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Abstract

The epitaxial growth of BaySiO,4 thin films on Si(001) by co-deposition of Ba and Si
in an oxygen background pressure is systematically investigated with a focus on the
epitaxial interface. A structural investigation is performed by employing x-ray photo-
electron spectroscopy (XPS), low energy electron diffraction (LEED) and aberration-
corrected scanning transmission electron microscopy (STEM). The stoichiometry at
the interface turns out to be critically dependent on the oxygen background pressure
during deposition. The key to the calibration of the oxygen pressure and the determi-
nation of the saturation point for a complete oxidation of the film is the line shape of
the O 1s peak in XPS. Using a two-step approach, in which a crystalline 1 nm thick
film is prepared first before the rest of the film is deposited, the successful growth of
epitaxial films with a thickness of up to 16 nm is demonstrated. An annealing step at
670 — 690 °C is needed to form the epitaxial interface. Films grown with a minimized
oxygen pressure, i.e. an oxygen pressure just above the saturation point for a complete
oxidation of the film, still feature 1/4 ML of O atoms in Si-O-Si bonding states. In
comparison, the Ba;SiO,4 bulk structure has only O atoms in Si-O-Ba bonding states.
STEM shows that these films form an atomically sharp interface to Si(001) and that
the BaySiO4 bulk structure is maintained up to the penultimate layer at the interface.
Only one silicate layer is changed to a (2 x 3) structure, which is also observed in
LEED, to match the (2 x 1.5) bulk structure to Si(001), neglecting relaxations. An in-
terface model is proposed for the films grown with a minimized oxygen pressure, which
features a pseudo-(2 x 1) reconstruction of the Si surface and helps to understand the
formation process of the epitaxial interface in greater detail.

An electrical characterization is done using MOS test capacitors. A dielectric constant
of k = 225 £ 1.1 is found for BaySiO4 in agreement with Ref. [1], as well as band
offsets to Si(001) larger than 1.8 eV for crystalline layers. Moreover, leakage current
densities as low as 2-107¢ A/ cm” at -1 V are measured for a 10 nm thick film. Interface
trap densities at midgap of (1.14 £ 0.78) - 10'? eV~ 'em™2 are measured for crystalline
layers with an abrupt interface. Amorphous films show slightly higher interface trap
densities of (2.7240.82)-10'? eV 'cm~2 at midgap. A further reduction of the interface
trap density is possible by incorporating a Si-rich silicate layer at the interface, thus
bringing the conditions at the interface closer to those of the SiO/Si(001) interface.
Crystalline films with such an interfacial layer have interface trap densities of (3.32 4+
0.45) - 10 eV~'cm™2 at midgap, which is more than one order of magnitude lower
than for films grown by Si diffusion from the substrate [1]. Moreover, the Fermi level
of the BaySiOy films appears to be pinned by surface states. However, even though no
SiO, forms at the interface, the epitaxial interface still seems to contribute an offset
of (0.56 &+ 0.08) nm to the overall CET, which greatly limits the achievable minimum
CET of the gate stack.
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1. Motivation and introduction

The complementary metal-oxide-semiconductor (CMOS) transistor is the fundamental
switching device in micro- and nanoelectronic circuits. Over the years its dimensions
have been continuously reduced in order to keep increasing the performance of the
integrated circuits by increasing the number of active components per area and lowering
the switching times of the transistors. However, there is a physical limit to this process
due to the tunneling leakage currents that occur at low thicknesses of the gate dielectric.
When the SiOs layer, which was originally used as the gate dielectric, became only
about 1 nm thick, an unacceptably high density of power dissipation due to tunneling
leakage currents occurred [2, 3], which lead to the search for an alternative material
with a higher dielectric constant & [4, 5]. These so-called high-k materials offer the same
capacitance at a higher physical layer thickness, thus greatly reducing the tunneling
leakage currents, which are exponentially dependent on the layer thickness.

The high-k research was focused mainly on amorphous oxides, out of which HfO, has
emerged as the best suited material for practical applications [4, 6, 7, 8, 9]. How-
ever, even the scaling with these high-k materials in planar transistor structures has
reached a limit and in order to keep increasing the density of active components, three
dimensional transistor structures, in particular the FinFET design [10], that focus on
reducing the active area of the transistors by changing the fundamental structure of
the transistor instead of simply reducing the thickness of the gate dielectric, have been
developed. The main obstacle to a further reduction of the physical layer thickness
of the gate dielectric is the formation of a well-defined, abrupt interface between the
high-k material and silicon. The interface between the amorphous high-k oxides and
silicon are typically rather defectious. In the case of HfOs, low interface trap densities
are achieved due to an interfacial SiOs layer, which arises naturally during the device
processing [11]. However, such an intermediate layer reduces the total capacitance,
since the capacitances of the HfO, and SiOs layers add up reciprocally, thus severely
limiting the scaling at very low thicknesses. The initial thickness of this SiO, layer is
also rather difficult to control, which is why scavenging techniques have been developed
in order to reduce its thickness retroactively [12].

A continuation of the scaling to the lowest possible layer thickness of the gate dielectric
requires the formation of an atomically sharp interface with an extremely low defect
density surpassing even the SiO,/Si interface. This can be achieved by implementing
crystalline gate oxides [6, 13, 14]. McKee et al. have already shown that epitaxial
BaTiO3 can be grown on Ge(001) with an interface trap density D;; < 10 eV~lem ™2
by using a layer sequencing technique to manipulate the interface [15]. Nevertheless,
a system with a crystalline oxide that fulfills this requirement while also meeting all
other requirements for high-k gate dielectrics [4] has not been found. The band gap
of BaTiOj3 is too small for practical application. Epitaxial Bag 7Sr 30 lattice matched



1. Motivation and introduction

to Si(001) is thermodynamically unstable in contact with silicon and reacts with the
substrate to form silicate at temperatures above 400 °C [16].

Crystalline BaySiOy4 is a candidate that could potentially fulfill all requirements for
a crystalline gate oxide. Even tough Ba;SiO4 has a tetragonal crystal symmetry, it
grows epitaxially on Si(001), whereby its longest crystal axis grows perpendicular to
the Si(001) surface, while the lattice constants in the other two crystal directions are
approximately equivalent to 2 and 1.5 times the Si lattice constant in [110] direction,
respectively [17, 1]. Ba silicates are thermodynamically stable, i.e. the reaction of the
oxides SiO2 and BaO to silicate is exothermic [18]. Moreover, silicates are in general
also kinetically stable up to their desorption temperature above 750 °C [17, 19, 20, 21],
making their thermal stability comparable to that of SiO,. In addition, BaySiO, also
fulfills other important requirements placed upon high-k materials. Epitaxial films
have shown a dielectric constant of 22.8 £ 0.2, band offsets to p-Si(001) of over 2 eV
and an acceptable leakage current of 3 mA/cm? at -1V [1]. The main problem that
remains is that these films featured a high density of interface traps of D; = (1 +
0,5) x 10" eV~tem™2 [1]. One of the primary factors contributing to this is most
likely the growth process, which relied upon the diffusion of Si from the substrate
into a deposited BaO layer in order to form the silicate layers. The diffusion leads
to an atomically rough interface and since it requires concentration gradients, it may
introduce local disorder and variations of the chemical composition.

In order to avoid the diffusion problem, a co-deposition growth method, in which Ba
and Si are evaporated simultaneously in an oxygen atmosphere, is implemented in this
thesis. The expectation is that this will reduce the interface trap density. Also, this will
hopefully allow for a reduction of the annealing temperature required to grow epitaxial
films, since the diffusion of Si from the substrate is not required anymore. The films
grown by Si diffusion from the substrate required a rather high annealing temperature
of around 670°C [1]. The main goal of this thesis is to gain an understanding of the
intricacies of the epitaxial growth process of BaySiO4 on Si(001), in particular with
respect to the formation of the epitaxial interface, in order to enable the purposeful
manipulation of the interface. Therefore, the scope of this thesis is not limited to
the search for alternative gate dielectrics, but also encompasses a contribution to the
physical understanding of the formation of epitaxial semiconductor-insulator interfaces,
which are of scientific and technological interest for various reasons beyond the use as a
gate dielectric, e.g. as wave guides [22], barriers for tunnel junctions and spin filters [23].

A structural investigation of the BaySiOy films and their epitaxial interface to Si(001)
is performed by employing x-ray photoelectron spectroscopy (XPS), low energy elec-
tron diffraction (LEED) and aberration-corrected scanning transmission electron mi-
croscopy (STEM). MOS test capacitors are prepared in order to perform an electrical
characterization. Parts of this thesis were already published in [24].
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2. Scientific background

2.1. High-k materials

2.1.1. The MOSFET

Gate (G)
Source (S) Drain (D)
— P
n* main channel n*

p-type substrate

T

Substrate

Figure 2.1.: Tllustration of an n-channel metal-oxide-semiconductor field-effect transis-
tor (MOSFET). Based on Ref. [25].

The metal-oxide-semiconductor field-effect transistor (MOSFET) is a voltage-controlled
resistor. As illustrated in Fig. 2.1, it consists of a low doped semiconductor substrate,
typically silicon, a source and a drain contact for the main current, a gate contact
that is insulated from the source-drain-channel by a thin oxide layer and, optionally, a
substrate contact at the back [25, 26]. In the case of a p-type substrate, as shown in
the figure, the source and drain contacts are highly doped n-type regions. This creates
an npn structure, so that the current flow from source to drain is inhibited due to the
formation of depletion zones at the transitions of the doping regions. By applying a
voltage to the gate contact so that the band edges of the silicon substrate bend down
at the interface to the insulator until the Fermi level is close to the conduction band
edge, thus populating the region close to the insulator with electrons, an inversion
layer or n-channel is created between the source and drain contacts enabling a current
flow [25] (see also section 2.5.1). The electron density in the inversion layer and thus
the source-drain-current can be controlled with the gate voltage.

If an n-type substrate is used, the source and drain contacts are highly doped p-type
regions and a p-channel is created between them by bending the band edges of the

11



2. Scientific background

silicon up at the interface until the Fermi level is close to the valence band edge.
Moreover, by doping the region of the substrate close to the insulator opposite to the
rest of the substrate, a transistor is created that allows current flow between source and
drain if no gate voltage is applied and can be switched off by applying a gate voltage.

In this work, only the middle part of the MOSFET without the source and drain con-
tacts, i.e. MOS-capacitors, will be manufactured in order to characterize the BaySiOy4
thin films.

2.1.2. Requirements for high-k materials

The gate stack works like a parallel-plate capacitor with the insulator as the dielectric.
Its capacitance can be described by [4]:

A
ngokg, (21)

with €¢ being the vacuum permittivity, & being the dielectric constant of the insulating
layer, d being its thickness and A being its area. For a long time SiO, was used as the
gate dielectric. In order to increase the density of the active elements as well as the
switching speeds, the dimensions of the transistors have been continuously reduced.
During this process, the thickness of the dielectric has to be reduced by the same
factor as the area, i.e. the square of the gate length, to keep the same capacitance (see
equation 2.1). Eventually, when the SiO, layer was only a few nanometers thick, the
tunneling leakage currents became so large that they resulted in an unacceptably high
density of power dissipation [2, 3]. It follows from equation 2.1 that the only way to
increase the thickness of the dielectric and thereby reducing the tunneling currents,
while keeping the active area and the capacitance of the gate stack unchanged, is to
increase the dielectric constant of the gate insulator. Therefore, the search for suitable
alternative gate insulators with a higher dielectric constant than SiOy (kK = 3.9), so-
called high-k materials, began [4, 5].

To characterize the high-k materials, the equivalent oxide thickness (EOT), which is
the thickness that an SiO, layer with the same capacitance per area would have, is
defined [4]:

3.9
EOT = - d, (2.2)
where 3.9 is the dielectric constant of SiOs, k is the dielectric constant of the high-k

material and d is its thickness.

While a high dielectric constant is needed to reduce the tunneling leakage currents,
there is a limit to the possible increase due to the inverse relationship between k£ and
the band gap of the insulator (see Fig. 2.2). A large band gap is the prerequisite for
large band offsets to silicon, which are required to inhibit carrier injection from the
silicon into the insulator, since this would lead to leakage currents through the insulator.
Moreover, there are several requirements for alternative gate dielectrics with regard to

12



2.1. High-k materials
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Figure 2.2.: Band gap vs. dielectric constant k for candidate gate insulators [4, 27].

Ba,SiO, data taken from [1].

its interface to silicon, since this is where the main source-drain current flows, and its
thermodynamic and kinetic stability. The requirements for practical application can
be summed up as follows [4]:

. The dielectric constant £ must be high enough so that the material can be used
for multiple scaling cycles. It should be at least greater than 12 and preferably
greater than 25.

. The material must function as an insulator. In particular, this means that the
conduction and valence band offsets between the gate dielectric and silicon must
be at least greater than 1 eV in order to minimize charge carrier injection into
the gate dielectric [28]. Since the band offsets are usually not symmetrical, the
material should ideally have a band gap greater than 5 eV, which limits the
the maximum dielectric constant to about 30 due to the correlation shown in
Fig. 2.2 [4, 28]. Furthermore, no other parasitic conduction mechanisms should
occur.

. It must form a high quality electrical interface with silicon, i.e. low interface
roughness, no interface states or defect states in the Si band gap [29] and high
charge carrier mobility.

. Low density of electrically active defects, i.e. interface traps, fixed charges and
bulk traps.

. Thermodynamic stability in contact with Si: The material must not react with
the silicon substrate, since this would result in the formation of a different chem-
ical compound at the interface, which can affect the properties of the gate stack,
in particular the effective k-value, negatively.

13



2. Scientific background

6. Kinetic stability: It has to be possible to process the material at 1000 °C for 5 s,
so that it is compatible with the standard CMOS processing. This requirement
can be circumvented by using a gate last process [30, 31].

The dielectric constant is the sum of an electronic and a lattice contribution. The
electronic contribution k. is the same as the optical dielectric constant and therefore
the refractive index squared, which is typically 4-5 and at a maximum 8 [32]. Hence,
the majority of the dielectric constant has to come from the lattice contribution k;,
which is given by [33, 32]

2 r7%2
 Ne2zp
- 2

mwro

ki : (2.3)

where N is the number of ions per unit volume, e is the elementary charge, Z7 is the
transverse dynamic effective charge, m is the reduced ion mass and wrg is the frequency
of the transverse optical phonon. In order to obtain large values of k;, Z7 has to be
large and/or wro has to be small. The variation of these two parameters with the band
gap also explains the variation of the dielectric constant seen in Fig. 2.2 [32]. On the
one hand, Z7 is due to the rearrangement of the electronic charge as a consequence of
ion movement. Since this rearrangement requires the electrons to be mobile and the
minimum energy that the electrons in the valence band have to overcome in order to
become mobile is the band gap, Z; increases with decreasing band gap. On the other
hand, the transverse optical phonon frequency wro is directly related to the energy
of the transverse optical phonon by Ero = hwro. If this energy is larger than the
band gap, the phonon can be absorbed by the solid. Consequently, the maximum wro
decreases with decreasing band gap.

2.1.3. Overview of the high-k material selection

Of the extensively studied candidates for an alternative gate oxide, HfOy (k = 25) has
emerged as the best suited for practical applications. Compared to HfO,, ZrO,, while
having the same k-value, is more reactive in contact with Si and can easily form a
silicide [34]. Some of the oxides of the lanthanides have a higher dielectric constant
and lower leakage currents than HfO,, but they are hygroscopic [35, 36, 37]. Y203 is
also a possible candidate, but is has a lower k-value, namely k& = 15 [4], than HfO,.

The silicates of the aforementioned oxides were also investigated, since they have higher
crystallization temperatures [38, 39, 40]. However, their k-value is significantly reduced
as compared to the respective high-k oxide (e.g. HfSiO4: k = 11 vs. HfOy: k = 25).
Furthermore, in contrast to BasSiOy4, which for thermodynamic reasons guarantees the
absence of SiOy at the interface to Si (see section 2.2.1), the silicates of Y [41, 42], Hf,
Zr and La [43, 44, 45] form interfacial SiO, layers.

HfO, has, however, also several drawbacks as a high-k gate oxide. Firstly, O vacancies
lead to trap states close to the silicon conduction band [4]. Moreover, a SiO, layer forms
at the interface to silicon due to the diffusion of O-atoms through the HfO, layer [11].
Although the SiO, layer has the upside of forming a well-defined interface to silicon

14



2.2. Barium silicates

with a low defect concentration and can therefore be desirable in low thicknesses, it
ultimately represents a serious limitation for the scaling to EOTs below 1 nm due to
the associated decrease of the effective dielectric constant.

The search for alternative gate dielectrics is mainly focused on amorphous materials.
The argument against polycrystalline layers is that the grain boundaries might lead
to higher leakage currents and that they can furthermore serve as diffusion paths for
dopants from the silicon making it easier for an electrical breakdown to occur [4]. How-
ever, most of the oxides that are considered as alternative gate dielectrics have crys-
tallization temperatures well below 1000 °C, so that nanocrystalline layers can easily
form during the device processing [4, 46]. In particular, HfO, crystallizes at 400 °C [4].
In order to increase the crystallization temperatures nitrogen is built into the oxides,
which also lowers the diffusion rates of atoms inside the layers [47]. Nevertheless, no
difference in the leakage currents of amorphous and nanocrystalline HfO, layers was
found experimentally [48, 49].

2.2. Barium silicates

Barium silicates are ionic compounds with Ba-ions as cations and anions consisting of
SiO4-tetrahedra. The various compounds are a mixture of BaO and SiO, in different
ratios. Out of all the barium silicates, BaySiOy4, which is the focus of this work, is the
one with the highest Ba concentration. Its anions are single SiO,4-tetrahedra, while the
anions of the compounds with higher Si concentrations all consist of multiple SiO4-
tetrahedra that are connected by an O-bridge, i.e. two tetrahedra share one O atom.

2.2.1. Thermodynamic stability
BaySiOy4 is thermodynamically very stable. In particular, the reaction of the oxides

SiO, and BaO to silicate is exothermic, i.e. the heat of formation AH from the oxides
at room temperature (RT) is negative [18]:

2 BaO + SIOQ — BaQSiO4, AHggg Kk = —64.48 kcal/mol

Moreover, it is generally thermodynamically more favorable to form a silicate than to
keep SiO, in the system:

2 BaO + 4 SiOy — BaySiO4 + 3 SiOs, AHygg x = —64.48 keal /mol
— 2 BaSiO3 + 2 SiOs, AHyg g = —76.06 keal /mol
— BaySizOg + SiOs, AHygg x = —82.42 keal /mol
— 2 BaSiyOs, AHygg k = —82.56 keal /mol

With respect to the growth of BagSiO4 thin films on Si(001) this guarantees the absence
of SiO4 at the interface. However, excess SiOy does of course result in the formation of

15



2. Scientific background

a silicate with a higher Si concentration than BaySiOy4, which can impede the epitaxial
growth and could impact the performance of the thin films negatively. Therefore, the
oxidation of the Si substrate cannot be disregarded. From the above data, the energy
gain from the incorporation of SiO, into the silicate seems to saturate at BaySizOyg,
at least at room temperature. However, for the growth of BaySiO, this would already
represent an extreme SiOs surplus of more than three times the necessary amount, so
that is unlikely to have an effect in this case.

The incorporation of BaO into the silicate is also generally thermodynamically favor-
able:

12 BaO + 6 SiO, — 3 BaSi»O5 + 9 BaO, AHsgg ¢ = —123.84 keal /mol
— 2 BaySizOg + 8 BaO, A Hagg x = —164.84 keal /mol
— 6 BaSiO3 + 6 BaO, AHggg x = —228.18 keal /mol
— 6 BaySiOy, AHsgs ¢ = —386.88 keal /mol

Since BaySiOy is, however, the barium silicate with the highest Ba concentration, excess
BaO during the growth of BaySiO,4 would remain as BaO.

The heats of formation for the various silicate formations above were determined using
the data from Barany et al. [18]. These considerations also demonstrate that for
the growth of BaySiOy it is important to adjust the ratio of at least two of the three
elements to avoid the formation of a different type of silicate.

2.2.2. Crystal structure and matching of Ba,SiO, to Si(001)

The crystal structure of BaySiO, is shown in Fig. 2.3a). As stated above, this is
the only barium silicate crystal structure that has exclusively single SiOy-tetrahedra
as anions. As an example the crystal structures of BaSiOs3, which has infinite SiOy-
tetrahedra chains, and BaySizOg, which has chains of six SiO4-tetrahedra, are shown
in Figs. 2.3b) and c), respectively, for comparison. This means that all O atoms in
BaySiO4 form exactly one bond to Si and one bond to Ba, while the other barium
silicates all have a proportion of O atoms that form two bonds to Si. This fact can be
used to calibrate the system by XPS (see sections 4.1 and 4.4).

BaySiO, grows epitaxially on Si(001) with its c-axis normal to the surface [17, 1].
Disregarding the (2 x 1) reconstruction, the Si(001) surface has a square symmetry
with a lattice constant of agjo1) = 3.84 Ain [110] direction. The lattice constants of
BaySiO4 along the a and b-axes are approximately equivalent to 2 and 1.5 times the
Si(001) lattice constant, respectively. This means that, in principle, the BaySiO, lattice
constant in a-direction fits approximately 1:1 with the (2 x 1) reconstruction of the
Si(001) surface, although it is not clear whether this reconstruction is maintained at the
interface between an epitaxial BaySiO, film and Si(001). The exact lattice mismatch
between BaySiO4 and Si(001) depends on the source of the BaySiOy lattice constants.
A comparison of different sources is done in table 2.1.
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Figure 2.3.: Crystal structures of (a) BaySiO, (a = 7.602 A, b= 5.884 A, ¢ = 10.413 A,
a=pf=~=090), (b) BaSiOs (a = 4.638 A, b = 5.692 A, ¢ = 12.708 A,
a=pf=7v=90°), (c) BaySisOs (a = 12.665 A, b= 4.756 A, c = 14.149 A,
a=v=90° f = 93.472°). The wire boxes mark the unit cells. Drawn
with VESTA [50] with data from [51, 52, 53].

a/A a/agi(oo1) b/A b/asi01) Source

7.602  1.9797 5.884  1.5323 Materials Project [51]
7.69 2.0026 .86 1.5260 Springer Materials [54]
7.51 1.9557 5.81 1.5130 Norton et al. [17]
7.498  1.9526 5.805  1.5117 Pieper et al. [55]

Table 2.1.: Lattice constants a and b of BaySiO, in A and in multiples of the Si(001)
lattice constant agjoo1) = 3.84 A from different sources

2.3. Low energy electron diffraction

Low energy electron diffraction (LEED) is a method for studying the structure and
morphology of surfaces. It was discovered by Davisson and Germer in 1927 [56] and
has since become one of the most important surface science techniques. The technique

17
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is based on the analysis of the interference pattern created by the elastic scattering of
electrons on a crystal lattice. Monochromatic electrons are accelerated onto the sample
and the resulting diffraction pattern is either made visible with a fluorescent screen or
recorded with a channel electron multiplier (CEM). A retarding grid ensures that only
elastically scattered electrons reach the screen or the CEM.

