCFETs are a promising device
structure for the future.

4.1.2 Sample preparation

In this section the preparation of the ferroelectric metal-insulator-metal MIM and
metal-oxide-semiconductor (MOS) stacks is described. The used techniques are
explained in chapter 2. A scheme of the sample preparation is shown in Figure 4.5.
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bottom the Si is visible, on which the HfGdO is grown. In between the HfGdO
and the Si a bright, amorphous layer is visible, which is SiO2. In the HfGdO the
contrast and the orientation change. In the upper left part of the image diagonal
lattice planes are visible, while in the center individual atoms are visible. Thus, the
HfGdO layer is composed of individual grains, that are tilted against each other.
The epitaxial grown layer is no single crystal, but a polycrystal, whose c-axis is
oriented perpendicular to the substrate surface.
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4.5 Ferroelectric HfO2 with 3% Y

Beside ferroelectric HfO2 deposited by PLD, first experiments with HfO2 with 3%
Y (HfYO) were carried out. 10 nm amorphous HfYO were deposited on sputtered
TiN substrate by atomic layer deposition and subsequent 40 nm TiN were sputtered
on top. As metal contact 50 nm Pt was deposited on top by e-gun and afterwards
annealed in Ar for 30 s at various temperatures. The TiN in between the Pt con-
tacts was etched away by reactive ion etching and SC1. In Figure 4.21 (a-c) the
polarisation electric field (PE) and current electric field (IE) characteristics of a
TiN/HfYO/TiN/Pt sample annealed for 30 s in Ar at 600 °C are shown. The three
PE curves exhibit different hysteresis. The hysteresis at the initial state (Figure 4.21
(a)) is measured without cycling of the sample in a sweeping range of 0.2 MV/cm
and reveals no hysteresis, because the electric field strength to switch the domains is
not applied. The related IE curve (red curve in Figure 4.21 (a)) exhibits no increase
in the current during the sweep. Applying a sweeping range of 0.5 MV/cm reveals an
hysteresis of the HfYO layer with a remanent polarisation (Pr ) of 10.7 µC/cm2 and
-10.9 µC/cm2 at an coercive field strength (Ec ) of 0.14 MV/cm and -0.13 MV/cm,
respectively as shown in Figure 4.21 (b). In the corresponding IE curve two distin-
guishable peaks are revealed. After the sample was cycled 1000 times in a sweeping
range of 0.5 MV/cm the hysteresis becomes steeper as displayed in Figure 4.21 (c)
and the Pr increases to 15.8 µC/cm2 and -15.9 µC/cm2. The steepness of the HfYO
layer is larger compared to HfGdO or HfLuO. Hence, the switching of the domains
happens in the HfYO in a smaller range of the electric field. The current (Fig-
ure 4.21 (c) red) reveals two peaks, which are three times larger compared to the
initial state (Figure 4.21 (a) red). Hence, more domains are activated after the cy-
cling, so that more domains switch, causing an increased current. In Figure 4.21 (d)
the polarisation (PE) (black) and the current (IE) (red) at an applied electric field
of an equivalent sample annealed at 800 °C are shown. The PE curve exhibits Pr

of 9.8 µC/cm2 and -11.2 µC/cm2 at an coercive field strength (Ec ) of 0.2 MV/cm
and -0.23 MV/cm, respectively. Thus, the polarisation is comparable to the initial
polarisation of the sample annealed at 600 °C. In contrast to the sample annealed
at 600 °C, the 800 °C sample does not exhibit steep switching. In fact the hysteresis
exhibits a bump during the switching of the polarisation, indicating that the polar-
isation is switched in two steps. In the IE curve (Figure 4.21 (d) red) four peaks are
visible. The peak in the IE curve is induced by the switching of the domains. Since
two peaks are present for each switching, the domains tend to switch at different
applied electric fields. The first peak is below 0.2 MV/cm and -0.2 MV/cm, which
is comparable to the IE peaks for the sample annealed at 600 °C. Those domains
seem to be mobile and switch at Ec . For the other domains, that induce the second
peak, a larger applied electric field is necessary. Thus, those domains are pinned by
electrical defects, that impede the switching of the domains. Therefore, besides the
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4.6 Discussion