Low energy electrons with energies between 50 —200 eV are used for two reasons: First,
their de Broglie wavelength [57]

(2.4)

is between 0.9 A (200 eV) and 1.7 A (50 eV), and therefore in the dimensions of the
typical lattice constants in crystals, making it possible for diffraction phenomena to
occur. Second, due to the short mean free path between approximately 0.4 and 0.9 nm,
which corresponds to about two to four monolayers, of the electrons in this energy range
they are highly surface sensitive [58].

2.3.1. Kinematic approximation and Ewald construction

The kinematic approximation is a simple method to describe the diffraction on a crystal,
that only considers single scattering. The diffraction from the atoms at the positions
7(n) can be described as a sum of electron wave functions with the incident wave vector
k; and the scattering vector K , which is defined as the difference of the incident wave
vector and the final wave vector k 7, as follows [57]

V(KK Zf exp(f? F(n)), (2.5)

where f(n, K, l;:;) is the structure factor at the positions 7(n). The absolute square of
this wave function gives the intensity of the diffraction spots [57]

IR F) = [W(E, R =3 fn, K F) f*(m, K, F) exp (zf? - (F(n) — F(m))) (2.6)

This also means that the phase information is unfortunately lost in the diffraction
experiment, so that an unambiguous reconstruction of the real space structure is not
possible.

The diffraction spot intensity assumes a local maximum, i.e. diffraction spots are ob-
served, when the Laue condition

K=Fk—-k =G (2.7)
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Figure 2.4.: Ewald construction for the scattering on a 3D crystal (a), a 2D crystal
(b) and the scattering of low energy electrons on a real surface (¢). There
are multiple final wave vectors Ef for a given incident wave vector l;:; The
reciprocal lattice vector is only drawn for one final wave vector.

is fulfilled, where Gisa reciprocal lattice vector, for which G, Ry = 20N, a,b =
1,2,3 holds, with R being a real space lattice vector, d,; being the Kronecker delta
and N being an integer. A graphic determination of all occurring Ef for a given k; is
possible with the Ewald construction (see Fig. 2.4a)), which is obtained as follows: The
vector lgz is drawn into the reciprocal lattice in such a way that its end point coincides
with a reciprocal lattice point. Then a sphere with the radius |l;:;|, which represents
the conservation of energy during the elastic scattering process, is drawn around the
starting point of the vector. Every reciprocal lattice point intersected by this sphere
becomes the end point of a final wave vector Ef, whose common starting point is the
same as that of the incident wave vector.

In the case of the scattering on a two-dimensional lattice, the Laue condition only
applies to the components of the wave vectors parallel to the surface

2l

Rl =l -Fl =g (2.8)

where ¢ is the reciprocal lattice vector of the two-dimensional crystal. Since the pe-
riodicity perpendicular to the surface is infinite, the distance between the reciprocal
lattice points becomes infinitely small, resulting in Ewald rods and a modified Ewald
construction as shown in Fig. 2.4b). As a consequence, the diffraction on a two-
dimensional lattice leads to generally more diffraction spots than the diffraction on a
three-dimensional lattice.

The diffraction of low energy electrons on a real surface, while dominated by the sur-
face, is still affected by the first few atomic layers below the surface due to the small
penetration depth. This leads to an intensity modulation of the Ewald rods as indi-
cated in Fig. 2.4c). A diffraction spot is observed when the Laue condition is fulfilled
for the components of the wave vectors parallel to the surface. If it is also fulfilled for
the vertical component, the intensity of the diffraction spot assumes a maximum.

The kinematic approximation is sufficient to describe the positions of the diffraction
spots. However, the strong interaction of the electrons with the solid necessary for the
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high surface sensitivity also results in strong multi scattering effects, which are not
considered in the kinematic approximation [59]. Therefore, a detailed description of
the spot intensity, which in needed in particular for the determination of the positions
of the atoms in the unit cell, requires the more sophisticated dynamic LEED theory,
which takes multi scattering into account (see e.g. [60, 61]).

2.3.2. The SPA-LEED instrument

a) octopole plates b)  w» ©n ©o ©n © ©3

screen + grid +

= entrance lens //~" - TeEY
- - N

electron gun

BN

-
—

channeltron - = + i i

screen plates crystal plates R K"

Figure 2.5.: The Spot Profile Analyzing LEED: (a) Illustration of a SPA-LEED instru-
ment with an octupole deflection unit. (b) Modified Ewald construction
in the case of the SPA-LEED in reciprocal space. As the deflection volt-
age is changed, the incident and final wave vectors move together drawing
a circle (thick black line) around the starting point of the incident wave
vector. The dashed lines mark the size of the regular Ewald sphere (see
Fig. 2.4). [62, 63, 57]

In this work a Spot Profile Analyzing LEED (SPA-LEED), which is illustrated in
Fig. 2.5a), is used to record LEED patterns. Electrons with energies between 10 and
500 eV are accelerated onto the sample surface by an electron gun. The scattered elec-
trons are detected with a channel electron multiplier, also referred to as a channeltron,
which is mounted at an angle of 4° to the electron gun. A grid in front of the detector
ensures that only elastically scattered electrons are detected.

Between the electron gun and the sample sits the octupole deflection unit, which con-
sists of three octupoles in series. Each octupole in turn consists of four plate capacitors
arranged in angles of 45° to each other around the electron path. All plates of the mid-
dle octupole are grounded. The outer octupoles are polarized opposite to each other,
thereby forcing the electrons on a parabolic path if a deflection voltage is applied. By
varying the deflection voltages, the angle in which the electrons hit the surface, and thus
the component of the respective wave vector parallel to the surface, can be changed,
both in z and in y direction, making it possible to scan the reciprocal space [62, 63].

As the deflection voltage is changed, both the incidence and the reflection angle are
varied by the same amount. As a result, in reciprocal space the incident wave vector
and the final wave vector are turned together, with the angle between them remaining
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2.3. Low energy electron diffraction

constant, which creates a modified Ewald construction with twice the radius of the
regular Ewald sphere [57] as illustrated in Fig. 2.5b). Consequently, at the same energy
the SPA-LEED measures a larger area of the reciprocal space than the conventional
LEED. Moreover, the (00)-spot is recorded by the SPA-LEED, which is covered by the
shadow of the electron gun in a conventional LEED.

If the deflection unit is switched off, the SPA-LEED can be used like a regular LEED
by using the built-in screen instead of the channeltron to detect the electrons. This
mode is mainly meant for maintenance. Moreover, there is an entrance lens that can
be used to focus the electron beam on the sample, in order to correct for an inaccurate
sample position.

2.3.3. Interpretation of LEED patterns

a)  Real space LEED b)  Real space LEED
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
° ° ° ° o o o o ° ° ° °
. . . o o o o JLoop00000 o o R N
o o o o
b ° ° ° ° ° °
omlb 00000000
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
a o ° ° 0 o's%0 ° ° ° °
° ° . ° 00000000 ° ° ° .
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
C) Real space LEED
domain 1 domain 2 ® %, ° 8§ o 0 o
e o o o o o L4 L4 L4 L4 ° ° ° ° °
[ ] [ ] [ ] [ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ]
[ ] [ ] [ ] [ ] [ ]
[ ] [ ) [} [} [ ) [ )
[ ] [ ] [ ] [ ]
L_J [ X BN J [ ] e o0 [ _J
[} [} [} [}
[ [ ) [} [ ] [ ] [ ) [ ) [} [} [} [}
(] [ [ ) [ ) [} [ ] [ ) [} [ ] [ )
[ ] [ ] [ ] [ ] [ ]
[ ] [ ) [} [ ] [ ) [ ) ) () [ ] [ ]
% ¢e°¢ 8 o % ¢

Figure 2.6.: Interpretation of LEED patterns: (a) A rectangular lattice in real and in
reciprocal space. (b) The content of the unit cell, indicated with unfilled
circles, does not affect the positions of the diffraction spots, only the in-
tensities. (¢) Two domains with rectangular lattices, turned by 90° to each
other. The LEED image is a superposition of the corresponding reciprocal
lattices.

The LEED pattern represents the reciprocal lattice of the investigated surface. With
a regular LEED this is achieved by choosing an angle of incidence of 0° to the surface
normal, so that |l§iH = 0. From equation 2.8 it then follows that the final wave vectors
E}U that lead to diffraction spots are equal to reciprocal lattice vectors. Hence, the
LEED pattern becomes a representation of the reciprocal lattice. With a SPA-LEED
this is achieved with the octupole deflection system. The joint rotation of the incident
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and final wave vectors in reciprocal space shown in Fig. 2.5b) can also be viewed as the
rotation of the scattering vector K , i.e. varying the deflection voltage of the octupole
plates changes Kl Thus, according to equation 2.8 the diffraction spots sit at the
endpoints of reciprocal lattice vectors that start at the origin.

In the LEED pattern, a real space length a is represented by the reciprocal length
27 /a. As illustrated in Fig 2.6a), this means that, while a rectangular real space lattice
remains rectangular in the LEED pattern, the shorter side becomes the longer side and
vice versa. Moreover, the arrangement of the LEED spots only represents the lattice of
the investigated crystal. The contents of the unit cell, which are indicated in Fig 2.6b)
with unfilled circles, do not affect the spot positions, but only their intensities. Lastly,
real surfaces often feature more than one crystal domain, e.g. two rectangular lattices
with the same lattice constants but at an angle of 90° to each other as illustrated in
Fig 2.6¢). In that case, the LEED pattern is a superposition of the reciprocal lattices.

2.4. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a type of photoelectron spectroscopy that
uses photons with energies in the 1—2 keV range, which is high enough to release
electrons from the atomic core levels. For this reason, the energies of the ejected
electrons are characteristic of the chemical element they originate from, which enables
a determination of the chemical composition of a sample by comparing the energies
of the elastic peaks in the XPS spectrum with literature (for example Refs. [64, 65]).
Moreover, small shifts of the elastic peaks depending on the chemical environment
allow for a determination of the chemical bonding state of the respective atoms.

XPS is a surface sensitive technique, which is a result of the mean free path of the
ejected photoelectrons. However, it is not quite as surface sensitive as SPA-LEED,
due to the generally higher kinetic energy of the electrons. The contribution of each
layer below the surface to the overall signal decreases exponentially with the combined
thickness of the overlying layers, with the first approximately 6 nm contributing 95%
of the signal [66]. This can also be used to estimate the thickness of thin films by
measuring the intensity of a substrate peak.

2.4.1. Binding energy of core level peaks

XPS is based on the photoelectric effect. In the simplest description, a photon with the
energy hv hits a surface and is absorbed by an electron with the binding energy Ejp.
If the photon energy is larger than the sum of the binding energy of the electron and

the work function ®, of the sample, the electron is released from the solid. It follows
from the conservation of energy that

hy = EB + Ekm + (I)s, (29)

where Fj;, is the kinetic energy of the photoelectron after it is released from the solid
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Figure 2.7.: Energy level diagram for the emission of a photoelectron and its detection
by a spectrometer

and Ep and FEy;, are given with respect to the Fermi level. The kinetic energy is
then measured in a spectrometer that is in electrical contact with the sample, i.e. their
fermi levels are aligned. Since the work functions of the sample ®, and the spectrometer
D). are generally not identical, a contact potential is formed between the sample and
the spectrometer (see Fig. 2.7), which leads to the kinetic energy Ej,, measured by
the spectrometer being different from Fjy;, as defined above. The kinetic energies are
related by Ep;, + Pspec = Ekin + Ps, so that

hv = Ep + Ey;, + Pspec (2.10)

The kinetic energy scale of the spectrometer is then usually shifted either in the software
or directly in the electronics so that the work function of the spectrometer ®,. is
eliminated, thus simplifying the determination of the binding energy:

Ep =hv — E|

kin*

(2.11)

2.4.2. Auger peaks

Auger peaks are a second type of peak that appear in an XPS spectrum in addition
to the core level peaks as a result of the atoms being in an excited state after a core
electron has been ejected. In the Auger process an excited state of an atom decays
radiation-free with the emission of a second electron. An example is illustrated in
Fig. 2.8. After a core level electron has been ejected by means of the photoelectric
effect, the resulting vacancy in the inner shell is filled by an electron from a shell with
a higher energy. The energy that is released is transferred to another electron, which
is thereby emitted from the atom. The corresponding Auger peaks are labeled with
the shells involved. For the process in the example this would be KLj 3Ls 3, with the
first letter indicating the shell with the initial vacancy, the second letter indicating the
shell from which the first electron decays and the third letter indicating the shell from
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Figure 2.8.: Auger process: After an electron is released by photoemission (left), the
vacancy is filled by an electron from a higher energy level, which releases
enough energy for a second electron, the Auger electron, to be ejected from
the atom (right).

which the second electron, i.e. the Auger electron, is ejected. A V is used for electrons
in the valence band.

The kinetic energy of the Auger electron is independent of the energy hr of the incident
photon, since the photon is not directly involved in the Auger process. Let A, B and
C be the energy levels involved (in the example in Fig. 2.8 A, B,C' = K, Lo 3, L2 3) and
E4, Eg and E¢ be the corresponding binding energies. Then E4 — Ep is the energy
released through the decay, which is transferred to the Auger electron. In the simplest
description, the kinetic energy of the Auger electron can thus be approximated as

EABC%EA_EB_EC' (212)

In a more complete picture, which takes into account the interaction of holes in the
final state and screening effects, the kinetic energy of the Auger electron is given by [67]

Fapc = Ea— Ep — Ec — Epca + Rein + Reeas (2.13)

where Epc , is the energy of the interaction of the holes in B and C' in the final state
x and R, ;, and R, ., are the intra- and extra-atomic relaxation energies.

2.4.3. The XPS spectrum

An XPS overview spectrum of a BaySiO, thin film with a thickness of 1 nm on Si(001)
is shown in Fig. 2.9 as an example. It was recorded with an Al K« source. The sharp
peaks are due to elastically scattered photoelectrons and can be assigned to a core
level of one of the three elements. Silicon has two core level peaks, Si2s and Si2p, in
the given energy range (They actually originate from the substrate. The intensities of
the thin film Si contributions are too low for them to be visible in the plot. See also
section 4.8). Furthermore, there is one oxygen peak, the O 1s peak, and several barium
peaks. Most of the barium peaks are split into doublet peaks due to the spin—orbit
interaction. For example, the Ba 3d peak is split into a Ba 3d3/, and a Ba 3ds/, peak. In
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Figure 2.9.: XPS spectrum of a 1 nm thick BaySiO, thin film on Si(001)

addition, there are two Auger peaks in the spectrum, the O (KVV) and the Ba (MNN)
peaks.

An x-ray source is typically equipped with an Al/Mg dual anode. Their main emission
lines are at 1486.6 eV for Al and 1253.6 eV for Mg. The dual anode makes it possible
to differentiate between core level peaks and Auger peaks by changing the excitation
energy. Since the energy of the Auger electrons is independent of the photon energy,
the core level peaks and the Auger peaks shift relative to each other when the excitation
energy is changed. In the binding energy scale the core level peaks remain at the same
energy, while the Auger peaks are shifted by 233 eV, i.e. the difference between the
excitation energies. This seems counterintuitive at first. However, one has to keep
in mind that the binding energy is only defined for the core level peaks, and has no
meaning with respect to the Auger peaks.

The background of the spectrum is due to inelastically scattered electrons. It increases
towards low kinetic energies, i.e. high binding energies. The reason for the large back-
ground is that, while the elastic peaks are almost exclusively due to electrons originating
from the first few nanometers of the sample because of their short mean free path, the
incident x-rays actually have a much higher penetration depth. This leads to a large
contribution of inelastically scattered electrons from the lower layers.

2.4.4. Core level peak shapes and shifts

Relaxation shifts

The kinetic energy of the emitted photoelectron according to the equations 2.9 and 2.10
is only correct if Koopman’s theorem is fulfilled, which assumes that after the ionization
of the atom all other electrons remain in the same state as before the ionization. In
reality this is, however, not the case. The main reason for this is the so-called relaxation
shift. First, the core hole created by photoemission is screened by core electrons in
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other states relaxing in energy to lower states, which makes more energy available
to the emitted photoelectron. This intra-atomic relaxation shift is represented by an
energy F, [68]

E}, =hv — Eg — ®ypee + E,. (2.14)

Furthermore, the weaker bound valence electrons, which in the case of an atom in a
solid are involved in the bond formation with other atoms, will also screen the core
hole. This leads to an additional inter-atomic relaxation shift represented by the energy
E, [68]

El/cm = hv — EB - (I)spec + Ea + Er' (215)

The relaxation shifts are much smaller than the binding energy. Typically, Eg is several
hundred eV while F, and F, are only a few eV.

The chemical shift

The chemical shift is an experimentally very important shift of the core level peaks
depending on the local chemical and electronic environment of the associated atoms,
which allows for a determination of their chemical bonding state. There are two contri-
butions to the chemical shift. First, there is the inter-atomic relaxation shift discussed
above, which depends on the neighboring atoms. Second, there is the ‘true chemical
shift’, which is a shift of the original binding energy due to the bonds formed to other
atoms [68]. The bond formation leads to the electron density in the outer shells either
increasing or decreasing. If it decreases, the associated reduction of the effective neg-
ative charge around the nucleus results in the core level electrons being bound more
tightly, i.e. their binding energy increases, and vice versa. Both contributions are sig-
nificant for the overall shift and the inter-atomic relaxation shift can even surpass the
‘true chemical shift’ [69]. The ‘true chemical shift’ between the bonding states ¢ and j
of an atom is the difference of the respective binding energies [68]

Since XPS measures core level electrons, only the combined effect of all bonds of the
atom is measured, i.e. bonds are not measured directly. For example, there is no
unique O 1s peak associated with Si-O bonds. Since O-atoms form two bonds, there
are different peaks for e.g. Si-O-Si and Si-O-Ba bonding states (see also section 4.1).

Satellite features of core level peaks

There are several satellite features that can accompany a core level peak. Since the
emission of a photoelectron is a rapid process, the system does not necessarily reach a
stable equilibrium at the point the photoelectron is emitted. One such excited state is
the creation of electron-hole pairs around the Fermi level, which reduces the energy of
the emitted photoelectron. This leads to satellite peaks, so-called shake-up features,
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close to the main core level peak at lower kinetic energies, creating an asymmetric
peak shape [68]. Another possible excited state is the creation of bulk or surface
plasmons, which gives rises to plasmon loss features at lower kinetic energies than the
main peak [68]. The plasmon loss satellites have an even lower kinetic energy than the
shake-up features, so that they can usually be visually distinguished from the main
peak.

Furthermore, there are satellites at higher kinetic energies, due to the source not being
completely monochromatic. In addition to the main Koy 5 line, the Al and Mg targets
also produce several weaker lines resulting from less likely transitions. The positions
and intensities relative to the main Ko 5 line are listed in table 2.2. The most impor-
tant ones are in both cases the Kasg and Kay lines, which produce the most intense
satellite peaks.

Al Mg
Line AFE (eV) Intensity (%) AEFE (eV) Intensity (%)
o2 0 100 0 100
o/ 5.8 0.7 4.6 1.0
a3 9.7 7.3 8.5 9.1
oy 11.7 3.1 10.1 5.1
Qs 20.0 0.41 17.4 0.76
o 23.6 0.28 20.6 0.48
Ié] 70.6 0.76 48.6 0.55

Table 2.2.: Relative energies and intensities of the Ko satellites and K5 bands for Al
and Mg [70]

2.4.5. Intensity of core level peaks

The intensity of the core level peak for the state A in the case a laterally homogeneous
sample is given by [71]

Iy=r-T(Ex) -0 / OOO ealz) - exp (_ / /ZO - (EA,;) =T dz’> iz (2.17)

where c4 is the concentration of the Element A, o4 is the photoionization cross section
of the state A, A\(E4) is the mean free path of electrons with the kinetic Energy E4
of the core level peak A in the material the electrons pass through, T(E4) is the
transmission function of the analyzer for electrons with the kinetic energy Ey, 9 is the
angle between the normal of the sample surface and the analyzer, and « is a device-
specific constant.

For single phase samples ¢4 and A(E4) can be assumed to be isotropic, so that the
equation can be simplified [66]:
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This means that the sensitivity of the instrument is determined by three factors: The
photoionization cross section 04, the mean free path A(E4) and the transmission func-
tion T'(E4) of the spectrometer. In order to compare the intensities of different core
level peaks, relative sensitivity factors RSF(A) o o4 AM(E4) T(E4) are defined so that

i I
oA MEA) -T(Ex) -~ RSF(A)

(2.19)

Cp X

Usually the relative sensitivity factors are defined so that either RSF(F'1s) = 1 or
RSF(C 1s) = 1. The RSF's can be used to determine relative intensities of the elements
in the sample. The accuracy of this method greatly depends on the accuracy with
which A(E4) is known. The mean free path A(E,) is usually assumed to be a universal
function [58]. However, there can be rather large deviations from the universal function,
especially for complex oxides like BaySiOy.

2.4.6. Determination of the layer thickness

The thickness of a thin film can be determined with XPS by measuring the damping
of a substrate peak. For a homogeneous layer with thickness d this damping of the
substrate peak intensity is given by [67]

Lsup(d) = Lsup(0) - exp <—m) ; (2.20)
where I;(d) is the intensity of the substrate peak with the thin film and I,;(0) is the
intensity of the same substrate peak but without the thin film both measured under
identical conditions, A(F) is the mean free path of electrons in the thin film at the
kinetic energy of the substrate peak and ¢ is the angle between the sample surface
normal and the analyzer. Thus, by measuring Is,;(d) and I,;(0) the film thickness can
be determined via

d=ME) - cos(?) - In (EZZES;) : (2.21)

Since this method requires the substrate to be visible in XPS, it only works for film
thicknesses of up to approximately 10 nm. Ideally, I4,(d) should be determined for
several thicknesses with known ratios in order to increase the accuracy of the method.
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The mean free path can be looked up in the NIST Electron Inelastic-Mean-Free-Path
Database [72].