In the following the results of the investigated ferroelectric layers are discussed in
respect to literature.
By optimizing the process parameters of the pulsed laser deposition (PLD) grown
HfGdO and HfLuO and the ALD deposited HfYO layers, the ferroelectric, or-
thorhombic phase was stabilized, achieving a maximum remanent polarisation (Pr)
of 12 µC/cm2, 12 µC/cm2 and 20 µC/cm2, respectively. The properties of the inves-
tigated ferroelectric HfO and selected values in literature are listed in table 4.2. The
ALD grown HfYO exhibits a larger Pr than the PLD grown layers, indicating either
a larger amount of orthorhombic HfO or an beneficial orientation of the polycrystal
layer with the polar axis perpendicular to the interface. Further, the polarisation
switch in the hysteresis is steeper, meaning that the domains in the layer switch in
a closer region of the applied electric field. In a theoretical ferroelectric the whole
polarisation is switched at the coercive electric field, but due to defects, that pin
the domains, different electric fields are required to unpin and subsequently switch
the domains. [12] Thus, the domains in the ALD layers must exhibit less defects
or a more homogenous distribution of defects than HfGdO and HfLuO. The rema-
nent polarisation of HfGdO and HfLuO is comparable to other PLD grown HfO
like HfGdO (13 µC/cm2) [98] and HfO with Y (13 µC/cm2) [88], while the HfYO
is comparable to values for HfYO deposited by chemical solution deposition (CSD)
(20 µC/cm2 [99]), too.

Table 4.2: Permittivity and remanent polarisation of ferroelectric HfO2.
Composition Deposition

method
Permittivity Pr [µC/cm2]