2.5. Underlying theory of the electrical characterization

2.5.1. The different regions of a MOS capacitor and the CV-curve
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Figure 2.10.: Band diagrams of a metal oxide semiconductor (MOS) capacitor with a
p-type semiconductor: (a) Equilibrium state for the case that the work
functions of the metal and the semiconductor are identical. If a volt-
age is applied, three regions can be distinguished: (b) accumulation, (c)
depletion and (d) inversion. Based on [73, 26].

The band diagram of a MOS capacitor for the example of p-type silicon is shown in
Fig. 2.10a). In the context of a MOS capacitor it is convenient to define modified
work functions ®,, and ®,, whose energies are measured from the Fermi level to the
conduction band of the oxide as shown in the figure [73]. In this idealized example the
work functions of the metal and the semiconductor are the same, so that there is no
band bending of the semiconductor bands in the equilibrium state.

The MOS structure works essentially like plate capacitor, where one plate is replaced
by a semiconductor. By applying a voltage to the metal, charge is deposited on the
metal, which induces an equal charge of opposite sign in the semiconductor. Three main
regions can be distinguished, which are discussed in the following for the example of a
p-type semiconductor. If the voltage applied to the metal is negative, the band edges
of the semiconductor bend upwards at the interface to the oxide, which leads to a
hole accumulation near the interface (Fig. 2.10b)) [73]. This voltage region, where the
density of the majority carriers is increased near the interface, is called accumulation.
Since (in the ideal case) no current flows through the oxide, the Fermi level of the
semiconductor remains straight. If a small positive voltage is applied, the bands of
the semiconductor bend downward, leading to a depletion of the majority carriers
(Fig. 2.10c)) [73]. Hence, this region is called depletion. When the positive voltage
is increased further, the intrinsic level E; eventually crossed the Fermi level of the
semiconductor Eps (Fig. 2.10d)). At this point the minority carrier density (electrons)
at the interface is larger than the majority carrier density (holes), i.e. the interface is
inverted [73]. This region is called inversion.
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Figure 2.11.: Space charge at the semiconductor-oxide interface in a MOS capacitor
versus the surface potential for p-type silicon. [26, 74]

For an n-type semiconductor the bands bend in same direction. However, since the
majority carriers are electrons instead of holes, accumulation occurs at positive volt-
ages, while depletion and inversion occur at negative voltages. Moreover, if the work
functions of the metal and the semiconductor are not the same, the voltage at which
the semiconductor bands are not bend, and thus the voltage at which the transition
between accumulation and depletion happens, is different from zero. This voltage is
called the flat band voltage Vy;. In the idealized case that there is no additional charge
in the oxide or at the oxide-semiconductor interface, it is equal to the difference in the
work functions [73]

The capacitance of a MOS structure is the series connection of a voltage-independent
conductance due to the oxide C,, and a voltage-dependent conductance due to the
space charge at the semiconductor surface C;, which is given by the change of the
space charge (s with the surface potential ¥ [73]

~dQ
CdU,

Cs (2.23)
Fig. 2.11 shows the dependence of the space charge for a p-type substrate on the surface
potential, which is related to the voltage V, applied to the metal gate by Wy =V, — V.
The space charge is zero at the flat band condition. In the accumulation region it de-
pends exponentially on the surface potential. In depletion and weak inversion, the
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Figure 2.12.: Capacitance-gate voltage curve for a MOS capacitor with a p-type semi-
conductor substrate. The dashed red line is observed at high measurement
frequencies. Based on [73].

surface charge is dominated by ionized dopants, so that it changes with the square
root of the surface potential. Finally, in the strong inversion region it becomes ex-
ponentially dependent on the surface potential again. In the regions where the space
charge depends exponentially on the surface potential the semiconductor capacitance
Cs becomes very large, so that the overall capacitance of the MOS structure becomes
basically equal to the oxide capacitance C,, in strong accumulation and strong inver-
sion [73] as seen in Fig. 2.12. However, if the measurement frequency is so high that
the generation and recombination of the minority carriers in the inversion layer cannot
follow the voltage changes, the measured conductance in the strong inversion region re-
mains dominated by the contribution of ionized dopants (dashed red line in Fig. 2.12).
In-between these two extremes the capacitance of the MOS structure changes as shown
in the figure due to the variation of the semiconductor capacitance with the gate volt-
age. For n-type substrates the CV-curve is mirrored at the V, = V¥, line.

Furthermore, the CV-curve is influenced by charges in the oxide. Charge either in
the oxide bulk or at the interface to the semiconductor induces a charge of opposite
sign in the semiconductor, which leads to a shift in the flat band voltage and thereby
in the CV-curve. Positive charge in the oxide shifts the flat band voltage towards
negative voltages, while negative charge in the oxide shifts it towards positive voltages
(see Fig. 2.13a)). For a charge ); at the interface to the semiconductor and a charge
density p,, distributed in the oxide, equation 2.22 changes to [25]

Vi — @y — @, — 20 /d (z)d (2.24)
fo — *¥m s Cow Cozd 0 TPog\T) AT, .

where C,, is the oxide capacitance and d is the thickness of the oxide. Moreover, if
interface trap states are present, they have to be charged in addition to the space
charge layer, which leads to a stretch-out of the CV-curve as shown in Fig. 2.13b).
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Figure 2.13.: Effect of oxide charges on the CV-curve: (a) Charge in the oxide or at the
interface to the semiconductor shifts the CV-curve. Positive oxide charge
shifts it towards negative gate voltages and vice versa. (b) Interface trap
states lead to a stretch-out of the CV-curve. Based on [75].

2.5.2. Three-element model and correction for series resistance
b) c)

—= C"

R

Figure 2.14.: Equivalent circuit diagrams for (a) the three-element model, (b) a two-
element model with a conductance and a capacitance connected in par-
allel and (c) a two-element model with a conductance and a resistance
connected in series.

The three-element model, whose equivalent circuit diagram is shown in Fig. 2.14a),
is a model for the measurement of the capacitance of an insulator thin film, that
takes the simultaneous presence of the conductance through the oxide due to leakage
G, and a series resistance R,, which represents the resistance due to the spreading
resistance in the silicon wafer [76] and the contact resistances, to which the resistance
between the wafer backside and the chuck makes generally the greatest contribution,
into account. Its use becomes necessary for the capacitance measurement of a thin oxide
layer with high leakage currents, since the high frequency of the alternating voltage used
to minimize the influence of the leakage current results in an increased contribution of
the series resistance due to the low impedance of the capacitor. Disregarding the series
resistance unjustifiably would lead to a dependency of the accumulation capacitance
of the CV-curve on the measurement frequency, making an accurate determination of
the accumulation capacitance impossible [77].

The measurement at a single frequency, however, only gives an unambiguous result for
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a two-element model, i.e. a model with a capacitance and a conductance connected
in parallel (see Fig. 2.14b)) or one with a capacitance and a resistance in series (see
Fig. 2.14c)) [77]. Therefore, the CV-curves are initially measured assuming only a two-
element model with a parallel conductance as shown in Fig. 2.14b) (see section 3.3.3)
and then corrected for the series resistance afterwards. For this correction, a frequency
dependent (10 —10° Hz) measurement of the absolute value |Z| and the phase ¢ of the
impedance is done at a fixed voltage in strong accumulation, since in this regime the
contribution of substrate and interface traps can be ignored and the series resistance
has the largest effect.

Determination of the series resistance: The impedance Z of the three element
model is given by the parallel connection of the impedances of the conductance Z; =
G, I'and the capacitance Z = (iwC')~!, which is connected in series with Z3 = R,:

Z= (27" + 230 + Zs
= (G +iwC) " + Ry

G, —iwC

= W L g (2.25)
G}% + w2C?

_p oy G —wC (2.26)

GZ+uw?C? T GEy Wi C

where w = 2n f is the corresponding angular frequency of the measurement frequency
f. Equation 2.26 can then be used to determine expressions for the absolute value |Z|
and the phase ¢ of the impedance:

1/2

G 2 —wC \? 2R,G, +1]"?
Zl=|[Rs+ ——2— e = |R24 2P~ 2.27
1] ( +G§+w202) * (G§+w202) [ S+G§+w202} (2.27)
—wC
GZrwic? wC
—arctan | — 2~ | = —arct 2.28
¢ = arctan S+% arctan (RS(GE,—FMQC'Q)-!—G;;) ( )

In order to determine the series resistance Ry, the equations 2.27 and 2.28 are then
used to simultaneously fit the frequency dependent measurements of |Z| and ¢ per-
formed in strong accumulation with one parameter set, where G, C' and R, are fitting
parameters. This fitting process and the subsequent correction of the C (V') and G,(V)
measurements was done using a Maple software developed at the Institut fiir Ma-
terialien und Bauelemente der Elektronik of the Leibniz Universitdt Hannover [78].
Starting values for the fit are extracted from the measurement of C'(V) and G,(V)
based on the two-element parallel model. In particular, a starting value for the series
resistance is determined from
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o Gm,acc
T G2+ wiCE L

m,acc m,acc

R, (2.29)

where C, 4cc and Gy, 4 are the measured values of C' and G in accumulation based
on the two-element parallel model. This expression is determined by comparing the
impedance of the two-element series model (Fig. 2.14c)) with the impedance of the
two-element parallel model (Fig. 2.14b)) under the assumption that the capacitances
in both models are identical [79]. Therefore, it is not very accurate and may have to
be adjusted if the fit does not converge.

Correction for series resistance: Analogous to the determination of equation 2.25,
the impedance of the two-element model with a conductance and a capacitance con-
nected in parallel as shown in Fig. 2.14b) is given by

) G, — szm, (2.30)
G? 4+ w?C2

with C,,, = C' and G,,, = G;. The m emphasizes that these are the measured values

of the capacitance and the conductance (see also section 3.3.3). Equating the real

parts as well as the imaginary parts of the equations 2.25 and 2.30 and solving the

resulting system of linear equations, gives the following expressions for the capacitance

Ceorr = C and the conductance G corr = G) in the three-element model [79]

(sz + wQC;)Cm
— 2.31
CCOT‘T a2 + wzcgl ( 3 )
(G2, + w?C?)a
Gp,COTr — az + wzcgn (232)
with
a=G,— (G2 +wC?)R,. (2.33)

These equations are then used to correct the measured values C,, and G,, for the series
resistance.

2.5.3. Determination of the flat band voltage from the CV-curve

There are many methods to determine the flat band voltage from a measured CV-
curve [80, 81, 82, 83]. In this work two methods are used, the flat band capacitance
method and the inflection point method.

Flat band capacitance method: In this method the flat band capacitance is first
determined and with it the flat band voltage is read from the CV-curve (after correction
for series resistance). The flat band capacitance Cy, is given by the series connection of
the oxide capacitance C,, and the semiconductor capacitance at the flat band voltage
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Figure 2.15.: Determination of the semiconductor capacitance at the flat band condi-
tion: (a) CV-curve after correction for series resistance and (b) the corre-
sponding 1/C?-characteristic. The semiconductor capacitance at the flat
band condition can be determined from the slope m of the linear part of

the 1/C?-curve (dashed line).

Cs b (see also section 2.5.1):

C’o:):CYs,fb

= 2.34
T Coa: + Cs,fb ( )

The oxide capacitance C,, is determined from the CV-curve in strong accumulation.
The semiconductor capacitance at the flat band voltage Cj s is given by [81]

A
Cs,fb = 057, (235)
Lp

where g is the vacuum permittivity, ¢, is the dielectric constant of the semiconductor,
A is the active area of the capacitor and Lp is the Debey length, which is given by [81]

/{ZBTch&s
Lp=\—F%— 2.36

where kp is the Boltzmann constant, T' is the temperature, e is the elementary charge
and Np is the doping concentration, which can be calculated via [81]

2

€E0Es

Np = (Jm| - A%, (2.37)

where m is the slope of the linear part of the 1/C?(V,) characteristic of the measured
CV-curve (units: F72V~! see Fig. 2.15). Thus, the semiconductor capacitance at the
flat band voltage C s, can be determined via
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2e

Copp= 4] ——r.
SO kT [m|

(2.38)

This means that only C,, and m need to be determined from the CV-curve in order
to determine CY,, which can then be used to read the flat band voltage Vj, from the
CV-curve.

However, so far the effect of charged interface traps has not been taken into account,
which leads to an error in the calculated flat band voltage if the interface trap density
is larger than 109 eV~'em=2. With the knowledge of the interface trap density the
shift of the flat band voltage due to charged interface traps can be determined via [80]

€Di E
AVp = 2 (equ n 7) | (2.39)

where e is the elementary charge, e¢pp is the energy distance of the Fermi level from
midgap in the semiconductor bulk, E, is the semiconductor band gap and D;; is the
interface trap density at the corrected flat band voltage. This shift of the flat band
voltage is negative for donor type interface traps and positive for acceptor type interface
traps. This means that the type of the interface traps has to be known in order to apply
the correction. Moreover, since the exact flat band voltage is not known beforehand
and the interface trap density needs to be known at the corrected flat band voltage,
the calculation of the shift is an iterative process that requires the measurement of the
interface trap density for multiple voltages from weak accumulation to depletion.

Inflection point method: The inflection point method was proposed by Winter et
al. [82]. In this method it is assumed that the point of inflection of the CV-curve,
i.e. the point where the first derivative assumes its maximum and where the second
derivative intersects the voltage axis, corresponds to the flat band voltage. Winter et al.
have shown that the voltage at the inflection point coincides with the flat band voltage
as determined with the flat band capacitance method for various samples. However,
the inflection point method is, at least at this point, an empirical method with no
physical theory behind it that explains why the inflection point should correspond to
the flat band voltage. Nevertheless, it has the advantage that it does not require the
knowledge of any parameters and can be used for capacitors with high interface trap
densities without the need for a correction. Especially for capacitors with high interface
trap densities it gives better estimates than for example the 1/C?-method [83], which
for high interface trap densities gives estimates closer to midgap than the actual flat
band voltage.

Since the correction for the interface trap density is very time-consuming, the inflection
point method is used in this work to determine the flat band voltage for all capacitors,
while the flat band capacitance method is only used for selected capacitors in order
to get an idea of the deviation between the two methods. The inflection point is
determined from the maximum of the first derivative of the CV-curve after correction
for series resistance.
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2.5.4. Determination of the interface trap density with the
conductance method

The conductance method is a technique to determine the density of trap states at
the interface between the gate insulator and the silicon substrate from a measurement
of the parallel conductance of a MOS capacitor. An alternating voltage is used to
charge and discharge the trap states. If the frequency of this alternating voltage is
equal to the characteristic frequency of the interface trap states, the interface trap
density D;; as a function of the gate voltage can be determined from the resulting
conductance. The conductance method is considered one of the most accurate methods
for the determination of the interface trap density. In contrast, the capacitance method,
which is based on the measurement of the capacitance associated with the interface
traps [84], has among other limitations [85] the problem that the capacitance of the
interface traps is orders of magnitude smaller than the other capacitances involved,
making a precise measurement difficult.

Figure 2.16.: Equivalent circuit for the conductance method. C,, is the capacitance
of the oxide layer, C, is the silicon capacitance, C}; is the capacitance of
the interface traps and Gy is the interface trap conductance. [80]

The method for the determination of the interface trap density described in the fol-
lowing is valid in depletion. In this region the MOS capacitor can be described by the
equivalent circuit diagram shown in Fig. 2.16, where C,, is the capacitance of the oxide
layer, C'y is the silicon capacitance, Cj; is the capacitance of the interface traps and Gy
is the interface trap conductance, which is related to the measured conductance and
capacitance values by [80]

Git o w ngGp,corr
w - G2 + WQ(Cox - Ocorr)27

p,corr

(2.40)

where w = 27 f is the corresponding angular frequency of the measurement frequency
f and G copr and Copp are the corrected values of the measured conductance and ca-
pacitance according to equations 2.32 and 2.31. In contrast to the original source,
which uses the directly measured values G, and C,, (see also section 3.3.3), the values
corrected for series resistance are used in this work in order to take the substrate and
contact resistances into account, which cannot be neglected for the samples investi-
gated. The oxide capacitance C,, is the capacitance value of the CV-curve in strong
accumulation after correction for series resistance.
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Figure 2.17.: Determination of the correction factor fp: (a) Illustration of a repre-
sentative Gy /w(w) curve. (b) Ratio Git/w(@)/Gy /w0 (fmae) TOr © = 1/5fmas
and = 5f. versus the standard deviation of band-bending o,. (c)
Correction factor fp versus og. First the ratio Git/«(®)/Gy jw(fmar) for ei-
ther x = 1/5f,00 OF © = 5 fi4: has to be determined from the measured
Git/w(w) curve. Then oy is determined from b). Finally, fp is determined
from c). [86, 87|

The ratio G /w peaks as a function of frequency and from its maximum value the
interface trap density can be determined via [80]

(Git/w)maz
D, = ¢ fp A (2.41)
where e is the elementary charge, A is the active area of the capacitor* and fp is a
correction factor, that accounts for variations of the band-bending over the active area
of the capacitor, which results in a broadening of the G} /w(w) function and a reduction
of its maximum value. The correction factor fp is 0.4, if there are no fluctuations in the
band-bending over the active area of the capacitor, and it decreases with an increasing
variance of the band-bending 2. In order to determine fp, the maximum value of
Gy /w and either the value at five times or one fifth of the frequency of the maximum
have to be determined first (see Fig 2.17a)). With these the standard deviation of the
band-bending o can be determined from Fig 2.17b). Finally, fp can be determined
from Fig 2.17c¢).

It is important to use G;;/w as determined by equation 2.40, which represents a correc-
tion of the parallel conductance for the oxide capacitance C,,, for the determination
of the interface trap density, since using G,,/w or G, corr/w directly would lead to an
underestimation of D;; [80].

Since the frequency at which G /w assumes its maximum is not known beforehand, the
conductance and the capacitance have to be measured in dependence of the frequency
(f = 10> — 10° Hz) at a fixed gate voltage. In addition, a CV-curve (corrected for

*The division by the area in equation 2.41 has to be omitted if the initial conductance and capacitance
values used to determine G;;/w are already given per unit area.
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series resistance) is needed to determine the capacitance of the oxide layer as well as
the frequency range of the depletion region. In order to determine the distribution of
the interface trap density in the band gap, the frequency dependent measurements are
done at several gate voltages from flat band to midgap. In this way, the distribution of
the interface trap density in the lower half of the silicon band gap can be determined
if the substrate is p-type, and it can be determined in the upper half if the substrate
is n-type.

The model presented in this section ascribes the conductivity completely to the in-
terface traps, i.e. leakage through the oxide is not accounted for. A leakage current
through the oxide contributes to the measured conductance mainly at low frequen-
cies, which results in an apparent increase of the G;;/w curve towards low frequencies.
In the extreme case the G;;/w curve does not peak but simply increases towards low
frequencies inhibiting an extraction of the interface trap density. This is the case for
some of the capacitors investigated in this work. Hence, no interface trap density is
determined for these capacitors. However, the majority of the capacitors show a clear
maximum and there is no significant difference in the derived interface trap densities
for capacitors on the same sample, whose dc leakage current differs by several orders
of magnitude (see section 5.5), so that the model presented here can still be used for
the samples investigated.

2.5.5. Conduction mechanisms through thin oxide layers

In real MOS capacitors there can still be a non-zero current flow through the insula-
tor, especially at high electric fields or high temperatures. The relevant conduction
mechanisms will be discussed in the following.

In the direct tunneling process an electron simply tunnels through the oxide barrier as
shown in Fig. 2.18a). This is a consequence of the electron wave function penetrating
the oxide barrier, so that there is a finite probability that the electron appears on the
other side of the barrier. The tunneling probability and thus the tunneling current
are proportional to exp(—20d), where d is the oxide thickness and 8 « {[E; + (Fs —
eV)]/2}/2 [25]. E; and E, are the barrier heights as defined in Fig. 2.18a) and V
is the applied voltage. The average barrier height is [F} + (Ey — eV)]/2. When V
is increased, # decreases and the tunneling probability increases exponentially. Thus,
the tunneling probability depends strongly on the applied voltage, but is essentially
independent of the temperature. If the applied voltage is so high that the conduction
band edge of the oxide on the side of the semiconductor is lower than the Fermi level of
the metal as depicted in Fig. 2.18b), the barrier becomes triangular, which decreases the
average barrier height and the tunneling distance as compared to the direct tunneling
process [25]. This process, where the electron only tunnels through the partial width
of the barrier, is called Fowler-Nordheim tunneling.

In the Schottky emission process the electron possesses enough energy to overcome the
oxide barrier as illustrated in Fig. 2.18c). The resulting current depends exponentially
on the temperature. The leakage current density J can be described by [26]
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Figure 2.18.: Leakage current mechanisms through thin insulators: (a) Direct tunnel-
ing, (b) Fowler-Nordheim tunneling, (c) Schottky emission, (d) Frenkel-
Poole emission and (e) hopping conduction. Based on [25, 26].
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where A** is the effective Richardson constant, e®gc is the barrier height, £ is the
electric field in the oxide, €,, is the oxide permittivity, kg is the Boltzmann constant,
T is the temperature and a is a constant.

The Frenkel-Poole emission is the emission of an electron from a trap state in the
oxide band gap into the conduction band of the oxide through thermal excitation as
illustrated in Fig. 2.18d). For trap states with Coulomb potentials the resulting current

density can be described by [26]
x Vexp ( ) : (2.43)

e (@Fp — \/65/71’8033)
kgT
where e®pp is the depth of the trap state as shown in Fig. 2.18d) and a is the same
constant as in equation 2.42. The exponential dependency is similar to that of the
Schottky emission with the difference that, in addition to the barrier height being

6(2&\/V - (I)Fp)
kT

J o Eexp
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different, the barrier lowering by the electric field is also larger by a factor of 2 (2&\/7
instead of av/V') [26].

The hopping conduction is a trap assisted process, in which an electron consecutively
hops from one defect state in the oxide to the next by thermal excitation as illus-
trated in Fig. 2.18¢). The current density has on ohmic characteristic, which depends
exponentially on the temperature [26]

J o< € exp (— 652?) : (2.44)
B

where e® g is the activation energy of the electrons.
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3.1. Experimental setup
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Figure 3.1.: Layout of the UHV chamber used to grow the epitaxial Ba,;SiO4 films.