HfGdO PLD 34 12
HfLuO PLD 22.5 12

HfYO [88] PLD 40 13
HfYO [99] CSD 22.5 20

HfYO ALD - 20

The maximum polarisation and steepest hysteresis were measured after a 1000 cy-
cles. A twice as large polarisation is measured compared to the one at the initial
state for HfGdO (see Figure 4.8), while the increase is smaller for HfYO. By cy-
cling the domains are oriented parallel to the electric field and pinned domains are
unpinned, so that more domains contribute to the overall polarisation. This effect
is called "wake-up". [84, 100] Furthermore, by cycling additional oxygen vacancies
are generated [84], that transform residual tetragonal phase into the orthorhombic
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phase [85]. A ferroelectric layer, which exhibits the maximum polarisation already
at the initial state is favourable, but due to the crystallization of the ferroelectric
layer during the anneal, the domains are oriented randomly.
By cycling the relative permittivity of the PLD grown HfGdO and HfLuO decreased,
which may result from the formation of a TiO2 layer during cycling, which serves
as scavenging material at the top and bottom electrode [101]. The decrease of the
relative permittivity is already reported for PLD grown HfYO [88]. The relative
permittivity of the HfLuO is 22.5, while the HfGdO reveals a relative permittivity
of 34. The larger permittivity of HfGdO is comparable to other ferroelectric layers
like HfYO deposited by chemical solution deposition (32) [99] or by PLD (40) [88].
The lower permittivity of the HfLuO results from the low-κ, monoclinic phase in
addition to the orthorhombic phase, which is determined from the peak at 28° in
the grazing incidence X-ray diffraction (GIXRD) measurement (Figure 4.19 (b)).
In comparison the HfGdO reveals a lower ratio of monoclinic phase (Figure 4.10),
which can be distinguished from the ratio of the orthorhombic/tetragonal reflection
(30.5°) and the monoclinic reflection (28°). The small amount of the monoclinic
phase indicates, that the HfGdO is close to the optimum process parameters, while
HfLuO needs further optimization. Most probably the Lu concentration should be
changed, because the remaining process parameters were explored as discussed in
the following paragraph.
The properties of the ferroelectric layers strongly depend on the process parameters
top and bottom electrode and annealing temperature, which were investigated for
HfGdO layers. The results are discussed below.
By the top and bottom electrode of the metal-insulator-metal (MIM) structure the
ferroelectrical properties are essentially modified (see Figure 4.11). The best ferro-
electric properties i.e. the largest polarisation, steepest switching and largest portion
of orthorhombic phase were found for a TiN/HfGdO/TiN stack. By omitting the
TiN top layer the ferroelectric properties dwindle, because the capping of the ferro-
electric layer by a top electrode hinders the volume expansion and the shearing of
the unit cell during the crystallisation. In this way the formation of the monoclinic
phase is reduced and the growth of the orthorhombic phase is supported. [86, 102]
In comparison to the TiN/HfGdO stack, the TaN/HfGdO stack reduces the polari-
sation and the steep switching of the hysteresis, most probably due to the rougher
surface, which causes a pinning of the domains, that reduces the full polarisation
[63].
Besides the stack structure the annealing temperature is crucial for the ferroelec-
tric properties. Low annealing temperatures hinder the complete crystallization of
the HfGdO layer, which becomes visible by the lower Pr and a reduced orthorhom-
bic peak in GIXRD measurements (compare Figure 4.9 and Figure 4.10). If an
annealing temperature above a critical temperature is chosen, all investigated fer-
roelectric HfO2 (HfO) exhibit leakage currents. The critical temperature varies for
the added elements. Gao et al. calculated by first principle calculations, that ions
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in HfO2 would decrease the energy for oxygen vacancy formation [103, 104], which
is crucial for the formation of the orthorhombic, ferroelectric phase [85]. Therefore,
larger annealing temperatures support the formation of oxygen vacancies, stabiliz-
ing the orthorhombic phase and increasing the polarisation. Depending on the ion,
different annealing temperatures are necessary, to generate sufficent oxygen vacan-
cies. Above critical temperatures a critical amount of oxygen vacancies is generated,
forming conductions paths, that explain the failure of the devices by leakage. Zhao
et al. reported on the formation of conduction paths in HfO with Gd, that were
used for resistive switching [104]. The influence of the oxygen vacancies becomes
obvious by the comparison of HfYO annealed at 600 °C and 800 °C (compare Fig-
ure 4.21). Up to an annealing temperature of 600 °C the Pr and the steepness of the
hysteresis increases. In comparison to the initial hysteresis of the layer annealed at
600 °C, the hysteresis of the layer annealed at 800 °C reveals a smooth polarisation
switching and a lower polarisation. The additional generated oxygen vacancies at
800 °C are defects, that are randomly distributed and pin the domains, so that the
domains need varying applied electric fields to switch, causing a smooth hysteresis.
Furthermore, some pinned domains are not switched, resulting in a lower polari-
sation. The pinning of the domains become obvious in the current voltage (IV)
characteristic by the peak, which are induced by the switching domains, generat-
ing the measured current increase. The layer annealed at 600 °C exhibits only two
peaks at 0.014 A/cm2 and -0.013 A/cm2, that is broadened, too, due to randomly
orientated domains and arbitrary pinning of domains by the randomly distributed
oxygen vacancies. In contrast to this layer, the IV measurement of the layer an-
nealed at 800 °C reveals four peaks, so that the domains in the layer annealed at
800 °C switch in two steps, because of their varying pinning by oxygen vacancies
[76, 105, 106]. Cycling of the layer annealed at 800 °C causes failure of the device
by leakage, since more oxygen vacancies are generated [84], forming leakage paths,
while the layer annealed at 600 °C exhibits an increased polarisation [103, 104].

In contrast to HfYO and HfGdO, the investigated HfLuO revealed different prop-
erties depending on the annealing temperature. At 500 °C the layer exhibits a
pinched hysteresis, which can result either from an antiferroelectric HfO or pinned
domain walls [12]. The pinched hysteresis vanishes after 1000 cycles and the hys-
teresis shows the typical ferroelectric state. HfO exhibits an antiferroelectric phase,
which is attributed to the tetragonal phase [8, 85]. By an applied electric field the
antiferroelectric tetragonal phase can transform into the ferroelectric, orthorhombic
phase, because the barrier between the two phases is very low and the orthorhombic
phase is preferred by an applied electric field to the tetragonal phase [85]. The other
possibility is the pinning and unpinning of the domain walls. At the initial state
the oxygen vacancies are distributed inhomogeneous at the grain boundaries of the
HfLuO [76], pinning the domain walls. Some of the pinned domains switch at an ap-
plied positive electric field and others at an applied negative electric field, so that the
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hysteresis is pinched. The other pinned domains do not switch and consequently do
not contribute to the polarisation. During the cycling the layer "wakes-up", due to
the homogeneous redistribution of the oxygen vacancies, increasing the polarisation
and resulting in a ferroelectric hystersis. [105, 106] In contrast the HfLuO sample
annealed at 700 °C reveals a ferroelectric hysteresis from the beginning. Therefore,
the higher temperature either prevents the antiferroelectric, tetragonal phase or gen-
erates a homogeneous distribution of oxygen vacancies. A difference in the crystal
structure can not be distinguished by GIXRD (see Figure 4.19 (b)), because the
peaks of the tetragonal and the orthorhombic phase overlap. A different ratio of
tetragonal to orthorhombic phase at the different temperatures is possible.
Fatigue measurements, that measure the durability of the polarisation, show a dif-
ferent behaviour of the layers. The sample annealed at 500 °C exhibits an increas-
ing polarisation up to 107 cycles (compare Figure 4.19), while the HfLuO sample
annealed at 700 °C reveals its maximum polarisation already after 104 cycles and
survives 106 cycles. Thus, the sample annealed at 500 °C went through either a
change from antiferroelectric to ferroelectric or rearrangement of oxygen vacancies,
leading to an increase in polarisation. In addition, the sample annealed at 500 °C
seems to have less oxygen vacancies, since failure of the device occurs one magnitude
of cycles later than for the sample annealed at 700 °C. In comparison to PLD grown
HfYO the sample annealed at 500 °C survives a comparable amount of cycles [88].