The epitaxial BaySiOy4 films are grown in an ultra-high vacuum (UHV) chamber with
a base pressure of 7- 107! torr. It is equipped with a SPA-LEED and an XPS, which
are used for the in-situ structural characterization of the BaySiO4 films. The UHV is
the precondition for the epitaxial film growth since it ensures that the silicon substrate
surface stays clean long enough for the film to be deposited without losing the crys-
talline template due to the adsorption of residual gas particles. The UHV chamber is
separated by plate valves into five parts: The preparation chamber, the XPS chamber,
the MBE chamber, the load-lock and the pre-load-lock (see Fig. 3.1). The samples
can be moved between the different parts by transfer rods. Wobble sticks equipped
with grapplers are used to move the sample holders between the transfer rods and
the manipulators respectively the storage place. The samples are introduced into the
vacuum in the pre-load-lock (p = 11077 torr). This is the only part that is regularly

43



3. Experimental

vented outside of maintenance. From here the samples are transferred to the load-lock
(p = T7-107! torr), where up to eight sample holders can be stored. The load-lock is
also connected to the preparation chamber and the MBE chamber.

a)

- \contact ?'

clamp M)

DC heater

4 4’ ‘

E-beam sample holder  ¢) DC sample holder

§ﬁ0

Figure 3.2.: Sample heaters in the preparation chamber: (a) Manipulator head with
an e-beam sample heater (left) and a direct current heater (right). (b)
Sample holder for the e-beam heater with a hole in the back. Left: top
view. Right: bottom view. (¢) Sample holder for the direct current heater.
The support on the right side in insulated from the rest of the holder.

In the preparation chamber (p = 7- 107! torr) the BaySiO, films are grown. For this
purpose, it is equipped with Ba and Si e-beam evaporators and an oxygen inlet. In total
up to five evaporators can be installed. In order to measure the evaporation rates, there
is a quartz crystal microbalance (QCM, 6 MHz), which can be moved in the sample
position. The substrate temperature is measured by a pyrometer using the emissivity
for silicon. Furthermore, a SPA-LEED is installed in the preparation chamber, which
is used to analyze the surface morphology. The manipulator, where the sample holders
are placed, is equipped with micrometer screws that allow an exact positioning of the
sample. It can be cooled with /Ny (and in principle also with ¢He, but it was not
used in this work). The manipulator head is shown in Fig. 3.2a). There are two
different sample heaters. On the right is a direct current heater. The corresponding
sample holder needed to use the direct current heater is shown in Fig. 3.2c). The
silicon substrates (6 x 14 mm?) are clamped on both sides between a metal plate and
a metal sheet. On one side the metal plate and sheet are insulated from the rest of
the sample holder by ceramic washers. The other side is grounded. The insulated side
gets connected to the clamp on the manipulator, which is also insulated from the rest
of the manipulator and connected to the outside by an electrical feedthrough. This
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allows for a current to be sent through the sample and thereby heating it by resistive
heating.

However, in order to deposit the gate contacts on the samples used for the electrical
measurements a metallic shadow mask is placed on the substrate (see section 3.2), so
that the direct current heating cannot be used. Therefore, an e-beam sample heater,
which is commercially available from the company VAb Vakuum-Anlagenbau, was also
installed (left side of Fig. 3.2a)). The working principle is that electrons are emitted
from a heated filament by thermionic emission and accelerated onto the sample, which is
put at high voltage of 1 to 2 kV depending on the desired temperature. During the use
of the e-beam heater the manipulator has to be cooled with /N, to protect the wiring.
The sample holder used for the e-beam heater, which is self-made, is shown in Fig. 3.2b).
It has a hole in the back, so that the accelerated electrons hit the substrate directly. In
this way only the substrate is heated to high temperatures. The sample holder remains
cold enough so that it does not emit visible thermal radiation, even when the substrate
is heated to 1000 °C. Thus, the pressure during the flash annealing remains relatively
low. If done correctly, the substrate can be flash annealed to 950 — 1000 °C without
the pressure exceeding 5 - 107! torr. In combination with the metallic shadow mask
placed on the substrate, a relatively even temperature distribution is achieved. The
temperature difference between the hottest part directly above the filament and the
exposed part of the substrate furthest away from the filament is approximately 20°C
at a substrate temperature of 680 °C.

With the manipulator of the preparation chamber the sample can be moved all the way
into the XPS chamber for the analysis of its chemical composition. The XPS system
is from the company SPECS and consists of a Phoibos 100 spectrometer (100 mm
radius) equipped with an MCD-5 detector and a non-monochromatized x-ray source
with an Al/Mg twin anode. The angle between the x-ray source and the analyzer
is 54°. Furthermore, the MBE chamber is equipped with a large e-beam evaporator
and a quartz crystal microbalance (QCM) to measure the film thickness. The large
e-beam evaporator is used to grow films with thicknesses of several 100 nm. It has
five crucibles, which are filled with different materials, that can be switched without
breaking the vacuum. In this work, it is used to deposit the Au gate contact of the
capacitors for the electrical measurements (see section 3.2).

3.1.1. The Ba and Si evaporators

E-beam evaporators are used to evaporate Ba and Si. Ba is evaporated from a crucible
and Si is evaporated from a rod. The evaporation from a rod has the advantage that
there cannot be any contamination from the crucible. However, it is only possible if
the vapor pressure of the material is low enough so that it directly evaporates from
the solid phase. While a commercially available e-beam evaporator from the company
Tectra is used for Si, the Ba evaporator was built in-house in the workshop of the
Institut fiir Festkorperphysik of the Leibniz Universitat Hannover. Nevertheless, the
working principle, which is illustrated in Fig. 3.3, is the same. Electrons are emitted
from a heated filament by thermionic emission and accelerated onto the crucible/rod
by applying a positive high voltage to the crucible/rod. A water-cooled shield helps
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a) Barium evaporator b) Silicon evaporator

Shutter

Ion catcher

Filament

Mo crucible

Si rod ]

Water cooled
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Figure 3.3.: Ilustration of the Ba (a) and Si (b) e-beam evaporators. Ba is evap-
orated from a crucible and Si is evaporated from a rod by heating with
electron bombardment. For this purpose, a high voltage is applied to the
crucible/rod, which accelerates the electrons emitted from the heated fila-
ments onto the crucible/rod.

with achieving a stable evaporation rate. Additionally, there is an ion catcher, which
is basically a metal plate insulated from the body of the evaporator so that a voltage
can be applied to it in order to attract the ions from the material flux. Under the
assumption that the measured ion current is proportional to the overall material flux
it can be used to determine and stabilize the evaporation rate. A shutter is used to set
the beginning and the end of the material deposition.

For Ba a high voltage of 450 V and a filament current of 1.88 — 1.92 A is used. The
filament current needed to achieve the same evaporation rate slightly increases with
a decreasing filling level of the crucible. A frequency change of 8 Hz/min measured
with the quartz crystal microbalance in sample position, corresponds to the Ba flux
necessary to grow BasSiO4 with a rate of 1.1 ML/min. For Si a high voltage of 1.7 kV
is used. The filament current is controlled by the electronics so that a set ion current
is maintained throughout the deposition. An ion current of 5.5 nA corresponds to the
Si flux required to grow BaySiOy at a rate of 1.1 ML/min. The exact filament current
needed to achieve this ion current varies depending on the position of the end of the
Si rod with respect to the filament. Ideally, the rod should be positioned so that the
filament current is at around or slightly below 7 A during the evaporation. The filament
current should never exceed 8 A since this can damage the filament.

Filling of the Ba evaporator: Barium is highly hygroscopic. On air it quickly reacts
with the water vapor to form hydroxide. Therefore, it has to be stored in mineral oil
and the filling of the evaporator has to be performed in a protective gas atmosphere.
For this a glove bag is used, which gets filled with nitrogen gas directly from a ¢Ny
can. First of all, the bag is flushed with nitrogen gas five times. After refilling the
bag again, the barium, which is still in the mineral oil, and the required tools are put
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inside. The Ba pieces are then thoroughly cleaned in n-hexane in order to remove the
mineral oil. This step is very important, since the mineral oil does not easily evaporate
in the vacuum. If the crucible is contaminated with mineral oil, the long hydrocarbon
chains decompose when the crucible is heated, resulting in the release of CH, radicals
into the vacuum as confirmed by a mass spectrometer. In the 10 — 15 min it takes
to achieve a stable evaporation rate, a monolayer of these molecules easily attaches to
the silicon substrate surface, as confirmed by XPS, destroying the crystalline template
and thereby rendering an epitaxial growth impossible. Alternatively, vacuum sealed
barium can be used, which is, however, more expensive. After the barium pieces are
cleaned, they are cut into smaller pieces using a side cutter, put into the crucible and
then pounded down using a ceramic rod and a hammer. After that, the Ba pieces inside
the crucible are covered with n-hexane and the crucible is taken out of the glove bag.
As quickly as possible, the crucible is mounted in the evaporator and the evaporator
is installed in the vacuum chamber, which is then pumped down. The n-hexane in
the crucible is refilled as needed. The system is set up so that the Ba evaporator can
be pumped separately from the main chamber by a dedicated turbo pump. Thus, it
can be refilled without venting the preparation chamber. The setup is similar to the
one described in figure 3.2 of Ref. [88]. After the bake-out the evaporator has to be
thoroughly degassed, which takes about 1 — 2 weeks.

3.2. Sample preparation

a)+ + i ievaporator ¢ b)
l E
D [m [m] [m] [m] [«] [x]
400 um 200 pm
. Au capping J= -
200 nm SiO, (~200 nm) Ba,Si0, C 300 pm IEI IEI IEI 20(|)E|um =
, B [ [ [ [ [ [
p-type Si(001)
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high Bor doping 1 2 3 4 5 6
Ta TaN back contact

Figure 3.4.: Lithographically structured samples: (a) Cross-section of a single capac-
itor after the film deposition is completed. (b) Layout of the structured
substrates (size 6 x 14 mm?) with multiple test capacitors. The black
squares represent the active area of the capacitors, i.e. where the BasSiO4
films are in contact with the silicon. The specified lengths are the side
lengths of the active areas. The frames around them represent the area of
the gold contacts. The columns are labeled from 1 to 6 and the rows are
labeled from A to E. The fields A6 and B6 are used to check the integrity
of the insulating SiO, layer. The fields E5 and E6 contain test structures
to check the quality of the lithography.
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Two types of substrates are used in this work. For the XPS, LEED and STEM mea-
surements Si(001) wafer pieces with a size of 6 x 14 mm? are used. These are referred to
as unstructured substrates. On the other hand, for the electric characterization of the
BaySiOy4 films, lithographically structured substrates, where squares with sizes from
200 x 200 pm? to 500 x 500 pm? were etched in a SiO, layer on a 13 x 9 mm? Si(001)
wafer piece, are prepared. The squares are used to produce test capacitors. The cross-
section of such a capacitor is illustrated in Fig. 3.4a). The BaySiO, films are deposited
into the etched squares and then capped with a gold layer, which also serves as the
gate contact. The gold contacts of the individual capacitors are separated by the use
of a W shadow mask. To contact the silicon substrate a Ta/TaN-stack is sputtered on
the back of the substrate after it has been highly doped. The layout of the structured
wafer pieces is illustrated in Fig. 3.4b). The black squares represent the active area of
the capacitors, i.e. the squares etched into the SiOs layer. The frames around them
represent the area of the gold contacts. The columns are labeled from 1 to 6 and the
rows are labeled from A to E. The fields A6 and B6 do not have a square etched into
the SiO, layer. They are used to confirm that the SiO, layer does not become too thin
during the flash annealing and remains properly insulating so that its contribution to
the measurement of the other capacitors is negligible. The fields E5 and E6 contain
test structures used to check the quality of the lithography. These two were not used
for the electric characterization. The reduction of the area of the test capacitors by the
lithographic structuring is necessary in order to reduce the probability that a capacitor
is unusable due to defects.

The wafers were p-type (B doped, (001) + 0.5°, prime CZ, 240 4+ 15 pm thickness)
with a resistivity of 10 — 20 Qem (Ngy = 1 x 10 em™). The only exception is
the determination of the band offsets to n-type silicon. In this case n-type Si(001)
(Ph doped, (001) + 0.5°, prime CZ, 360 4+ 15 pm thickness) with a resistivity of 8 —
12 Qcm was used. The structured substrates for the electrical characterization were
only prepared using the p-type Si(001) wafers.

3.2.1. Cleaning of the unstructured substrates

Before introducing the substrates into the UHV chamber they are cleaned with wet
chemicals. In the first step, they are cleaned successively in purified water (p >
18 MQ cm), petroleum ether, acetone, isopropanol and again in purified water in an
ultrasonic bath for 15 min per step. In between the organic solvents the substrates
are rinsed in purified water. In the second step, the natural oxide layer is removed
by dipping the substrates into a 1% Hf solution. The complete removal of the oxide
layer is indicated by a hydrophobic surface, i.e. when taking the substrate out of the
solution the water droplets roll off the surface completely so that no water remains
on the silicon piece. This happens after approximately 30 s. The substrates are then
immediately rinsed in purified water for 30 s, followed by a controlled re-oxidation in
H50, solution (35%) for 40 s, after which they are rinsed in purified water for 30 s
again. Within 5 min the substrates are then mounted on the sample holders and put
into the pre-load-lock. After the pre-load-lock has been pumped for 30 min, the sample
holders are transferred to the load-lock.
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In vacuum, the substrates are degassed at 550 — 600 °C over night for at least 12 hours
using direct current heating. Afterwards they are trained by subsequently heating to
temperatures between 700 and 800°C for a few minutes per step until the pressure
remains below 4-1071° torr when the substrate is heated to 800 °C for 1 min. This step
takes about 4 — 5 hours. Care is taken that the pressure never exceeds 1 - 107 torr
during this step. Finally, the oxide layer is removed by flash annealing the substrate
to 1050 °C for 2 — 3 s. The pressure should not exceed 1-107 torr during the flashing.
During all heating steps and especially during the overnight degassing, the manipulator
is cooled with compressed air.

3.2.2. Preparation and cleaning of the structured substrates

AT
lithography mask
coating with photoresist heating & photoresist
200 nm thermal SiO, photoresist 200 nm thermal SiO, [UEREIEMUENE 200 nm thermal SiO,
 —  —
Si(001) Si(001) Si(001)

exposure & etching stripping of
RE Nl 200 hm thermal Si0 with NH,4F photoresist [l [ ]

—_— —_— _—
Si(001) Si(001) Si(001)

Figure 3.5.: Tllustration of the lithographic structuring process. Based on [89].

The lithographic structuring is done in the clean room of the Laboratorium fiir Nano-
und Quantenengineering (LNQE). The process is illustrated in Fig. 3.5. In the first
step, a 200 nm thick SiO, layer is prepared by wet thermal oxidation of the wafer in
an oxidation furnace with water vapor. The wafer is then transferred to a second oven,
where it is treated with HMDS (hexamethyldisilazane) at 150 °C for 10 min. Afterwards
the oven is purged with nitrogen gas before the wafer is taken out. The second step is
the optical lithography. Positive photoresist (Microposit S1813) is applied using a spin
coater (4000 rpm for 1 min). The resist is then dried on a hot plate at 110 °C for 1 min.
After the alignment of the lithography mask, the photoresist is exposed for 8 s. The
mask is then taken off and the photoresist is removed from the exposed areas, i.e. the
squares for the capacitors, with the developer Microposit MF-24A. Finally, the squares
for the capacitors are etched into the SiOs layer with ammonium fluoride right down
to the unoxidized silicon. The etching parameters are chosen so that the sidewalls form
at an angle of approximately 60° to the silicon surface. The remaining photoresist is
then removed with Microposit remover 1165. The third step is the fabrication of a back
contact for the electrical measurements. For this purpose, the backside of the wafer is
highly doped with an implanter (for p-type silicon: Bor, 5 - 10 cm™2). Usually, the
dopants would have to be activated at this point by annealing the wafer to 1000°C
for a few seconds in an argon protective gas atmosphere. However, in order to prevent
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contamination of the front surface, this was not done. Instead, the flash annealing step
in the UHV, which is used to remove the thin oxide layer inside the etched squares,
serves to activate the dopants as well. After the implantation, a Ta/TaN-stack is
sputtered on the back. The wafer is then cut into 13 x 9 mm? pieces that can be
mounted on the sample holder. These pieces are cleaned in acetone in seven dilution
steps to remove the residues of the photoresist and stored in an argon protective gas
atmosphere until they are needed.

Directly before putting the structured substrates into the UHV chamber, they are
cleaned again with wet chemicals. First, they are cleaned successively in acetone, pu-
rified water (p > 18 MQ cm), isopropanol and again five times in purified water in an
ultrasonic bath for 15 min per step. Second, the substrates are cleaned in piranha
solution, consisting of four parts HoSO4 (96%, VLSI grade) and one part HoO9 (30%,
VLSI grade) at a temperature of 100°C for 10 min in order to remove organic contam-
inants. Third, an RCA SC-1 cleaning step is performed in order to further reduce the
concentration of organic contaminants. The solution is prepared by first adding 14 ml
NH,OH (20%, ppb-quality) to 46 ml purified water. It is important that the NH,OH
is added to the water and not the other way around. The solution is then heated to
70°C on a hot plate. Once the temperature is reached, 10 ml HyO4 (30%, VLSI grade)
is added, the solution is stirred and then equally distributed over three beakers, so that
the RCA SC-1 cleaning step can be done in three dilution steps. The solution is then
reheated to around 70°C. Thereafter, the substrates are successively immersed into
the RCA SC-1 solutions in the three beakers for 3 min 20 sec each. After each step the
substrates are rinsed in purified water. While taking the substrates out of the water,
purified water is poured into the beaker so that the water in the beaker overflows. This
is done so that the dissolved contaminants that have collected at the water surface
do not reattach to the substrate when taking it out. Silica glass beakers are used for
the RCA SC-1 solution. Fourth, the natural oxide layer inside the etched squares is
removed by an Hf dip (1%, 30 sec). The substrates are then immediately rinsed in pu-
rified water for 30 s, followed by a controlled re-oxidation in HyOs solution (30%, VLSI
grade) for 30 s, after which they are rinsed in purified water for 30 s again. Finally,
the substrates are dried using nitrogen gas (5.0). Within 5 min the substrates are then
mounted on the sample holders and put into the pre-load-lock. An optical microscope
is used to adjust the shadow mask for the gate contacts. After the pre-load-lock has
been pumped for 30 min, the sample holders are transferred to the load-lock.

Before mounting the new substrate in the sample holder, the gold from the previous
sample is removed with metal polish and a metal file from both the sample holder and
the shadow mask. The sample holder and the mask are inspected for residual gold
under an optical microscope. When all of the gold is removed, they are cleaned with
petroleum ether and isopropanol. Afterwards, a dummy substrate is mounted in the
sample holder with the shadow mask and the sample holder is introduced into the UHV
chamber and degassed by heating the dummy substrate up to 700°C and then flash
annealing it to 1000 °C. Shortly before the last cleaning step of the new substrate, the
sample holder it taken out of the vacuum and prepared for mounting the new substrate.

In the vacuum the substrate is degassed at temperatures up to 750 °C for a few minutes
per step until the pressure remains close to the base pressure while the substrate is
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heated. Then it is flash annealed at increasing temperatures from 800 °C to 950 °C for
about ten times in total. During this step the pressure never exceeds 4 - 10719 torr.
Finally, it is heated to 700°C for 40 min in order to heal the silicon surface. The
heating is performed using the e-beam heater with a voltage of around 1kV (it is
slightly changed to adjust the temperature) applied to the sample during the first
degassing step and a voltage of 1.5 kV applied to the sample during the flash annealing
step. The flash annealing is done by changing the filament current. A filament current
of 5.8 to 6.0 A is required to reach 950 °C while a voltage of 1.5 kV is applied to the
sample. During the whole time the manipulator is cooled with ¢Ns.

The cleaning method for the structured substrates described above was used in this
exact way only for the second batch of samples prepared. Most of the results presented
in this work are from this second batch of samples. If possible, the results from the
first batch of samples were not used, since they showed very high leakage currents in
the majority of the capacitors, with some of the films even being short-circuited. The
cause of this was identified as the films not being closed most likely due to residual
hydrocarbons on the silicon surface (see appendix A.1). Therefore, the cleaning method
was improved. Firstly, a fresh photoresist was used to ensure that it can be completely
removed, which can become a problem with old photoresist that has drawn too much
water. Secondly, the piranha etching step was added, which was previously omitted
since it roughens the silicon surface, and the number of dilution steps of the RCA SC-1
cleaning step was increased from one to three. Thirdly, it was refrained from activating
the dopants by annealing the wafer to 1000 °C for a few seconds in an argon protective
gas atmosphere, which was done with the wafer of the first batch, since this leads to
the contamination of the front surface. Instead, the activation was done later in the
UHV. These steps significantly improved the leakage currents. However, some of the
capacitors of the samples from the first batch showed low enough leakage currents so
that the CV measurements could be evaluated. Namely, the results of the 5 and 7 nm
films in section 5.4 and the film grown in a high oxygen pressure and annealed at 680 °C
in section 5.6 are from samples of the first batch.

The given temperatures for when the substrate is heated using the e-beam heater refer
to the temperatures of the A-C rows of the structured substrates. Due to the con-
struction of the e-beam sample heater and the associated sample holder (see Fig. 3.2)
only those rows are directly above the filament, while the D and E rows are further
away from it. This results in a temperature gradient on the substrate. At 680°C the
temperature of the D-row was approximately 10 °C lower and the temperature of the
E-row was approximately 20 °C lower than the specified temperature.

3.2.3. Preparation of the thin films

BaySiO, layers with thicknesses between 1 and 16 nm (4 and 63 monolayers (ML))
were prepared under UHV conditions as described in the following. After the flash
annealing of the substrate, Ba and Si were deposited simultaneously in an oxygen
atmosphere. At the beginning of the growth, 0.5 ML Ba were first deposited before
the Si flux was added. Subsequently, oxygen was introduced into the chamber and
the oxygen partial pressure was carefully increased to its final value within 30 s after
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the addition of the Si flux. A usual deposition rate was 1.1 ML/min. The fluxes were
controlled by a quartz crystal microbalance at sample position, which was also used
to calibrate relative thicknesses. Unless otherwise noted, the substrate was at room
temperature (RT) during the film deposition in order to minimize oxidation of the Si
surface and Si diffusion from the substrate. In a few cases the films were grown at
elevated substrate temperatures of around 400 °C. Afterwards, the films were annealed
at temperatures between 400 and 700 °C for 30 to 40 min. Annealing was always carried
out in vacuum without oxygen. The temperatures were determined with a pyrometer
(min. 300°C) with emission coefficients adjusted to Si. In particular, ¢ = 0.574 was
used for T = 680°C. A new Si sample was used for each film. The optimum oxygen
background pressure and annealing temperature are discussed in sections 4.5 and 4.6.
A preliminary film thickness calibration of the BaySiO, films was done using XPS (see
section 2.4.6) and the final absolute thickness calibration was done using STEM images.