Most ferroelectric HfO are polycrystalline, so that the crystals are oriented ran-
domly. Since the polar axis of the ferroelectric orthorhombic phase (space group
Pbc21) is the c-axis [80], an orientation of the c-axis orthogonal to the surface is
favourable to enhance the out-of-plane polarisation of the layer. Therefore, epitaxial
grown layers of HfGdO were deposited on highly doped Si (compare section 4.3), but
all layers were dielectric. The layer deposited at a heating current of 3 A (~580 °C)
and of 4 A (~660 °C) exhibited the tetragonal phase, while the layer deposited at
2 A revealed a polycrystalline layer of monoclinic and tetragonal phase (see Fig-
ure 4.14). The polycrystalline layer is not of further interest, because no preferred
orientation is present. The process to form the orthorhombic phase is discussed
in the following, to understand the missing parameter to stabalize the ferroelectric
phase. The formation of the ferroelectric orthorhombic phase requires the preven-
tion of the formation of the monoclinic phase. Therefore, a small grain size (~4 nm)
is necessary [107]. During the anneal the tetragonal phase instead of the monoclinic
phase forms, if the grains size is small enough. Subsequently, in-plane compressive
stress induces the formation of the tetragonal phase into the orthorhombic, ferro-
electric phase [85]. The reason for the in-plane stress was investigated for ALD
deposited Hf0.5Zr0.5O2. The cause for the in-plane stress is the neighbouring nuclei
touch each other during growth. [108, 82] The in-plane stress is further increased
by a capping layer [86, 102]. The epitaxial layers grown at a heating current of
3 A and 4 A reveal the tetragonal phase, although the critical grain size may be
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exceeded (see Figure 4.15). Thus, the tetragonal phase seems to be favoured at
larger substrate temperatures. A transformation of the tetragonal phase into the
orthorhombic phase is possible under an applied electric field [85]. Because of the
orientation of the tetragonal crystal, a transformation into the orthorhombic phase
is pointless as explained in the following. The tetragonal HfO exhibits its c-axis
perpendicular to the surface, which is the longest axis of the tetragonal phase. In
contrast the non-polar b-axis of the orthorhombic HfO is the longest one and the
polar c-axis the shortest one. During a phase transition the tetragonal out-of-plane
c-axis would become the b-axis of the ferroelectric orthorhombic phase, while the
polar c-axis of the orthorhombic phase would be parallel to the substrate, generating
an in-plane ferroelectricity, which is useless for the NCFET. [82]

4.7 Summary

In conclusion, the ferroelectric, orthorhombic phase was stabilized in the investi-
gated HfGdO (12 µC/cm2), HfLuO (12 µC/cm2) and HfYO (20 µC/cm2), revealing
ferroelectric characteristics comparable to literature. The HfYO layer reveals the
largest polarization and the steepest switching, so that it was used by Han et al. for
the fabrication of a NCFET [109]. The ferroelectric properties of the oxides depend
on the process parameters, whereby a TiN bottom and top electrode enhances the
polarisation, because they hinder the shearing of the unit cell and the volume ex-
pansion during the crystallization, which favours the formation of the ferroelectric,
orthorhombic phase [86, 102]. An increasing annealing temperature generates an
enhanced polarization, up to a critical temperature, above which leakage via con-
duction paths of oxygen vacancies occurs. By an increasing annealing temperature
more oxygen vacancies are generated [103, 104], that stabilize the ferroelectric, or-
thorhombic phase [85], until above a critical temperature the oxygen vacancies form
conduction paths, leading to the failure of the device. The ferroelectric properties of
the HfLuO layer depend on the annealing temperature. At an annealing tempera-
ture from 400 °C to 600 °C, the layer reveal a pinned hysteresis, which could indicate
antiferroelectricity or pinned domains. After a 1000 cycles the hysteresis shows a
ferroelectric shape. At a temperature of 700 °C the HfLuO becomes ferroelectric.
The epitaxial growth of HfGdO formed a dielectric tetragonal phase, instead of the
orthorhombic phase with an out-of-plane polar axis, to enhance the polarization
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5 Conclusion

In this thesis epitaxial ternary rare-earth oxides on GaN for power devices and ferro-
electric HfO2 for the integration in negative capacitance field-effect-transistors were
investigated. The aim of this thesis is the qualification of the oxides in respect to
their electrical and structural properties. More precisely, the ternary rare-earth ox-
ides were analysed in respect to their band gap and permittivity, and the formation
of the hexagonal phase was investigated. With respect to the ferroelectric layers,
the influence of the processing parameters on the ferroelectric characteristics were
determined.

Ternary rare-earth oxides are promising candidates for future gate dielectrics. While
binary rare-earth oxides reveal either a large relative permittivity or a large band
gap, ternary rare-earth oxides should exhibit both, making them promising can-
didates for future gate oxides. [1] Amorphous and hexagonal GdScO3 (GSO) and
hexagonal LaLuO3 (LLO) were epitaxial grown by pulsed laser deposition on GaN
and the electrical and structural properties were investigated.
The determined permittivities of the layers are 23, 30 and 32 for amorphous GSO,
hexagonal GSO and hexagonal LLO, respectively, and all investigated layers have a
band gap larger than 5 eV. Thus, the layers are suitable for gate dielectrics and the
permittivity is larger compared to the binary oxides Gd2O3 (12) [31], Sc2O3 (14)
[54], La2O3 (23.5) [55] and Lu2O3 (15) [57].
Current-voltage measurements reveal an asymmetric shape, with larger leakage cur-
rents at positive than at negative applied gate voltage, which is explained by the
staggered band structure of GaN and the ternary rare-earth oxides. The valence
band of the oxide is below the one of the GaN, but the conduction band of the
oxides is in the band gap of the GaN. Therefore, the electrons face no potential
barrier at positive gate voltage, but a larger barrier at negative voltages.
Besides the eminent band gap and permittivity the layers reveal some electrical
defects, which are observed by capacitance-voltage (CV) measurements. During
the measurement the CV curve shifts to more positive voltage because of negative
charges, whereby larger gate voltages induce a larger shift. The shift is stable and
does not degrade by time.
Due to ab-initio calculations the hexagonal phase of GdScO3 and LaLuO3 is not
thermodynamically stable. Therefore, the grown layers and especially the interface
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between the oxides and the GaN were investigated, to understand the stabilization
of the oxides.
Reciprocal space maps of the hexagonal layer reveal a fibre texture with the c-axis
as fibre axis perpendicular to the substrate. Since the space group can not be de-
termined by X-ray diffraction, automated diffraction tomography measurements are
performed, narrowing the space group of the hexagonal LLO and GSO down to
P- -c. Thus, the possible space groups are P63mc, P-62c or P63|mmc, of which the
space group P63|mmc is most probably, since it is the one of hexagonal La2O3 [61].
For the epitaxial growth especially the interface is important, so that it was inves-
tigated by transmission electron microscopy. Hexagonal GdScO3 (GSO), LaLuO3

(LLO) and SmScO3 (SSO) exhibit a blurry contrast at the interface due to tilted
domains, which absorb the tension because of the lattice mismatch of the ternary
rare-earth oxide and GaN. Further, a decomposition at the interface is observed.
Hexagonal GSO on GaN reveals twice as much Sc as Gd at the interface, because
hexagonal Sc2O3 has a 5% smaller a-axis [38], which would reduce the lattice mis-
match to the GaN in comparison to GSO. The SSO reveals a decomposition of Sm
and Sc at the interface, too, although the Sc enrichment along the interface varies.
Hexagonal LLO only reveals a slight Lu enrichment at the interface. The hexagonal
scandates reveal another relaxation mechanism. The distance at the interface in
between the scandate and the GaN is enhanced, indicating weaker bonds, to reduce
the tension.
The large relative permittivity (>30) and the good insulating properties of the
hexagonal GSO and LLO make them suitable candidates for future gate dielectrics
in transistors. In future studies, the space group will be defined and the found space
group and structural properties will be used, to understand the formation of the
hexagonal phase.