BaO films were grown similar to the BaySiOy4 films but without the Si flux. The SiO,
film in section 4.1 was gown by thermal oxidation and its thickness was measured by
ellipsometry.

3.3. Experimental details of the measurements

3.3.1. X-ray photoelectron spectroscopy

All XPS measurements shown in this work were taken using an Al K, emission source.
Overviews of the full spectrum were taken at a pass energy of 40 eV and high resolution
scans of the individual peaks were taken at a pass energy of 20 eV. The instrument was
calibrated with a silver sample. Zero binding energy refers to the Fermi level, which was
experimentally determined as the middle of the rise of the measured Fermi edge. For
the evaluation of the XPS spectra a Shirley background was first subtracted before the
peaks were fitted. The fit functions used are LA(1.5,1.5,100) for O 1s, LA(2,2,100) for
Si2p, LA(1.9,1.6,0) for Si 2s and GL(60) for Ba3d in CasaXPS [90]. The fit functions
are convolutions of a Lorentzian and a Gaussian. For the LA(x,y,z) type line shape
the z parameter determines the shape of the left flank and the y parameter determines
the shape of the right flank. If they are the same, the curve is symmetrical. The
LA(1.5,1.5,100) type line shape for the O 1s peak was carefully chosen based on the
O 1s signals of 16 nm thick BaO and BaySiOy films, both of which feature single O 1s
peaks. It perfectly describes these signals. The line shapes for the Si peaks were chosen
based on the measurements of the clean substrates.

In order to compare integrated XPS intensities the measuring conditions have to be
identical for both measurements, i.e. the instrument has to be in the exact same state
and the sample has to be in the exact same position. The first part was ensured
by keeping the instrument running when the measurements were performed on the
same day, i.e. when comparing the same sample before and after annealing. When the
measurements were performed on different days, the instrument was turned off between
the measurements, however, all potentiometers were locked in place and only on/off-
switches were used so that the applied voltages and currents remained the same for
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all measurements. Moreover, only measurements from one measurement period were
compared, with no bake-out of the system in between. Furthermore, the manipulator is
equipped with micrometer screws that allow the sample to be reliably put in the same
position for every measurement. The identical measuring conditions were ultimately
confirmed by the background levels and the signal of the bare silicon substrate being
the same.

3.3.2. Scanning transmission electron microscopy

Ex situ aberration-corrected scanning transmission electron microscopy (STEM) mea-
surements were done in the Ernst Ruska-Centre for Microscopy and Spectroscopy with
Electrons, Forschungszentrum Jiilich by Prof. Dr. Knut Miiller-Caspary. For these
measurements an 11 nm BaySiO4 film was deposited on an unstructured substrate and
capped with 1 ML of Si followed by 300 nm of Au to protect the film from the ambient
air.

Two cross-sectional TEM lamellae cut along the Si(110) and Si(110) planes have been
prepared using a focused ion beam (FIB) facility with a final low-energy milling step in
order to remove amorphized surface layers arising from previous milling steps. Scanning
Transmission Electron Microscopy was performed using a FEI Titan 80/300 STEM
instrument equipped with an aberration corrector for the probe-forming lens [91]. The
microscope was operated at 200 kV, and high-angle annular dark field (HAADF) Z-
contrast STEM images were acquired using a Fischione 3000 detector at a camera
length of 135 mm.

3.3.3. Electrical characterization

Figure 3.6.: Measurement setup for the electrical characterization: (a) Cascade Probe
Station with four tip holders and an optical microscope to place the tips on
the sample in a controlled manner. (b) Top view of a sample in the probe
station. A tip is placed on one of the capacitors. (c¢) Equivalent circuit
diagram for the measurement of the capacitance and the conductance of a
capacitor under the assumption of a two-element parallel model.

The electrical characterization was performed using a Cascade Probe Station Summit
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11K in the Laboratorium fiir Nano- und Quantenengineering (LNQE) of the Leibniz
Universitat Hannover. The gate contact of the capacitor to be measured is contacted
with a needle tip and the second contact is made between the back of the wafer and
the chuck (see Figs. 3.6a) and b)). CV-measurements were performed with an Agilent
4294 A Precision Impedance Analyzer and [V-measurements were taken using a Hewlett
Packard 4155A Semiconductor Parameter Analyzer.

The impedance analyzer allows to either measure the magnitude and the phase of the
impedance or to directly measure derived parameters by using a two-element model
as a representation for the MOS capacitor. The latter mode was used in this work
in combination with a two-element parallel model. The principle of this measurement
is illustrated in Fig. 3.6¢). An input voltage V;, which consists of a direct voltage
component and an alternating voltage component, is applied to the capacitor, which is
assumed to be represented by the conductance G, and the capacitance C,, connected
in parallel. A test resistor R is used to measure the output voltage V,,, which is related
to the input voltage V; by [75]

Vo R _ R _ RG, (14 RG,,) + (WRC,,)* + iwRC,, (3.1)
Vi Z R+ (Gpn+iwCy,)t (1+ RGp)? + (WRCy,)? ’ '

where Z = R+ (G,, +iwC,,)~! is impedance of the circuit and w = 27 f is the angular
frequency corresponding to the frequency f of the alternating voltage component of the
input voltage V;. If R is chosen so that RG,, < 1 and (wRC,,)? < RG,,, equation 3.1
is simplified to [75]

V, = (RG,, + iwRC,,)V;. (3.2)
By using a phase sensitive detector and with the knowledge of R and w, the conductance

G, and the capacitance (), can thus be determined from the in-phase and out-of-phase
components of V,, respectively.
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4. Structural properties of Ba>SiO,
thin films

4.1. ldentification of chemical bond formation from the
shift of the O 1s signal in XPS
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Figure 4.1.: Shift of the O 1s signal in XPS: Amorphous layers of BaO (blue line,
16 nm thick), SiO, (green, 18 nm) and BaySiO,4 (red, 16 nm, annealed at

400°C) on Si(001) are compared. The intensity of the SiOy peak was not
calibrated with respect to the others.

For the epitaxial growth of BaySiO, it is important to be able to detect the formation
of compounds that form in case of a deviation from the exact stoichiometry, i.e. BaO,
SiOy and barium silicates with a higher Si concentration like BaSiO3 or BaSisOs. The
differentiating characteristic of these compounds is the chemical bonding state of the O
atoms. In the case of BaySiO,4 every O atom has exactly one bond to Si and one bond to
Ba, i.e. only Si-O-Ba bonding states are present (see section 2.2.2). All other barium
silicate compounds have Si-O-Si bonding states in addition to the Si-O-Ba bonding
states. BaO and SiO, have only Ba-O-Ba and Si-O-Si bonding states, respectively.

The chemical bonding state can be determined using XPS by measuring the shift of
the O 1s signal. Since the barium silicates have no direct bonds between Si and Ba
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and since the chemical shift depends largely on the immediate bonding partners, the
Si and Ba signals cannot be used to differentiate between the different compounds. In
Fig. 4.1 the O 1s signals of BaO, SiOy and BaySiO4 are compared. All films are at least
16 nm thick, so that the interface contribution to the signals is negligible. The relative
shift between the covalent bonds in SiO,, and the ionic bonds in BaO is approximately
4 eV. The O 1s peak for BaySiOy is located roughly in the middle of the SiO5 and BaO
peaks. Since the bonding state of the O atoms in BaySiOy is exclusively Si-O-Ba, the
O 1s peak is a single peak. In combination with the fact that the energy difference of
about 2 eV between the different peaks can easily be resolved by a standard XPS, this
makes it very simple to detect a deviation from the BaySiO, stoichiometry. Excess
concentrations of Si or Ba lead to clearly visible shoulders at higher or lower binding
energies, respectively, given a sufficient oxygen supply. Therefore, the line shape of the
O 1s peak is ideally suited to calibrate the system. It is important to note that the
Si-O-Si bonding states, i.e. the shoulder at higher binding energies, can be either due
to local SiO5 or due to a barium silicate compound with a higher Si concentration than
BaySiOy4, which feature O atoms in two different bonding states, Si-O-Si and Si-O-Ba.

Note that since the films are insulators, there are slight shifts in the peak positions due
to charging effects and possibly also due to shifts of the Fermi level. In particular, the
O 1s peak of a 16 nm BaySiO, film is shifted by around 0.4 eV towards higher binding
energies as compared to a 1 nm film and the O 1s peak of an as deposited BaO film
is shifted by approximately 0.7 eV towards lower binding energies as compared to an
annealed BaO film. However, these shifts do not impede the evaluation of the peaks,
since the distance between the different components (Si-O-Si, Si-O-Ba and Ba-O-Ba) is
large enough to always allow for a clear deconvolution of the signal. Neither the exact
peak positions nor the peak distances were used for the fitting, i.e. the peak positions
were free parameter. Rather, the line shape, determined from 16 nm thick Ba,SiO,
and BaO films, was used for the deconvolution.

4.2. Detection of metallic barium from the line shape
of the Ba 3d peak

While the shape of the O 1s signal is a powerful tool for the investigation of the sto-
ichiometry of the deposited films, it only gives information about the different oxide
species. The presence of metallic Ba or Si can, of course, not be detected directly by the
O 1s signal. Metallic Ba or Si is expected, if the oxygen pressure during growth is too
low for a complete oxidation of the film. One way to determine the minimal necessary
oxygen pressure is to investigate the intensity of the main O 1s peak in dependence
of the oxygen background pressure. Additionally, the shape of the Ba3d signal gives
information about the presence of metallic Ba. Due to plasmon losses at high binding
energies the Ba 3d peaks for metallic Ba are more asymmetric than those of BaySiO,
and BaO [92] (BaySiO4 and BaO have a similar shape). A comparison of the peak
shapes is shown in Fig. 4.2. At the high binding energy side the shape of the metallic
Ba peaks slightly deviates from that of the BaySiO, peaks (dashed line). Therefore,
an asymmetry in the Ba 3d peaks can be used to detect metallic Ba.
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Figure 4.2.: Ba3d signal in XPS of (a) a 16 nm thick BaySiO, film and (b) metallic
barium. The metallic Ba peaks are slightly more asymmetric than the
BaySiO4 peaks, which are indicated a dashed line. To draw the dashed

line the signal was shifted in energy and adjusted in intensity to fit to the
metallic Ba signal.

4.3. Formation of BaO, during the film growth

A problem with the determination of the stoichiometry of the deposited film by using
the O 1s signal in XPS as described above is that the peak associated with BaOs,
i.e. the Ba-O-O bonding state, is located very close to that of the Si-O-Si bonding
state [93], which can complicate the interpretation. The formation of BaOy becomes
clear when investigating the O 1s signal of BaO films, since these films do not contain
Si in the bulk, i.e. there are no bulk Si-O-Si and Si-O-Ba signals. As seen in Fig. 4.3,
directly after deposition the O 1s signal of a 20 nm thick BaO film deposited in an
oxygen background pressure of 5-10~7 torr with a deposition rate of 1.1 ML/min (which
corresponds to the Ba flux needed for 1.5 ML BaySiO4 per minute) shows an additional
peak located 3.55 eV away from the main peak towards higher binding energies. Since
no Si is present in the film and the film is also thick enough so that the interface is
not visible in XPS (there is no Si signal), the additional peak has to be due to Ba-O-O
bonding states. The additional peak can be completely removed by annealing the film
to 335°C as also shown in the figure. As a result, the intensity of the Ba-O-Ba peak
is increased and no Ba-O-Si peak emerges. This confirms that the additional peak
that is present directly after deposition is due to Ba-O-O bonding states. If it was due
to Si-O-Si bonding states, heating the film would result in the formation of Ba-O-Si
bonding states for thermodynamic reasons, which would also result in a decrease of the
Ba-O-Ba intensity.

Fig. 4.4 shows the thickness dependence of the O 1s signal for BaO films grown again
in an oxygen background pressure of 5-10~7 torr with a deposition rate of 1.1 ML /min.
As expected, the Ba-O-Ba peak increases with increasing film thickness. There is also
a Ba-O-Si peak due to silicate formation at the interface. Its intensity decreases with
increasing film thickness and vanishes at 20 nm due to the signal being damped by
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Figure 4.3.: Removal of BaOy from a 20 nm thick BaO film by annealing: (a) O1s
signals after each annealing step, shifted in intensity for better visibility.
The small peak at 532.754+0.25 eV is due to BaOy/Ba-0-0. (b) Integrated
intensity of the Ba-O-0 peak in dependence of the annealing temperature.
The signal of the as deposited film was shifted by 0.72 eV towards higher
binding energies to align it the others.
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Figure 4.4.: Film thickness dependence of the O 1s signal for BaO films: (a) O1s
signals for film thicknesses from 1 to 20 nm. Shirley backgrounds were
subtracted. The signals of the thinner films were shifted to be aligned with
the signal of the 20 nm film. The average binding energy of the Ba-O-Ba
peak is (528.10 £ 0.21) eV. There is no clear trend with the thickness. (b)
Integrated intensities of the different components from the deconvolution
of the O 1s signals in dependence of the film thickness.

the overlying layers. The Ba-O-0/Si-O-Si peak decreases from 1 to 3 nm, possibly due
to Si-O-Si formation at the interface, and remains approximately constant from 3 to
20 nm. This shows that the main share of Ba-O-O/BaO, is located at the surface of
the layer. The bulk of the film is mainly BaO.

The dependence of the O 1s signal on the oxygen background pressure during the
growth of BaO films is shown in Figs. 4.5a) and b). The films were again grown with
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Figure 4.5.: Effect of the oxygen background pressure on the chemical composition of
1 nm thick BaO films: (a) O 1s signals for oxygen pressures from 5-107? to
5-1077 torr for films grown with a deposition rate of 1.1 ML /min. Shirley
backgrounds were subtracted. (b) Integrated intensities of the different
components from the deconvolution of the O 1s signals in dependence of
the oxygen pressure. (c) Ba3d peaks for oxygen pressures from 5- 1079 to
1-1078 torr. The XPS signals were shifted, so that the Ols signals are
aligned. Before, there was a gradual shift in the position of the Ba-O-Ba
peak from 528.89 eV at 5 - 1079 torr to 528.19 eV at 5- 1077 torr.

a deposition rate of 1.1 ML/min and are 1 nm thick (More precisely, the amount of
Ba that is needed for the formation of a 1 nm thick BaO film was deposited in each
case. The actual film thickness slightly varies due to the differing oxygen content).
The Ba-O-0O/Si-O-Si peak increases logarithmically with the oxygen pressure, i.e. the
amount of BaO, depends on the oxygen pressure. The Ba-O-Ba peak is approximately
constant from 8- 107 to 5- 1078 torr, but decreases at 5- 1077 torr. This implies that
at lower thicknesses the additional O atoms only accumulate at the top of the film
forming O-O bonds, whereas they also penetrate into the topmost layer at 5-10~7 torr.
More importantly, however, is the decrease of the Ba-O-Ba intensity at 5 - 10~ torr.
As seen in Fig. 4.5¢) the Ba3d peaks also become more asymmetric at this pressure
indicating the presence of metallic Ba due to an incomplete oxidation of the film. This
means that an oxygen pressure of 0.8 to 1-107® torr at a growth rate of 1.1 ML/min is
ideal in order to minimize the BaO, formation, while still oxidizing the film completely.

In summary, BaO, is formed at the top of BaO films, and by extension possibly also
on BaySiO, films, grown in a high oxygen background pressure. It can be minimized
by minimizing the oxygen pressure and is completely converted into BaO by annealing
the film to 335°C or higher.

4.4. Stoichiometry and chemical homogeneity of
Ba,Si0, thin films

The ratio between the Si and Ba fluxes has to be carefully adjusted for stoichiometric
growth conditions since this ratio is non-self-limiting. The oxygen concentration, on
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Figure 4.6.: Incomplete reaction at RT and identification of excess concentrations: (a)
O 1s signal of a 16 nm (63 ML) thick BasSiOy film, as deposited at room
temperature (bottom curve) and after annealing at 410 °C (top curve). The
film was grown in an oxygen background pressure of 1.2 - 1078 torr with
a growth rate of 1.1 ML/min, so that the Ba-O-O formation is negligible.
The deconvolution into the individual components is shown by colored
lines as indicated in the inset. (b) O 1s signal after annealing at 400 °C for
16 nm thick films grown with a Si flux that was too low (bottom curve) or
too high (top curve) for the stoichiometric growth of Ba;SiO4. The signals
were shifted in intensity for better visibility.

the other hand, is self-limiting in the bulk as long as the oxygen partial pressure is
high enough for a complete oxidation of the films. At the surface of the films Ba-
0O-0 is formed depending on the oxygen pressure similar to BaO films as discussed
above. Moreover, the stoichiometry at the interface is highly dependent on the oxygen
pressure due to the oxidation of the silicon surface as will be discussed in detail in
section 4.5. However, if the films are thick enough so that the interface is not visible in
XPS, they were either annealed at 400 °C or directly grown at 400 °C in order to avoid
Ba-O-0 formation and the oxygen partial pressure during growth was high enough for
a complete oxidation of the films, then the O1 s signal in XPS does not change at fixed
Ba and Si fluxes even if the oxygen pressure is increased by one order of magnitude,
i.e. the oxygen content of the films bulk is only determined by the Si and Ba fluxes.

The Si and Ba fluxes were adjusted to the required atomic ratio of 1:2 using a quartz
crystal microbalance located at sample position by weighting the changes in frequency
over time with the atomic masses. In order to confirm that the correct Si:Ba atomic
ratio is obtained in the deposited films, a 16 nm (63 ML) thick Bay;SiO, films was grown.
At this thickness, the contribution of the interface to the XPS signal is negligible.
Moreover, the film was grown in an oxygen pressure at which the Ba-O-O formation
is negligible. The O 1s peaks after deposition at room temperature (RT) and after
annealing at 410°C for 30 min are shown in Fig. 4.6a). Directly after deposition the
O 1s peak has two shoulders with approximately the same area. This demonstrates that
the reaction at RT is incomplete so that local deviations from stoichiometry lead to
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4.5. Interface properties and oxygen background pressure

various bonding states and to only about 80% preference for the Si-O-Ba bonding state.
Only after annealing to 410°C , which does not lead to any desorption, a single peak at
the Si-O-Ba position is formed, i.e. the reaction is complete. As expected, this peak has
approximately the same integrated intensity as the RT peak including the shoulders.
This symmetric peak demonstrates that the correct deposition ratio for stoichiometric
deposition was chosen. Furthermore, it shows that temperatures around 400°C are
sufficient for getting a chemically homogeneous film. This temperature, however, is
too low to crystallize amorphous layers. In fact, all films starting with an amorphous
interface layer turned out to remain amorphous after an annealing step to 400 °C.

The growth of films with incorrectly adjusted fluxes leads to the presence of Si-O-Si
bonding states in the case of excess Si or Ba-O-Ba bonding states in the case of Ba
excess even after an annealing step at 400°C as shown in Fig. 4.6b). The Ba-O-Ba
bonding states can be turned into Si-O-Ba bonding states by Si diffusion from the
substrate if the film is further annealed. On the other hand, the Si-O-Si bonding states
can not be removed by annealing. For thermodynamic reasons the Si-O-Si bonding
states are expected to be due to barium silicates with a higher Si concentration than
BaySi0Oy, e.g. BagSisO7, BaSiO3 or BaSisOs, instead of SiO,, at least after annealing.

4.5. Interface properties and oxygen background
pressure

In contrast to the bulk material, the interface between the silicate and the Si(001)
surface is highly sensitive to the oxygen background pressure. On the one hand, this
is due to the oxidation of the Si(001) surface, i.e. the formation of amorphous SiO,.
On the other hand, the Si wafer acts as a reservoir for Si so that the formation of
Si-rich silicate compounds is possible, irrespective of the Si flux. Both effects limit the
crystalline quality of the deposited film. In order to achieve high quality epitaxial films
with an abrupt interface, it is therefore absolutely essential to fine tune the oxygen
partial pressure to a value just above the saturation point for complete oxidation.

For calibration of the oxygen partial pressure, the line shape of the O 1s peak in XPS
is used again, but this time ultrathin films are investigated so that the interface is
visible. For this purpose, 4 ML (1 nm) thick films were grown at a rate of 1.1 ML/min
in different oxygen partial pressures using the stoichiometric Si:Ba ratio determined
above. The corresponding O 1s peaks and the integrated intensities of their individual
components are shown in Figs. 4.7a) and b), respectively. Since the spectra were
taken directly after growth at RT, the reaction is still incomplete and thus all peaks
feature a component at the BaO position. Nevertheless, the conclusion is still clear:
1.2-107® torr is the optimum oxygen partial pressure for this growth rate. Decreasing
the oxygen pressure results in a reduction of the main peak at the Si-O-Ba position
and at the same time the Ba3d peaks become more asymmetric similar to what was
shown in Fig. 4.5, indicating an oxygen deficiency for silicate formation. Increasing the
oxygen pressure only increases the concentration of O atoms in Si-O-Si and Ba-O-O
bonding states, while the concentration of O atoms in Si-O-Ba bonding states stays
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Determination of the optimal oxygen background pressure: (a) XPS O 1s

spectra for (approximately) 4 ML (1 nm) thick Ba-silicate layers grown
with different oxygen background pressures at a rate of 1.1 ML/min. The
spectra were taken directly after growth at room temperature. The Si/Ba
ratio was kept at the optimal value as determined in the context of Fig. 4.6.
(b) Integrated intensities of contributions from different chemical bonding
states obtained from fits of the curves in a). (c¢) Example of the fit for
the optimal oxygen partial pressure of 1.2 - 1078 torr. (d) O 1s peak after
annealing the layer in ¢) to 685°C for 40 min.

nearly constant, indicating an oxidation of the silicon surface and BaO, formation.

The O 1s peaks for a 4 ML film grown at optimum conditions before and after annealing
at 685°C for 40 min are shown in Figs. 4.7c) and d), respectively, together with the
deconvolution into the individual components. During the annealing process, about
1 ML of the film was desorbed, as derived from the intensity of the Ba 3d and O 1s peaks
in XPS, so that the 4 ML film was reduced to only 3 ML after annealing. Even after
annealing, the O 1s peak of the now 3 ML thick film still shows a small concentration
of O atoms in Si-O-Si bonding states, unlike the peak of the 63 ML (16 nm) film.
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4.6. Epitaxial growth of BaySiO, films on Si(001)

This concentration remains unchanged when the film is grown with a small Ba excess.
Therefore, this signal is most likely due to interface bonds that are required between
the film and the substrate, and is not due to defects. Assuming that the O atoms
in Si-O-Si bonding states sit in the monolayer closest to the interface and that this
layer has the same oxygen concentration as the overlying layers, the Si-O-Si signal
corresponds to a concentration of 1/4 ML. In order to correct for the damping of the
signal by the overlying layers an inelastic mean free path of 2.072 nm was used, which
was calculated with the TPP-2M equation using the NIST Electron Inelastic-Mean-
Free-Path Database [72].

4.6. Epitaxial growth of Ba,SiO, films on Si(001)

The epitaxial growth of Ba;SiOy films on Si(001) with stoichiometric Ba and Si fluxes is
affected by two important parameters, the oxygen background pressure during growth
and the annealing temperature. In general, the aim in the growth of epitaxial oxide
films on silicon substrates is to avoid the formation of amorphous SiO, at the silicon
surface since it destroys the crystalline template required for the epitaxial growth [94].
Since no protection layer for the silicon surface is used in this work, such as the sub-
monolayer Sr silicide for the growth of BaO or SrO [94, 6, 95, 96], a minimized oxygen
background pressure, i.e. an oxygen background pressure just above the saturation
point for complete oxidation as determined in the previous section, is required to min-
imize the formation of interfacial SiO,. However, the epitaxial growth of BaySiO4 on
Si(001) turned out to be rather robust, so that higher oxygen pressures while changing
the stoichiometry at the interface do not immediately prevent the epitaxial growth, as
will be discussed below.

Even if the BaySiOy4 films are grown with a stoichiometric Ba:Si flux ratio in a minimized
oxygen background pressure, an annealing step at high temperatures close to desorption
is required to crystallize the films. The minimum temperature at which crystallinity
was achieved is 640°C, but the quality was still rather poor and most films even
remained amorphous at this temperature. An annealing temperature of 670 — 690 °C
produced the best and, most importantly, reproducible results. At these temperatures
there was already a slight evaporation of the film, as mentioned in the previous section,
which drastically increased at temperatures above 695 °C. This reduction in thickness
was most evident for very thin films, while for more than 10 nm (40 ML) thick films
the material loss during annealing was negligible. Only when the two conditions were
fulfilled, a LEED pattern was observed, proving the film is crystalline.

The LEED image of the same 3 ML film whose O 1s peak is shown in Fig. 4.7d)
is presented in Fig. 4.8a). The LEED pattern originates from the superposition of
two rectangular domains rotated by 90°. Their reciprocal lattice constants are very
close to one half and two thirds, respectively, of the reciprocal lattice constant of the
unreconstructed Si(001) surface. Thus, they correspond to the two shorter real space
lattice constants a and b of the BaySiO4 crystal structure, while the c-axis is oriented
normal to the surface (a = 7.51 A,b = 5.81 A, ¢ = 10.21 A [55]). A schematic of this
structure in reciprocal space is shown in Fig. 4.8b). The same structure was found by
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Figure 4.8.: LEED pattern of epitaxial Ba;SiOy4: (a) LEED image of a 3ML film after
annealing at 685 °C for 40 min taken at 92 eV. The film was grown at RT
with a stoichiometric Si:Ba flux ratio (see Fig. 4.6) and a minimized oxygen
pressure (see Fig. 4.7). (b) Schematic of this pattern with two orthogonal
rectangular unit cells (red and blue dots), demonstrating epitaxial growth
with axes a, b of the silicate || Si[110]. Gray balls indicate the positions of
the diffraction spots of the Si(001) substrate prior to silicate deposition.
(c) Horizontal line scan through the center of a). Spots marked by * are
not indicated in b).

Islam et al. [1].

As seen from the line profile in horizontal direction through the center of Fig. 4.8a),
shown in Fig. 4.8¢c), there are some less intense spots (marked with *), which correspond
to a (2 x 3) structure. These can be explained by a modulation with twice the lattice
constant in the b-direction close to the interface. Since the value of 2b is close to three
times the silicon lattice constant, it is conceivable that the epitaxial growth leads to
a doubling of the lattice constant in this direction close to the interface. This lattice
modulation will be discussed in detail in section 4.10.

In the following the question why the high temperature annealing step is necessary
for the formation of crystalline layers will be discussed. Even though no long range
diffusion is necessary to form the silicate, since conditions very close to the perfect
stoichiometry were chosen, the formation of crystalline layers still requires the same
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4.6. Epitaxial growth of BaySiO, films on Si(001)

Figure 4.9.: Epitaxial growth of a 10 nm (40 ML) thick BaySiO4 film: The film was
grown in two steps. First, a crystalline 3 ML film was grown by deposition
at RT with a stoichiometric Si:Ba flux ratio in a minimized oxygen pressure
and annealing at 685°C for 40 min. The corresponding LEED image is
shown in Fig. 4.8a). Second, the additional 37 ML were deposited at 400 °C
again with a stoichiometric Si:Ba flux ratio and in a minimized oxygen
pressure. The LEED images (a) directly after the second deposition step
and (b) after an additional annealing step at 675 °C for 40 min are shown.

high temperature step as under conditions of silicate formation by Si diffusion [1]. Tt
is clear from the LEED images that the crystallization has to start at the interface,
since the film is perfectly aligned with the substrate and there is no rotational disorder.
Moreover, when an additional 4 ML film is deposited on a crystalline 3 ML film, the
film could already be crystallized by annealing to 400 °C. The crystalline quality was
comparable to that of the initial film. This method was tested up to a combined
thickness of 16 nm (63 ML) and crystalline layers were always obtained at 400°C,
though with slightly decreasing crystal quality for the thickest films as evident from the
spot profile in LEED, which could be improved after annealing to higher temperature.
As an example the LEED images of a 10 nm (40 ML) thick film directly after the
second deposition step at 400 °C and after an additional annealing step at 675°C are
shown in Fig. 4.9. Consequently, the high annealing temperature is needed to form the
epitaxial interface.

An adjustment of the stoichiometry at the interface cannot be the reason for the re-
quirement of the high temperature, since Si is already sufficiently mobile at lower
temperatures. As an example, the reaction of a 1 nm thick BaO film with Si from the
substrate was investigated. Annealing at 400 °C for 30 min was sufficient to turn this
film completely into silicate. Moreover, as shown in Fig. 4.10 even a 20 nm thick BaO
film can be turned completely into Ba,SiO,4 at a temperature, which is approximately
100 °C below the temperature needed to produce epitaxial Bay,SiO, films.

The high temperature is also not needed to break the original (2 x 1) reconstruction
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Figure 4.10.: Transformation of BaO into silicate by Si diffusion from the substrate: A
20 nm BaO film was grown at RT with a deposition rate of 1.1 ML/min
(which corresponds to the Ba flux needed for 1.5 ML BaySiO,4 per minute)
in an oxygen background pressure of 5- 1077 torr and subsequently an-
nealed at 335°C for 1 h to remove the BaO,. The O 1s signal after each
annealing step as indicated in the inset is shown in (a) and the correspond-
ing integrated intensities of the individual components in dependence of
the annealing temperature are shown in (b). The O 1s signals of the films
annealed at 373 — 571°C were shifted by 0.39 4+ 0.05 eV to be aligned
with the peak of the film annealed at 335°C. An annealing temperature
of 571°C, which is approximately 100°C below the temperature needed
to produce epitaxial BaySiOy4 films, is enough to turn the BaO layer com-
pletely into BaySiOy.

of the Si(001) surface, since it is possible to produce crystalline films with an oxygen
partial pressure during growth that is more than one order of magnitude above the
saturation point (see Fig. 4.12 and the discussion below). In this case the (2 x 1)
reconstruction at the interface is definitely destroyed, due to the oxidation of the Si(001)
surface. However, the high temperature step is still needed to crystallize these films.

In order to understand the effect of the high temperature annealing step on the in-
terface one monolayer of Ba was deposited on a Si(001) surface and oxidized it at
400 °C and subsequently annealed at increasing temperatures for 15 min per step. The
corresponding O 1s peaks are shown in Fig. 4.11a). Directly after oxidation at 400°C
the O 1s peak consists of two components at the Si-O-Si and Si-O-Ba locations with
a ratio of roughly 2:1. The annealing steps at 520°C and 590°C have no effect on
the peak. At 640°C the Si-O-Si component is already slightly reduced. At 680°C
the Si-O-Si component is reduced significantly, whereas the Si-O-Ba component is only
slightly reduced. Finally, at 715°C the oxygen is completely desorbed. Furthermore, a
clean Si(001) surface was oxidized at RT in an oxygen partial pressure of 5- 1077 torr
for 2 min and subsequently annealed at increasing temperatures for 20 min per step.
The O 1s peaks after oxidation and after each annealing step are shown in Fig. 4.11b).
Again, temperatures of up to 600 °C are too low to remove the oxygen. Only at 670 °C
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Figure 4.11.: Effects of high temperature annealing on the interface: (a) A 1nm
thick Ba film on Si(001) was oxidized in an oxygen partial pressure of
5- 1078 torr for 10 min at 400 °C and subsequently annealed at increas-
ing temperatures for 15 min per step. The O 1s spectra after oxidation
and after each annealing step are shown. For the spectra after oxidation
and after annealing to 680 °C the deconvolution into the individual com-
ponents (Si-O-Si green, Si-O-Ba red) is also shown. The spectra were
shifted for better visibility. (b) A clean Si(001) surface was oxidized in an
oxygen partial pressure of 5- 1077 torr for 2 min at RT and subsequently
annealed at increasing temperatures for 20 min per step. Beginning at
670 °C the oxygen is slowly removed.

the oxygen is slowly removed. The complete removal of the oxygen at 700°C was
combined with a restoration of the (2 x 1) reconstruction of the Si(001) surface.

The temperature range at which the Si-O-Si peak is reduced lines up perfectly with
the temperatures needed for the crystallization of the BasSiO4 films. In particular,
the temperature at which the reduction of the Si-O-Si peak sets in, is exactly the
lowest temperature at which crystallization was observed. Moreover, annealing a 1 nm
thick BasSiOy film at 680 °C reduces the Si-O-Si proportion of the O 1s peak by about
50% as compared to only annealing it at 640 °C. These findings indicate that the high
temperatures required for the formation of the epitaxial interface are needed to break
interfacial Si-O bonds for O atoms with two bonds to Si, i.e. while the formation of
three dimensional SiO5 can be prevented by the minimization of the oxygen background
pressure, the oxidation of the topmost substrate layer could not be avoided even with
a minimized oxygen pressure and by starting with an amorphous monolayer of Ba
(epitaxial sub-monolayer silicide was not tested). Further details of the effect of the
high temperature annealing step on the topmost substrate layer will be discussed at
the end of section 4.10.

Returning to the oxidation of the Si surface due to a high oxygen pressure and its effect
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Figure 4.12.:

Robustness of the epitaxial growth of BaySiO4 on Si(001): 1 nm thick
Ba,SiO, films were grown in an oxygen background pressure of 5-10~7 torr
at a deposition rate of 1.2 ML /min and a substrate temperature of 400 °C
with (a) a stoichiometric Si:Ba flux ratio and (b) a Si flux reduced by half.
Shown are an illustration of the stack cross-section (left), the O 1s spectra
after deposition (middle) and the LEED images after annealing at 680 °C
for 40 min (right). Due to the high oxygen pressure a Si-rich silicate layer,
i.e. a silicate layer with a higher Si concentration than BaySiOy, is formed
at the interface. However, it does not hinder the epitaxial growth and its
thickness can be reduced by lowering the Si flux during growth.

on the epitaxial growth of BaySiO4 on Si(001), as stated at the beginning of this section,

the epitaxial

growth turned out to be rather stable. Fig. 4.12a) shows the results of

the epitaxial growth of a 1 nm film with a stoichiometric Si:Ba flux ratio in an oxygen
partial pressure of 5-1077 torr at a deposition rate of 1.2 ML/min. The oxygen pressure
is approximately 40 times higher than the saturation point determined in section 4.5.
In a simple model, as illustrated on the left side of the figure, the high oxygen pressure
leads to the formation of amorphous SiO, at the silicon surface. This SiO,, layer reacts
with the silicate layer, since silicate formation is always thermodynamically favorable
to keeping SiO, in the system [18]. Because the silicate layer is already perfectly
stoichiometric BasSiOy, the reaction with the interfacial SiO, layer has to result in the
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4.6. Epitaxial growth of BaySiO, films on Si(001)

formation of an interfacial silicate layer with a higher Si concentration than BaySiOy4
(Si-rich silicate). Note that this description is somewhat idealized insofar as that
the oxidation of the Si surface and the reaction with the silicate are not necessarily
clearly separable steps, especially if, as is the case here, the films are deposited at a
substrate temperature of 400 °C. The formation of the Si-rich silicate is indicated by the
large Si-O-Si component of the O 1s signal in Fig. 4.12a), whose integrated intensity
is approximately 5.6 times higher than in the case of a minimized oxygen pressure
(Fig. 4.7d)). If the Si-rich silicate layer becomes too thick, it is expected to inhibit
the epitaxial growth of BaySiO,, since the crystal structures of the barium silicate
compounds with a higher Si concentration than Ba,;SiO, do not match to Si(001).
Nevertheless, even under the conditions in Fig. 4.12a) the BaySiO, LEED pattern is
still observed after an annealing step at 680 °C for 40 min demonstrating the robustness
of the epitaxial growth of BaySiO4 on Si(001). The LEED pattern of the bulk structure
is, however, superimposed with a (2 x 6) minority structure, which is most likely due to
an interface layer containing SiO4-tetrahedra that are connected to at least one other
SiOy4-tetrahedron by an O-bridge. At an energy of 70 eV only the four spots of the
(2 x 6) structure around the (00)-spot were visible in LEED, which were also observed
by Islam [89]. The annealing process only marginally reduces the integrated intensity
of the Si-O-Si component of the O 1s signal by approximately 15%.

The concentration of O atoms in Si-O-Si bonding states can be reduced by reducing
the Si flux during the film growth. Fig. 4.12b) shows the results of the growth with
the same parameters as in Fig. 4.12a), except that the Si flux was reduced by half.
Since BaySiOy is already the barium silicate compound with the highest Ba concentra-
tion, the Ba surplus leads to the formation of BaO, which reacts with the interfacial
Si0, to BaySiO4 reducing the thickness of the interfacial Si-rich silicate layer. The
integrated intensity of the Si-O-Si component of the O 1s signal is reduced by approx-
imately 50% as compared to the growth with a stoichiometric Si:Ba flux ratio. This
is effectively a scavenging technique to remove the interfacial oxide layer. However,
unlike conventional scavenging techniques no unwanted sacrificial layer is created [12],
since the reaction product is the desired high-k material itself. Furthermore, the (2 x6)
structure that was present in the LEED pattern of the film grown with a stoichiomet-
ric Si:Ba flux ratio is gone. There are even indications of the (2 x 3) structure that
was observed for the film grown with a minimized oxygen pressure (Fig. 4.8), i.e. next
to the (01)-spot. The films grown in a high oxygen pressure needed the same high
temperature annealing step at around 680 °C in order to crystallize as the films grown
with a minimized oxygen pressure.

The growth of BaySiO,4 by Si diffusion from the substrate into an adsorbed BaO layer [1]
can be viewed as the extreme case of the scavenging technique. If no oxygen is sup-
plied during the annealing process, the bottleneck for silicate formation under these
conditions is the concentration of O atoms, since there is a Ba surplus (BaO contains
twice as many Ba atoms per O atom as BaySiO,), and Si can be supplied virtually
unlimited by the substrate. The leftover Ba atoms are evaporated. Under these condi-
tions an oxidation of the substrate surface might actually be beneficial as long as the
atomic ratio of Si:Ba in the overall system is at a maximum 1:2, since it brings the
system closer to stoichiometric conditions. The loss of the crystalline template due to
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4. Structural properties of BaySiO, thin films

the oxidation of the substrate surface is not a problem in this case, because the final
interface between the silicate and the silicon ends up being at a lower level than the
original silicon surface due to the reaction of the BaO layer with the substrate. As
long as the final interface is at a level where the substrate is still crystalline, epitaxial
growth is possible.

4.7. Formation of interfacial sub-monolayer silicide due
to Ba surplus

The reaction of BaO with the Si substrate to BasSiO, leads to leftover Ba if no ad-
ditional oxygen is supplied. While most of it is evaporated, a small proportion might
also penetrate into the substrate. Indeed, after annealing films that are a mixture of
BaySiO4 and BaO, which causes the BaO to react with the Si substrate and crystallizes
the film, an additional (4 x 2) minority structure corresponding to sub-monolayer Ba
silicide near the Si surface [97] is observed in LEED. It was not observed for the film
in Fig. 4.12b), since due to the oxidation of the interface there was actually a Ba de-
ficiency in the system as evident from the large Si-O-Si component of the O 1s signal.
In contrast, all films in this section were grown in a minimized oxygen pressure.

4 ML (1 nm, given as the necessary Ba amount) films were grown at RT with a reduced
Si flux of z = 0.37, 0.57, 0.81 and 1 times the flux needed for the exact stoichiometry
of BaySiOy4. As expected, the O 1s peaks of the Si deficient layers (not shown here)
show a larger BaO fraction than the stoichiometric film that increases with decreasing
x. After annealing at 685°C for 40 min all films turned completely into silicate due
to Si diffusion from the substrate. While the thickness of all films was reduced during
the annealing, the reduction in thickness increased with increasing Si deficiency. This
is due to the lower initial amount of O atoms per Ba atom in the thinner films which
increases the amount of Ba desorbed during annealing (there was no oxygen background
pressure during annealing). The thicknesses of the films after annealing were 1.6, 2.3,
2.5 and 3 ML for x = 0.37, 0.57, 0.81 and 1, respectively, as derived from the Ba3d
and O 1s peaks in XPS.

The LEED images for x = 0.37 and 0.81 as well as the line scans through the (00) and
(10) spots after annealing for all films are shown in Fig. 4.13. The varying concentra-
tions of Si relative to Ba do not suppress the formation of crystalline silicate layers.
The interesting part, however, is the appearance of a faint, but quite sharp (4 x 2)
structure for x < 1 that is assigned to the formation of a sub-monolayer Ba silicide
close to the Si surface, following Ref. [97]. The high intensity of the (4 x 2)-peaks for
x = 0.37 is most likely due to the smaller film thickness. The absence of the (4 x 2)
structure for x = 1, however, seems to be real, since the presence of the (2x 3) structure
(spots marked with ) associated with the epitaxial interface means that the interface
is still visible in LEED at this thickness. Moreover, neither a (4 x 2) structure nor
Ba diffusion into the substrate was observed in STEM, see section 4.9. Therefore, the
appearance of the (4 x 2) structure seems to be coupled with a surplus of Ba or BaO in
the insulator film. While most of the Ba desorbs during the annealing process, there is
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Figure 4.13.: Effect of an under-stoichiometric Si flux on the interface: 4 ML (1 nm,
given as the necessary Ba amount) films were grown with a reduced Si
flux at a minimized oxygen pressure (1.2 - 107® torr, 1.1 ML/min) and
subsequently annealed to 685°C. x denotes the normalized Si flux, with
x = 1 corresponding to the flux needed for the exact stoichiometry of
BaySiO4. The LEED images for x = 0.37 and 0.81 are shown in (a) and
(b), respectively. The horizontal line scans through the center of the
LEED patterns for x = 0.37, 0.57, 0.81 and 1 are shown in (c).

also the possibility of diffusion of Ba to the Si interface and the subsequent formation
of silicide [97, 98, 99].

These results again show the robustness of the epitaxial growth of BaySiO, on Si(001),
since a sharp (2 x 1.5) structure appears under all conditions in LEED. Only the
(2 x 3) structure disappears for = = 0.57 and 0.37 indicating that the silicide distorts
the period doubling at the interface. This does not necessarily mean that the local
structure is changed. Only long range order is distorted.
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4. Structural properties of BaySiO, thin films

4.8. Si2s and Si2p and their deconvolution into silicate
and substrate contributions
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Figure 4.14.: (a) Si2s and (b) Si2p and Ba4d XPS signals of differently prepared
samples are compared. They are shifted in intensity for better visibility.
Moreover, the measurement of the 16 nm BaySiO4 (green) was shifted in
energy by —0.74 eV and the measurement of the 14 nm BaO film (blue)
was shifted in energy by +1.59 eV in order to align the positions of the
Ba4d peaks with the 1 nm BaySiO,4 film. The deconvolution into sil-
icate and substrate contributions of the Si2s and Si2p signals of the
1 nm BaySiO, film are shown in (c¢) and (d), respectively. The BasSiOy4
films were grown in an oxygen pressure of 1.2 - 1078 torr with a rate of
1.1 ML/min and annealed at 680 °C for 40 min. The BaO film was grown
in an oxygen pressure of 5 - 1077 torr with a rate of 1.1 ML/min and
annealed at 335°C for 15 min.
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4.9. Cross-sectional STEM measurements

The Si2s and Si2p signals are shown in Figs. 4.14a) and b), respectively, for a 16 nm
thick BaySiO4 film (green line), a 1 nm thick BaySiO4 film (red line) and the bare
Si(001) surface (black line). The BaySiO,4 films were grown in an oxygen pressure
of 1.2 - 1078 torr with a rate of 1.1 ML/min, i.e. a minimized oxygen pressure (see
section 4.5) and annealed at 680 °C for 40 min. The BaO film was grown in an oxygen
pressure of 5 - 1077 torr with a rate of 1.1 ML/min and annealed at 335°C for 15 min
in order to remove the BaOs (see section 4.3). In the case of the 16 nm thick BaySiOy4
film, the Si signals come exclusively from the silicate layer, i.e. the substrate is invisible.
They have a relatively low intensity. Compared to the O 1s peak, the intensity of the
Si2p (Si2s) peak of the silicate is approximately a factor of 13 (11.3) lower. This is
partially due to the atomic ratio of BaySiO4 (O : Si =4 : 1) and partially due to the
sensitivity of the XPS (RSFs: O1s = 2.77, Si2p = 0.85, Si2s = 0.98 for the SPECS
XPS used in this work).

In the measurement of the 1 nm thick Ba,SiO, film the substrate peaks are still visible
and they overshadow the silicate peaks, which appear as shoulders of the substrate
peaks towards high binding energies. The deconvolution of the Si2s and Si2p signals
into silicate and substrate contributions are shown in Figs. 4.14c) and d), respectively.
In order to correctly determine the silicate contributions, line shapes that perfectly fit to
the measurements of the bare Si(001) surface were carefully chosen for the fit functions.
With respect to the substrate peaks, the silicate peaks is shifted by approximately
2.2 eV towards higher binding energies. Compared to the Si2p peak, the flanks of the
Si2s peak decline more slowly, making the Si2s silicate peaks harder to detect. On
the other hand, the satellite features of the Ba4d doublet peak, which is right next to
the Si2p peak, overlap with the Si2p peak. The satellite features can be seen in the
measurement of the 14 nm BaO film (blue line in Fig. 4.14b)). They are flat enough,
so that they don’t impede the analysis of the Si2p silicate peak too much. However,
they have to be considered when studying the oxidation states at the interface [95].
Moreover, due to these complications is not feasible to gain information about the
composition of the interface from the Si peaks in XPS.