To overcome the limitation of the subthreshold slope (SS) of 60 mV/dec of a MOS-
FET, Salahuddin et al. proposed an improved device structure for the standard
metal-oxide-semiconductor field-effect-transistor (MOSFET). Adding an additional
ferroelectric layer in between the gate oxide and the gate metal, a negative capaci-
tance field-effect-transistor (NCFET) is generated. The ferroelectric layer exhibits
a negative capacity in the region of zero polarisation, that induces a voltage ampli-
fication of the gate voltage and in this way the SS limit of 60 mV/dec is overcome.
[9, 10] In this thesis metal-insulator-metal stacks with ferroelectric HfO2 with 5% Gd
(HfGdO), HfO2 with 5% Lu (HfLuO) and HfO2 with 3% Y (HfYO) are investigated
and qualified for the use in a NCFET. Amorphous HfO2 (HfO) with additional Gd,
Lu or Y is deposited by pulsed laser deposition (PLD) and atomic layer deposition
(ALD), and subsequently annealed to form the orthorhombic, ferroelectric phase.
The ferroelectric phase was stabilized in all investigated HfO, whereby the PLD
grown HfLuO and HfGdO reveal a remanent polarisation (Pr) of 12 µC/cm2, which
is comparable to values reported from other PLD grown layers [98, 88]. ALD
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grown HfYO reveals the largest remanent polarisation (20 µC/cm2) and the steep-
est switching. HfLuO reveals a relative permittivity of 22.5 and HfGdO one of 34,
while most ferroelectric HfO exhibit a relative permittivity of 32-40 [99, 88]. The
low permittivity of HfLuO could be related to the present monoclinic phase, which
has a relative permittivity of 17 [73]. Grazing incidence X-ray diffraction measure-
ments reveal less monoclinic crystals in the HfGdO than in the HfLuO, explaining
the larger relative permittivity of HfGdO.
All investigated ferroelectric layers reveal an increasing polarisation after 1000 cycles
("wake-up"), due to the formation and redistribution of oxygen vacancies, that are
necessary to stabilize the ferroelectric, orthorhombic phase of HfO2 and to unpin
the domains [105, 106].
For the optimization of the ferroelectric properties the process parameters of the met-
allization and the annealing temperature were investigated. A capping TiN top layer
improves the ferroelectric properties like the remanent polarisation, because during
the crystallization the in-plane stress of the HfO is increased. In this way, the stabi-
lization of the orthorhombic phase is supported. [86, 102] Additionaly, more oxygen
vacancies are formed, that stabilize the orthorhombic phase [103, 104, 105, 106].
Above a critical annealing temperature too many oxygen vacancies are generated,
that form a leakage path and cause failure of the device [103, 104].
The ferroelectric HfO layers are polycrystalline, since they transform from the amor-
phous into the orthorhombic phase during an anneal, so that the polar axis is ori-
ented randomly. To grow ferroelectric HfO2 with a preferred orientation, in par-
ticular an out-of-plane polar axis, epitaxial HfGdO layers were deposited by pulsed
laser deposition. Epitaxial HfGdO does not reveal any ferroelectricity, because the
tetragonal phase is formed. To form the orthorhombic phase in-plane stress is nec-
essary, that is induced during the crystallization and by a capping layer. Epitaxial
grown layers lack this stress and therefore are dielectric. [85, 86, 102]
The HfLuO exhibits varying properties depending on the annealing temperature,
revealing a pinched hysteresis at the initial state and a ferroelectric hysteresis after
cycling, if annealed at 500 °C. The pinched hysteresis indicates either an antiferro-
electric phase at the beginning, which would be the tetragonal phase, transforming
into the orthorhombic phase by cycling [8, 85] or oxygen vacancies, that pin the
domains and are redistributed by cycling [76].
The results show the good ferroelectric properties of the investigated HfO2, that
can be implemented into transistors, so that the investigated oxides will be used
for NCFETs as shown by Han et al. [109]. Further, the generation and the in-
fluence of the oxygen vacancies on the ferroelectricity and the failure of the oxide
will be investigated, to extend the durability and to increase the stability of the
polarization.
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