4.9. Cross-sectional STEM measurements

Cross-sectional high-angle annular dark field (HAADF) z-contrast scanning transmis-
sion electron microscopy (STEM) images were recorded in the Ernst Ruska-Centre for
Microscopy and Spectroscopy with Electrons, Forschungszentrum Jilich by Prof. Dr.
Knut Miiller-Caspary. The images were taken from an 11 nm (44 ML) BaySiOy film,
which was prepared in two steps: First, a 1 nm (4 ML) film was deposited at RT with
a stoichiometric Si:Ba flux ratio in an oxygen background pressure of 1.2 - 10~ torr
at a deposition rate of 1.1 ML/min, i.e. the oxygen pressure was minimized, and crys-
tallized by annealing at 680°C for 40 min. Second, the remaining monolayers were
deposited with the same parameters. The film was then annealed again at 680 °C for
40 min. The lamellae were cut along the Si(110) plane. As expected from the LEED
results (Fig. 4.8) two orientations of BaySiOy4 are observed, the a, c-projection shown in
Fig. 4.15 and the b, c-projection shown in Fig. 4.16. The Ba atoms are clearly visible as
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Si(110)

Figure 4.15.: High-angle annular dark field (HAADF') z-contrast STEM image of the
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a, c-projection of the BaySiO, crystal structure (left side) and the inter-
face to Si(001). The bright spots are Ba atoms. The right side of the
image shows the Si(110) plane. The image was taken from an 11 nm
BaySiO, film grown in a minimized oxygen pressure (for the details of the
preparation see the text). The BaySiO4 layer has a very regular struc-
ture, which is best seen from a low viewing angle. The interface between
BaySiO4 and Si(001) is atomically sharp.



4.9. Cross-sectional STEM measurements

Si(110)

Figure 4.16.: High-angle annular dark field (HAADF') z-contrast STEM image of the
b, c-projection of the BaySiO, crystal structure (left side) and the inter-
face to Si(001). The bright spots are Ba atoms. The right side of the
image shows the Si(110) plane. The image was taken from an 11 nm
BaySiOy film grown in a minimized oxygen pressure (for the details of the
preparation see the text). In the position where the image was taken, the
c-axis of the BaySiO, layer is tilted by approximately 4° from the surface
normal.
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4. Structural properties of BaySiO, thin films

Ba,Si0, b, c-projection Si(110)

Figure 4.17.: High-angle annular dark field (HAADF') z-contrast STEM image of the
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b, c-projection of the BapSiOy4 crystal structure (left side) and the inter-
face to Si(001). The bright spots are Ba atoms. The right side of the
image shows the Si(110) plane. The image was taken from an 11 nm
BaySiO, film grown in a minimized oxygen pressure (for the details of the
preparation see the text). A transition from a growth with the c-axis of
the BaySiO4 layer normal to the Si(001) surface (top) to a tilted growth
(bottom) is seen. It is correlated with steps at the interface.



4.9. Cross-sectional STEM measurements

Figure 4.18.: BaySiO, crystal structure overlaid on the HAADF z-contrast STEM im-
ages: (a) b, c-projection and (b) a, c-projection of BagSiO4. The bright
spots are Ba atoms. The bottom of both images shows the Si(110) plane.
The BaySiOy4 film was grown with a minimized oxygen pressure (see sec-
tion 4.9 for the details of the preparation). The crystal structures were
drawn with VESTA [50] based on Refs. [51] and [100]. Green: Ba, blue:
Si, red: O. The Ba atoms at the interface that deviate from the BasSiO4
bulk structure are depicted in dark green.
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4. Structural properties of BaySiO, thin films

bright spots. On the other hand, the Si and O atoms are not visible within the silicate
layer due to their low atomic number compared to Ba. The measurements confirm that
the interface between the crystalline BaySiO4 and Si(001) is atomically sharp.

Whereas in the a, c-projection in Fig. 4.15 the c-axis of BaySiOy is perfectly perpen-
dicular to the Si(001) surface, it is off by approximately 4° in the b, c-projection in
Fig. 4.16. This tilted growth was only observed in the b, c-projection. In Fig. 4.17 a
gradual transition from a growth with the c-axis perpendicular to the Si(001) surface
to a growth with the c-axis in an 86° angle to the Si(001) surface is observed. The
transition is correlated with a step in the BaySiO,4 at the interface. This is either due to
the overgrowth of a step in the Si surface that was already there before the deposition,
which leads to a tilt in the silicate since the BaySiO,4 layer height does not match the Si
step height, or it is a mechanism to release stress due to the lattice constant of BaySiOy4
in a-direction not perfectly matching the periodicity of the Si(001) surface.

4.10. The epitaxial interface between Ba,;SiO, and
Si(001)

In Fig. 4.18 the BaySiOy crystal structure was overlaid on the STEM results (see previ-
ous section for details) by matching the Ba atoms with the bright spots. Note that the
measured film was grown with a minimized oxygen pressure. Therefore, the following
results are for this type of films. The BaySiO4 bulk structure fits the measurement up
to the penultimate monolayer, neglecting relaxations of the crystal structure. Only in
the monolayer closest to the interface the positions of some of the Ba atoms had to be
changed in order to fit the measurement. These Ba atoms are depicted in dark green in
the overlaid crystal structures. This means that only one monolayer at the interface is
geometrically modified, in order to form the bonds to the Si(001) substrate, neglecting
small relaxations of the atoms.

Fig. 4.19 serves to illustrate how the lattice matching is be achieved. It compares a
silicate layer with the BaySiO4 bulk structure (a) to the modified interface layer (b).
Both are on top of unreconstructed Si(001) for reference. Depicted are only the Ba
atoms of the silicate layers (green and gray) as well as the Si atoms of the first two
layers of the substrate (blue) in a top view (a,b-projection) as well as the two side
views (a, c- and b, c-projections). In order to derive the interface layer from the bulk
structure, the gray Ba atoms are removed and the dark green Ba atoms are moved
in the ab-plane. The light green Ba atoms remain in their original position. Hence,
the Ba content of the interface layer is reduced by one forth as compared to the bulk
structure. Moreover, the rearrangement of the Ba atoms results in a period doubling
in b-direction as compared to the BaySiO4 bulk structure. This matches the (2 x 3)
structure observed in LEED (see Fig. 4.8) and confirms that this structure is indeed a
result of a lattice modulation at the epitaxial interface required for the lattice matching.
By the rearrangement a pseudo 1:1 matching with the Si substrate is achieved in b-
direction, where a Ba atom sits above every Si row with every third one being slightly
elevated. In a-direction the Ba atoms sit in between the topmost Si atoms in every
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Figure 4.19.: Lattice matching: The Ba atoms (green and gray) of (a) one monolayer
with the BapSiO4 bulk structure and (b) the lattice matched interface
layer as determined in Fig. 4.18 are shown on top of the Si(001) surface
(light blue: 1st layer, dark blue: 2nd layer). The boxes mark the unit
cells of the silicate layers. To form the lattice matched interface layer the
gray Ba atoms are removed and the dark green Ba atoms are moved in
the ab-plane. The light green Ba atoms remain at their original positions.

other Si unit cell, so that the lattice matching between the reconstructed silicate layer
and the Si(001) surface is 2:1.

Based on the information from STEM, XPS and LEED, as well as the typical Ba-O and
Si-O bond lengths in barium silicates and the chemical boundary conditions that Ba
atoms are divalent and that the Ba-O bonds are ionic, a plausible model of the interface
was designed, which is depicted in Fig. 4.20. The model has six O atoms per unit cell
in Si-O-Ba bonding states in the interface layer. The topmost substrate layer exhibits
a pseudo-(2 x 1) reconstruction, which is similar to the typical (2 x 1) reconstruction
of the Si(001) surface, but in two out of three (2 x 1) unit cells one Si atom is raised
by an O-bridge, resulting in a (2 x 3) periodicity which matches the periodicity of the
silicate interface layer. The pseudo-(2 x 1) reconstruction is best visible in the 3D
view. The O-bridges are necessary to raise the Si atoms so that the other O atoms
bound to these Si atoms can form ionic bonds with the Ba atoms in the second silicate
layer, while staying within the typical silicate bond lengths. The O-bridges result in a
concentration of O atoms in Si-O-Si bonding states of two per interface unit cell, which
is equivalent to the oxygen concentration in 1/4 ML of the BaySiO4 bulk structure
and thus in agreement with the XPS results shown in Fig. 4.7d). The pseudo-(2 x 1)
reconstruction results in a 1:1 match in a-direction between Ba,SiO4 and the Si surface.

The interface model helps to understand the necessity of the high temperature anneal-
ing step for the formation of the epitaxial interface (see section 4.6) in more detail. In
the model, the (2 x 1) reconstruction of the Si(001) surface is partially restored. It only
features O atoms in the decorating positions and in 1/6th of the possible back-bonding
positions (cf. Fig. 4.21). The O atoms in the remaining back-bonding positions and in
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Figure 4.20.: Proposed interface model: (a) b, c-projection and (b) a, c-projection and
with respect to the BaySiOy crystal structure. (c) 3D view. Green: Ba,
blue: Si, red: O. The structure was drawn with VESTA [50]. In this
model, the BaySiO4 bulk structure [51] was slightly streched so that the
a and b axes fit exacly 1:2 and 2:3, respectively, to the lattice constant
in [110] direction of the Si lattice [100], i.e. small lattice mismatches were
ignored. The Ba atoms at the interface that deviate from the BaySiOy4
bulk structure are depicted in dark green.

bridging positions have to be removed, which requires the high temperature annealing
step. The situation is similar to the epitaxial growth of BaO films on Si(001), which re-
quires a (2 x 1) reconstruction at the substrate surface with O atoms only in decorating
positions [102]. In that case epitaxial sub-monolayer Sr silicide is used as a protection
layer, which prevents the formation of three dimensional SiOs [94]. In this work, the
minimization of the oxygen pressure is used for this purpose instead. However, in ad-
dition, the silicide also deters O atoms from occupying the bridging and back-bonding

o o Decorating O o )
Unoxidized Si-dimer Bridging O Back-bonding O

Figure 4.21.: Oxidation of the Si(001)-(2 x 1) dimers: Illustration of the possible po-
sitions of the O atoms based on [101]. The buckling of the dimers is not
considered. Drawn with VESTA [50].
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4.10. The epitaxial interface between BaySiO, and Si(001)

positions [101], which allows the BaO to directly growth epitaxially. As it turned out,
the same was not possible by using a minimized oxygen pressure, even when starting
with an amorphous monolayer of Ba. That is why, in this work, the high temperature
annealing step is needed to remove these O atoms retroactively. The annealing step is
only possible because the BaySiOy is chemically stable in contact with Si (at least as
long as no additional oxygen is supplied). In contrast, the BaO would react with the
Si substrate to form silicate, so that the protection of the Si-dimers is the only option.
A similar protection layer might also allow for the elimination of the high temperature
annealing step and the direct epitaxial growth of the BaySiOy4 films. In section 4.7 it
was already shown that interfacial epitaxial Ba silicide does not prevent the epitaxial
growth of BasSiOy.
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5. Electrical properties of Ba>SiOy
thin films on Si(001)

In this chapter, the electrical properties of crystalline and amorphous BaySiO4 thin
films will be discussed. Films grown with a minimized oxygen background pressure
as determined in section 4.5 will be coverd first. Afterwards, the effect of interfacial
Si-rich silicate produced by the growth in a high oxygen pressure (cf. section 4.6)
will be investigated. Electrical measurements were performed on structured samples
consisting of several MOS capacitors as described in detail in section 3.2. Only p-
type silicon was used for the electrical measurements. All XPS measurements were
performed on unstructured samples.

5.1. Band alignment of the Ba,SiO,/Si(001)
heterostructure

A precise knowledge of the band alignment of insulator/semiconductor heterostructures
is required for their technical integration. In particular, conduction and valence band
offsets of more than 1 eV are required for the use in a CMOS transistor [4].

Valence band offsets of the BapSiO4/Si(001) heterostructure were measured for n- and
p-type silicon by XPS using the method of Waldrop et al. [103, 104]. In this method,
three samples are used in order to determine the valence band discontinuity of an
insulator/semiconductor heterostructure. Bulk samples of the semiconducor and the
insulator are used to determine the energy difference between the valence band edges
and arbitrary core levels. The energy difference between the same core levels is de-
termined using an insulator thin film, that is thin enough that the semiconductor
substrate peaks are still visible. The valence band offset is then calculated from these
three measurements.

Due to the lack of a BaySiO,4 bulk sample, a 63 ML film was used instead. A 4 ML
film was used as the thin film. Moreover, the Si2p and O 1s core levels were used. The
following three energy differences were measured

Si(001) Si(001
AESi(OOl) = ESiQp - sz (o0
Ba2Si04,63 ML Ba2Si104,63 ML
AFEa,sio, = Ep4s — B

_ pBazSiO4,4 ML BazSiO4,4 ML
AEor = Ep; - ESin
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Figure 5.1.: XPS measurements used for the determination of the valence band offset
of BaySiOy4 to p-type silicon (10 — 20 Qcm): Si2p (a) and valence edge
(b) signals of p-Si(001). O1s (c¢) and valence edge (d) signals of a 63 ML
thick BaySiO, film. O 1s (e) and Si2p (f) signals of a 4 ML thick BaySiO,
film grown on p-Si(001). The BaySiO, films were annealed at 680°C for

84

40 min.



5.1. Band alignment of the BaySiO4/Si(001) heterostructure
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Figure 5.2.: XPS measurements used for the determination of the valence band offset
of BaySiOy4 to n-type silicon (8 — 12 Qcm): Si2p (a) and valence edge
(b) signals of n-Si(001). O1s (c¢) and Si2p (d) signals of a 4 ML thick
Ba,SiO, film grown on n-Si(001). In addition, the measurements of the
63 ML BaySiOy film in Figs. 5.1c) and d) were also used to determine the
valence band offset to n-Si. The BaySiO, film was annealed at 680 °C for
40 min.

where FE, are the energetic positions of the valence band edges. The valence band offset
AFEy g was then determined as follows

AEyp = AEcr, + AEgio01) — AEBa,si0,-

The results of the XPS measurements for crystalline films with the respective energy
values are shown in Fig. 5.1 for the p-type Si(001) substrate (10 — 20 Qcm) and in
Fig. 5.2 for the n-type Si(001) substrate (8 —12 Q2 cm). The measurements of the 63 ML
BaySiOy film in Figs. 5.1c) and d) were also used for the calculation of the band offset
to the n-type substrate.

The negative values of the valence band edges are a result of the method used for
their determination, in which the linear part of the signal at low binding energies is
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Figure 5.3.: Band offsets of the BasSiO4/Si system as determined by XPS: Epitaxial
BaySiO4 on (a) p-type Si(001) (10 — 20 2cm) and (b) n-type Si(001) (8 —
12 Qcm). (c) Amorphous BasSiO4 on p-type Si(001) (10 — 20 Q cm).

extrapolated and the intersection with the constant background is used as the energy
of the valence band edge, as shown in the figures. Due to the signal broadening in
XPS this leads to an underestimation and even negative values for the valence edges.
In contrast, the Fermi edge of the silver sample used for the calbration of the XPS was
fitted with a step function and the middle of the step was used as the energy of the
Fermi level. This method is more accurate, but it cannot be used for the valence edges.
However, this does not affect the derived values of the band offsets, assuming the errors
made in the determination of the silicon valence edges and the BaySiO, valence edge
are the same.

The derived valence band offsets for crystalline films are 1.90 &= 0.10 eV to p-type
silicon and 1.87 4 0.10 eV to n-type silicon. With these values and the known band
gaps of silicon (1.12 eV) and BasSiOy4 (5.7 €V [1]) conduction band offsets of 2.68 +
0.10 eV to p-type silicon and 2.71 £ 0.10 eV to n-type silicon are calculated. The
resulting band alignments are shown schematically in Fig. 5.3a) and b). Within the
measurement uncertainty the offsets for p-type and n-type silicon are identical for the
doping concentrations used here. In addition, Fig. 5.3c) shows the band alignment for
amorphous BaySiO4 on p-type silicon, which was determined analogously to that of the
crystalline films. The film was kept amorphous by only annealing it to 400°C . The
valence band offset of the amorphous film is 1.68 £ 0.10 eV and thus 0.12 eV smaller
that that of the crystalline film making the band alignment slightly less symmetrical.
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Figure 5.4.: Fermi level pinning by interface states: The band bending for (a) p-type
and (b) n-type silicon is shown. The dashed line marks the Fermi energy
and the dotted line indicates midgap. The Fermi level is shifted by 0.32 eV
from midgap at the doping levels of the substrates used here.

The band offsets being the same for p- and n-type silicon indicates that the Fermi level
is pinned by interface states as illustrated in Fig. 5.4. If the band alignment was the
result of the work function difference between the gate metal and the silicon substrate,
the band offsets should differ by 0.64 eV (the sum of the Fermi level shifts from midgap
due to doping). The smaller valence band offset in the case of the amorphous BaySiOy4
layer might be due to the interface state pinning not being fully developed yet. A
Fermi level pinning was also observed for epitaxial Bag 75130 films on Si(001) [105].

The valence band offset is 0.6 eV lower than previously measured for Bay;SiO, grown
by Si diffusion from the substrate [1]. In principle, the interface of the films grown by
diffusion is not necessarily the same as in the case of the growth by co-deposition in a
minimized oxygen pressure. Depending on the oxidation of the silicon substrate surface
during the film growth, either a Si-rich silicate (see Fig. 4.12 and its discussion) or a
silicide (see section 4.7) can form at the interface. However, both of these modifications
actually reduce the valence band offset even further. A Si-rich silicate at the interface
results in a valence band offset of 1.55 + 0.10 €V, while interfacial silicide leads to
a valence band offset of 1.75 + 0.15 eV (The offsets were determined using the XPS
measurements of Si(001) and the 63 ML BaySiOy4 film from Fig. 5.1 as well as the
ultra-thin films from Fig. 4.12a) and Fig. 4.13 for z < 1, respectively). Another reason
for the discrepancies might be a Si deficiency at the top of the thick film grown by
diffusion as a result of the need for a concentration gradient in order for the diffusion
to occur. Nonetheless, the valence and conduction band offsets of the films grown by
co-deposition are still well above 1 eV for both n- and p-type silicon substrates, so that
the requirement for technical application is fulfilled [4].

5.2. Leakage current through Ba,SiO, films

The leakage currents through crystalline and amorphous BaySiO,4 layers were investi-
gated by IV-measurements on MOS test capacitors. For reference, the outline of the
samples is shown again in Fig. 5.5 (see section 3.2 for details). Only p-type silicon
substrates were used for the electrical measurements. The current density-gate voltage
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Figure 5.5.: Outline of the structured samples: The black squares represent the active
area of the capacitors. The frames around them represent the size of the
gold contacts. The columns are labeled from 1 to 6 and the rows are labeled
from A to B. A detailed description is given in section 3.2.

characteristics of samples with 40 ML (10 nm) thick crystalline Ba,;SiO, films annealed
at 680°C and 695°C are shown in Figs. 5.6 and 5.7, respectively. Moreover, Fig. 5.8
shows the results for a sample with a 40 ML (10 nm) thick amorphous film, annealed
at 500°C.

The first thing that stands out is that two of the capacitors, D5 and D6, of the sample
annealed at 680°C show significantly lower current densities than all other capacitors
(see Fig. 5.6b)). At -1V the measured current densities are 3.2 - 1076 A/cm® and
2.0-107¢ A/ cm?, respectively. In contrast, the other capacitors show current densities
between 107 and 1 A/ cm” at -1 V. This means that parasitic leakage channels exist in
the latter capacitors, that allow for a current to flow either directly through the silicate,
e.g. along grain boundaries, or along the edges of the silicate layer due to an insufficient
connection to the surrounding oxide. Unfortunately, due to the large scattering of the
current densities no conclusive statement, based on the variation of the active area of
the capacitors, can be made about whether the current densities scale with the area or
the length of the edges of the capacitors.

A possible explanation for the high leakage currents is the presence of carbon impurities
at the silicon surface. In an earlier batch of samples some of the capacitors showed linear
IV curves with a slope corresponding to the serial resistance of the other capacitors, i.e.
the silicate layers of those capacitors were clearly short-circuited. SEM investigations
showed that the silicate layers were not closed (see appendix A.1). The problem was
more pronounced at the edges, possibly due to the carbon impurities becoming mobile
during the flashing and accumulating at the edges or the surface tension of the cleaning
solutions being too high to properly wet the edges. It was resolved by preparing new
substrates using a fresh photoresist and a more thorough cleaning procedure in order
to reduce the density of carbon impurities. However, the carbon density on the silicon
surface might still be too high resulting in parasitic channels at the sample edges. The
results in Fig. 5.6b) clearly prove that it is possible to avoid these leakage channels.

88



5.2. Leakage current through BaySiO, films

a) 100 E T j ', T T T T T b) T T T T T T
—~ 10" r 200 ym ] — i 200 ym
E -6 [ 4

§ 10} 3 § 10°%

< o <

E ] 2 107} 3

2 10f 1z

) SE )

T 107F 4 ©

— E - -8 4

& 10°f ] 6 10¢

5 7 f 5 [

S 10k © 00l D3|
10°F 1 ——D6
10-9 [ 1 1 1 1 1 [ 1 1 1 1

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Gate voltage (V) Gate voltage (V)
C) 10°g . . . . d) 10°g . . . .
g F 300 af 400

gE\ 10"k Hm 3 gE\ 10"k Hm J

S 107k 1 S 107k 1

?-’ s ?., af

> 10 1 E > 10 1 E

@ 10°F E 2 10" ;

(0] F [0 E

° 10° 3 1 ° 10° 3 1

c oF c oF

S m—c 3 SN — 3

] -7 [ 3 -7 L

o 10— 3 3 107 —D2 ]
I oeb D3

Fl—cC4 1 Fl—D4 1
10-9 [ 1 1 1 1 1 109 [ 1 1 1 1 1
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Gate voltage (V) Gate voltage (V)

e) f)

- Leakage current in Alcm? at -1V

% £ 1.0x10°

7 7.5x10™

3 5.0x10"

@ 1.0x10"

[0} c 7.5x10?

E E 5.0x10?

< 6 [ 2.5x10%

g 10 E1 B . b 1.0x107

3 107F —E2 1 7.5x10°

of [—E3 A . 4 5.0x10°

10 Fl—F4 1 I 2.5x10°

10° E ) ) ) ) 1 2 3 4 5 6 1.0x10°
-1.0 -0.5 0.0 0.5 1.0

Gate voltage (V)

Figure 5.6.: IV curves of a sample with 40 ML (10 nm) thick crystalline BaySiOy films
annealed at 680°C: (a), (b) 200 pm-capacitors (4 - 107% c¢m? area), (c)
300 pm-capacitors (9-10~% cm? area), (d) 400 pm-capacitors (1.6-107% cm?
area), (e) 500 pm-capacitors (2.5 - 1072 cm? area), (f) heatmap of the cur-
rent densities at -1 V
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Figure 5.7.: IV curves of a sample with 40 ML (10 nm) thick crystalline BaySiO, films
annealed at 695 °C : (a) 200 pm-capacitors (4-10~* cm? area), (b) 300 pm-
capacitors (9-107* ecm? area), (c) 400 pm-capacitors (1.6 - 1073 cm? area),
(d) 500 pm-capacitors (2.5 - 107 cm? area), (e) heatmap of the current
densities at -1 V
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Figure 5.8.: IV curves of a sample with 40 ML (10 nm) thick amorphous BaySiOy films
annealed at 500°C : (a) 200 pm-capacitors (4-10~* cm? area), (b) 300 pm-
capacitors (9-107* cm? area), (c) 400 pm-capacitors (1.6 - 1073 cm? area),
(d) 500 pm-capacitors (2.5 - 1072 cm? area), (e) heatmap of the current
densities at -1 V
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5. Electrical properties of BaySiO, thin films on Si(001)

In order to investigate the change of the leakage current across the sample, heatmaps
of the current densities at -1 V are shown in Figs. 5.6f), 5.7¢) and 5.8e). In the areas
marked with the gray stripes there are no capacitors to be evaluated (see section 3.2).
While there are some clusters of capacitors with comparable current densities, there
are no clear patterns that are consistent across all samples. It is important to note
that there was actually a temperature gradient on the samples. Since the filament of
the e-beam heater used to anneal the samples was located below the rows A-C, the
temperature of the D-row was approximately 10 °C below the specified temperature and
the temperature of the E-row was approximately 20 °C below the specified temperature.
This means that the temperature of the E-row of the sample annealed at 680°C |,
which also shows comparatively high leakage currents, was actually below the optimum
temperature range for crystallization.

The expectation of amorphous films having lower leakage currents than crystalline ones
is not confirmed by these measurements. In fact, the crystalline films showed lower
leakage currents overall. The sample with the crystalline films annealed at 695°C
(Fig. 5.7) has the most capacitors with current densities below 5-1073 A /cm” at -1V,
namely seven. The sample with the crystalline films annealed at 680°C (Fig. 5.6) and
the sample with the amorphous films (Fig. 5.8) have only four capacitors in the same
range each. However, two of those capacitors from the crystalline sample annealed at
680 °C show significantly lower current densities of 3.2-107% A /em® and 2.0-1076 A /em?
at -1V as discussed above. Moreover, the crystalline sample annealed at 695°C has
only two capacitors with current densities of more than 1-1071 A/ cm” at -1 'V, while
the amorphous sample has five. The crystalline sample annealed at 680 °C has seven
capacitors with current densities in the same range. However, four of those were not
actually heated to temperatures in the optimum range for crystallization as discussed
above.

5.3. Capacitance voltage measurements: Flat band
voltage and hysteresis

A representitive capacitance voltage measurement is shown in Fig. 5.9a). This mea-
surement was taken on the capacitor D5 of the sample annealed at 680 °C, whose IV
curves are shown in Fig. 5.6. Using the inflection point method [82] Vi, = —0.059 V is
determined from the forward CV curve. For the capacitor D6 of the same sample the
inflection point method gives Vy, = —0.082 V for the forward CV curve.

The flat band capacitance method [80, 81] gives Vy, = —0.012 'V for D5 and Vy, =
—0.035 V for D6 for the forward CV curves. However, it does not take the effect of
charged interface traps and non-uniform doping into account. A correction for both
contributions can be done following the methods in the textbook ‘MOS Physics and
Technology’ by Nicollian and Brews [80]: The shift of the flat band voltage due to
charged interface traps can be described by AVy, = eDy(edpp + E;/2)/Coy, where e is
the elementary charge, e¢p is the energy distance of the Fermi level from midgap in
the silicon bulk, E, is the silicon band gap (1.12 eV) and C,, is the oxide capacitance,
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Figure 5.9.: (a) CV curves of a 40 ML (10 nm) thick BaySiO, film annealed at 680 °C
measured from negative to positive voltages (black) and vice versa (red)
at a frequency of 100 kHz with a sweep time of 20 s on the capacitor
D5 (area: 4-107% cm?) of the same sample whose IV curves are shown
in Fig. 5.6. The hysteresis is 92mV. Vy, = —0.193 V (forward curve,
determined with the flat band capacitance method, see text). The curves
were corrected for series resistance (Rs = 421 ) using a three element
model (see section 2.5.2). (b) Current density at -1 V in dependence of the
hysteresis of the CV curves for all capacitors of the two crystalline samples
annealed at 680°C and 695°C, respectively, and the amorphous sample
annealed at 500 °C.

which is determined from the CV curve in strong accumulation (here 1.10 pF/cm? for
D5 and 1.08 pF/cm? for D6). The Fermi level shift due to doping can be determined
via e¢pp = kT - In(n;/N4) for p-type silicon, with the intrinsic charge density n; of
silicon (3 - 10? em™ at 290 K) and the dopant density N4. For the substrates used
in this work Ny = 1- 10 cm™3 , which results in a Fermi level shift of -0.32 eV
from midgap. The shift of the flat band voltage due to charged interface traps is
negative for donor type interface traps and positive for acceptor type interface traps.
With D;; = 2.85-10'2 eV tem=2 and 3.07 - 10'2 eV tem ™2 determined for D5 and
D6, respectively, (see section 5.5) and assuming that the interface traps in the lower
half of the silicon band gap are donors like for the SiO,/Si system [106] the flat band
voltage shift due to charged interface traps is -0.101 V for D5 and -0.110 V for D6.
Considering also the shift due to non-uniform doping at the silicon surface for which
estimates are given in Table 10.3 of Ref. [80] (-0.08 V for N, = 1- 10" cm™®), the
corrected flat band voltages determined by the flat band capacitance method are -
0.193 V for D5 and -0.225 V for D6 for the forward CV curves. In comparison to the
flat band capacitance method, the inflection point method overestimates the flat band
voltage by approximately 0.13 to 0.14 V.

The hysteresis of the CV curve, i.e. the difference of the flat band voltages of the back-
ward and forward curves (in this work it is defined as Vjpvord — Vféorward, Vip was
determined with the inflection point method), is 92 mV and 103 mV for D5 and D6 of
the sample annealed at 680 °C, respectively. In general, the hysteresis of a CV curve
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Figure 5.10.: Heatmaps of the flat band voltage (determined with the inflection point
method) for samples with 10 nm thick Ba,SiO4 films annealed at 680°C
(a), 695°C (b) and 500°C (c). The fields that are left blank did not show
a clear CV curve. In the areas marked with the gray stripes there are no
capacitors to be evaluated.

can be caused by charge injection from the silicon into rechargeable traps near the in-
terface, charge injection from the metallic gate contact or ionic polarization. For p-type
substrates, charge injection from the silicon leads to a positive, i.e. counterclockwise
hysteresis, while charge injection from the metal and ionic polarization lead to a neg-
ative, i.e. clockwise hysteresis (it is opposite for n-type substrates), with the trapped
charge from the silicon usually dominating if both types of carrier injection happen,
due to their close proximity to the silicon-insulator interface [107, 108]. Therefore, the
hysteresis in this case is dominated by rechargeable traps near the silicon interface.
It corresponds to charge densities of 6.31 - 10" e¢/cm? for D5 and 6.95 - 10" e/cm? for
D6, where e is the elementary charge. The measured hystereses vary between 30 and
117 mV for the crystalline samples, and between 0 and 117 mV for the amorphous
sample. The hystereses for D5 and D6 of the sample annealed at 680 °C, which show
the lowest leakage currents, are the highest values measured for that sample. Moreover,
there is a general trend of the hysteresis increasing as the leakage current decreases
as shown in Fig. 5.9b). This can easily be explained by the fact that the charge that
is built up at the interfaces during the voltage sweep can discharge if the silicate is
not perfectly insulating. However, as seen in the figure the scattering of the data is
very large, i.e. the influence of the leakage channels is not the single dominant effect.
As stated above, the hysteresis results from the complex interplay of several different
contributions, making a straightforward interpretation impossible. For this reason the
charge densities determined above are only lower limits for the rechargeable traps near
the silicon interface. The hysteresis of less than 1 mV previously measured for BaySiOy4
films grown by Si diffusion from the substrate [1, 89] is not a reliable value, since it is
based on an incorrect interpretation of the data (see appendix A.2).

Furthermore, the flat band voltage varies considerably between different capacitors.
For the crystalline samples it varies from -1.05V to 0.79 V, and for the amorphous
sample it varies from -1.40 V to 0.88 V (determined with the inflection point method).
There is also a clear trend of the flat band voltage increasing towards the top left corner
of the samples as shown in Fig. 5.10. The variation of the flat band voltage cannot be

94



5.4. Dielectric constant of BasSiOy

due to variations of the band alignment of the Ba,SiO, films and silicon, since such
large variations were not observed in XPS (see section 5.1) and they are also larger
than the silicon bandgap (1.12 eV) so that they would have to result in large leakage
currents. However, the distribution of the flat band voltage shifts (Fig. 5.10) is not
correlated with the distribution of the leakage currents (see section 5.2). It is most
likely a result of a variation of the charge distribution at the interface between the
insulator and the metallic gate contact. It was shown that the dipole resulting from
the image charge created in the metal by the ionic charges in the oxide leads to a shift
in the flat band voltage [109]. This effect can be used to tune the flat band voltage by,
for example, inserting an ultra-thin Al layer between the Au capping and the insulator
and varying its thickness [105]. In this case, it seems that there is a systematic and
reproducible change in the charge distribution at the interface to the metal across the
sample. Since the temperature gradient is parallel to the short side of the sample,
this has to be due to the alignment of one of the evaporators being slightly off center,
resulting in a gradual variation either of the Si:Ba ratio, the reduction of the topmost
silicate layer or the impurity density at the top interface.

5.4. Dielectric constant of Ba,SiO,
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Figure 5.11.: Determination of the dielectric constant k£ of BaySiO4: The capaci-
tance equivalent thickness (CET), as determined from the CV curve in
strong accumulation and corrected for the quantum confinement contri-
bution [110], is plottet against the film thickness. The slope of the linear
fit is equivalent to 3.9/k.

In order to determine the dielectric constant k& of BaySiOy, the capacitance equivalent
thickness (CET) is plotted against the film thickness for Bay,SiO, films with thick-
nesses of 5, 7 and 10 nm in Fig. 5.11. The CET was determined using the capacitance
value of the CV curve in strong accumulation after correction with the three-element
model. Moreover, it was corrected for the quantum confinement contribution and in-
sufficient substrate accumulation using the values determined in Ref. [110] for a p-type
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substrate with a dopant density of Ny = 1-10% cm™ and a metallic gate electrode
(CET opr = CETypeorr — Aty with At,, = 0.6, 0.7 and 0.85 nm for film thicknesses
of 5, 7 and 10 nm, respectively). Only capacitors with active areas of 4 - 107* cm?
and crystalline films annealed at 680 °C were used. The leakage current densities were
below 5 - 1072 A/cm” at -1 V for the 10 nm films and below 9 - 107! A/em® at -1 V
(< 5-1072 A/em® at 1V) for the 5 and 7 nm films. The average CET values were
determined from five, six and ten measurements for the film thicknesses of 5, 7, and
10 nm, respectively. The slope of the linear fit is equivalent to 3.9/k (3.9 is the dielec-
tric constant of SiOg). The dielectric constant derived in this way is k = 22.5 + 1.1.
It is in the high-k range and only slighly lower than the dielectric constant of HfO,
(k= 25) [4].

The linear fit intersects the y-axis at a CET of (0.56 £ 0.08) nm, i.e. there is an ad-
ditional capacitance contribution in series with the BaySiOy4 layer. This indicates a
lower polarizability at the interface. According to the proposed interface model (see
Fig. 4.20), at zero thickness as it is defined here the topmost silicon layer, which fea-
tures a pseudo-(2 x 1) reconstruction with two O atoms in Si-O-Si bonding states per
interface unit cell (7.51 x 11.61 A?), still remains. Additionally, the first silicate layer at
the interface has a different composition than the bulk. The offset of (0.56 + 0.08) nm
indicates that these two layers have a lower polarizability than the bulk Ba,SiO,4, which
reduces the effective dielectric constant of the silicate.

For amorphous layers the offset slightly decreases or stays the same within error
margins. The capacitance in accumulation for the 10 nm thick amorphous films is
1.15 4+ 0.02 pF/cm?, which is marginally higher than the value of 1.10 & 0.03 uF/cm?
for the 10 nm crystalline films annealed at 680 °C. Assuming that the dielectric con-
stant does not change for the amorphous films, this translates into the y-intercept being
0.14 + 0.14 nm smaller for the amorphous films. This would mean that an increase in
the oxygen concentration in the topmost substrate layer actually increases the dielectric
constant of this layer, thereby reducing the offset.

5.5. Interface trap density of the Ba,;SiO,/Si system

The interface trap density D;; was measured using the conductance method, which is
explained in detail in section 2.5.4. The Gy /w curves, from whose maximum Dj; is
determined with equation 2.41, are shown in Fig. 5.12a) for the capacitor D5 of the
sample with the 10 nm thick BaySiO4 films annealed at 680 °C. The corresponding CV
curve is displayed in Fig. 5.9a). The flat band voltage of this capacitor is -0.193 V
as determined with the flat band capacitance method (see section 5.3). The Gy /w
curves were recorded for gate voltages ranging from weak accumulation (-0.25 V) to
weak inversion (0.15 V). As the gate voltage is changed, the frequency w at which
the maximum appears changes from 4.5 MHz at -0.25 V to approximately 90 kHz at
0.15 V. From the width of the curves the correction factor fp from equation 2.41 was
determined to be fp = 0.4 following the method in Ref. [80]. The derived interface trap
densities in dependence of the gate voltage are shown in Fig. 5.12b). They represent
the interface trap densities in the lower half of the silicon band gap and follow the same
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Figure 5.12.: Distribution of the interface trap density in the lower half of the silicon
band gap for crystalline films: (a) G;;/w curves between weak accumula-
tion (V, = —0.25 V) and weak inversion (V, = 0.15 V) and (b) interface
trap densities derived from the maximum of the G;;/w curves. The mea-
surements were taken on the capacitor D5 of the sample with the 10 nm
thick BaySiOy4 films annealed at 680 °C. The corresponding CV curve is
shown in Fig. 5.9a). The flat band voltage is -0.193 V as determined with
the flat band capacitance method.

trend as in the SiO,/Si system where D;; increases towards the band edges. In order to
determine D;; in the upper half of the silicon band gap, capacitors with n-type silicon
are required.

Heatmaps of the interface trap density at midgap (0.32 eV above flat band for the
dopant density of Ny = 1-10" cm™3 of the substrates used) are shown in Fig. 5.13
for the samples with the Ba,SiO,4 films annealed at 680°C, 695°C and 500 °C. These
are the same films that are discussed in the previous sections. The sample with the
crystalline films annealed at 680°C (Fig. 5.13a)) shows a uniform distribution of the
interface trap density at midgap. The average value is (1.14 4 0.78) - 10'? eV tem ™2,
Two of the capacitors show significantly higher values than the other capacitors of 3.00-
102 eV~tem™2 (B3) and 3.07 - 10'? eV~ 'em™2 (C5). Excluding these two capacitors,
the average value becomes (8.47 4 2.62) - 10" eV 'em™2. The lowest value measured
is 4.05 - 10" eV~tem =2 for A4.

The sample with the crystalline films annealed at 695°C (Fig. 5.13b)) shows an in-
creased Dy, of (2.41 4 0.94) - 10'2 eV 'em ™2 in the rows A and B. This shows that an
annealing temperature of 695°C is already too high so that the epitaxial interface is
degraded. Due to the temperature gradient on the sample, the annealing temperature
of the remaining rows was actually between approximately 690°C (C row) and 675°C
(E row). Hence, the interface trap density in these rows of (8.71+£3.82)-10'"! eV~ 'cm ™2
is comparable to that of the sample annealed at 680 °C.

The amorphous films (Fig. 5.13c)) show interface trap densities of (2.72 £+ 0.82) -
10'2 eV~tem 2 excluding the capacitor A4. Including A4, whose interface trap density
of 2.96-10" eV~ 'em ™2 is approximately one order of magnitude higher that that of the
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Figure 5.13.: Heatmaps of the interface trap density at midgap for samples with 10 nm
thick BaySiOy4 films annealed at 680°C (a), 695°C (b) and 500°C (c).
These are the same films that are discussed in the previous sections. The
fields that are left blank either did not show a clear CV cure or their
Gt/w curves did not show a maximum in the measured frequency range,
i.e. they would simply rise exponentially towards low frequencies. In the
areas marked with the gray stripes there are no capacitors to be evaluated.

other capacitors, the average Dy is 6.08 - 10'? eV 'em™2. Interestingly, the capacitor
A4 is also the one that showed no hysteresis in its CV curve.

The measured interface trap densities at midgap are approximately one order of mag-
nitude lower than the value of (14 0.5) - 10'® eV 'ecm™2 previously reported for crys-
talline BaySiO, films grown by silicon diffusion from the substrate [1, 89] *. However,
as discussed in appendix A.2 only the 9.4 nm thick film in that work gave a reliable
measurement. Therefore, the interface trap density achieved in that work is actually
approximately 5 - 10'2 eV 'em™2 and thereby lower than the reported average value
suggests. Nevertheless, this is still about a factor of five higher than the value measured
in this work for crystalline films and even almost a factor of two higher than the value
measured for amorphous films (excluding the capacitor A4). This improvement of the
quality of the epitaxial interface can be attributed to the elimination of the need for
silicon diffusion from the substrate by the growth of the films by co-deposition. It is
most likely not a consequence of an improved cleaning of the substrate, since even on
the samples of the first batch from this work, where some of the capacitors were short
circuited due to carbon residues on the silicon surface (see appendix A.1), interface
trap densities at midgap of approximately 1 - 102 eV 'cm™? were measured for the
non-short circuited capacitors.

*In Ref. [1] it is claimed that the given D;; value is the value under flat band condition. However, in
the corresponding dissertation [89] a G;;/w curve for the 9.4 nm film is shown in Figure 7.37. This
curve has a maximum at f ~ 5.5 - 10* Hz (w ~ 3.5 - 10° Hz) and gives Dy ~ 6.3 -10'2 eV 'cm ™2,
The frequency of the maximum lies between that of the curves recorded at V; = 0.05 V and 0.10 V
in Fig. 5.12a) of this work. Therefore, the value of D ~ 5102 eV~ lem2 given in Figure 7.38
of Ref. [89] should be compared the the valus given in Fig. 5.13 of this work. The reason for the
discrepancy is most likely that the flat band voltage was determined using the 1/C?-method [83],
which greatly overestimates the flat band voltage (for p-type substrates, it in turn underestimates
it for n-type substartes) if D;; is not negligible, i.e. larger than 10 — 10*° eV lem=2
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5.6. Effect of an interfacial Si-rich silicate layer on the
electrical properties

In this section the effect of a Si-rich silicate layer, i.e. a silicate layer with a higher
Si concentration than BaySiOy, located at the interface to the silicon substrate on the
electrical properties of the gate stack will be discussed. The Si-rich silicate layer is
the result of the growth of the BaySiOy4 films in a high oxygen background pressure,
which leads to the oxidation of the silicon surface during the early stages of the growth.
During the annealing at the latest, the interfacial SiO, reacts with the Ba,SiO4 layer
to form a Si-rich silicate layer (see section 4.6). Two samples were prepared. In both
cases 10 nm thick BaySiOy4 films were deposited in an oxygen background pressure of
1-1077 torr at a deposition rate of 1.1 ML/min. The only difference was the annealing
temperature. The first sample was annealed at 680 C for 40 min, which results in a
crystalline film, while the second sample was annealed at only 500 °C for 40 min, which
is too low to crystallize the film.

The substrate with the films annealed at 680 °C used for the electrical measurements
was part of the first batch of substrates in this work, which were insufficiently cleaned
and still had large concentrations of carbon residues on the surface (see section 3.2.2).
As a result, the majority of the capacitors show high current densities between 1
and 10 A/cm? at -1 V. However, four of the capacitors have current densities between
8-107% and 5- 1072 A/cm2 at -1V, so that they can be evaluated. The results are
shown in Fig. 5.14. The accumulation capacitance is 1.1140.02 pF/cm?, the flat band
voltage is —0.48 + 0.09 V and the hysteresis of the CV curve is 83.18 + 34.47 mV.
Moreover, the conduction band offset is 1.91 eV. These results are very similar to those
of the films grown in a minimized oxygen pressure (see sections 5.1 and 5.3). The
most interesting result, however, is that the interface trap density at midgap is (3.32 4+
0.45) - 10" eV~'em™2, and therefore lower than even the lowest value measured for
the crystalline films grown in a minimized oxygen pressure, i.e. without the interfacial
Si-rich silicate. Moreover, since the accumulation capacitance is the same as for the
crystalline films grown in a minimized oxygen pressure, the Si-rich silicate layer does
not lead to an increase of the CET, at least within the uncertainty of measurement,
making it a promising alternative to the abrupt interface.

In contrast, the results for the films annealed at 500 °C differ considerably from those
grown at a minimized oxygen pressure discussed in the previous sections. Firstly,
the valence band offset to p-type silicon is 1.98 eV and thus 0.08 eV higher than for
crystalline films and 0.30 eV higher than for amorphous films grown in a minimized
oxygen pressure. The band alignment is the most symmetrical one measured in this
work. Secondly, the films show some of the lowest current densities of all the films
measured in this work. In addition to the capacitors with current densities in the
range of 1073 to 10~ A/em” at V, = —1 V also present for the previously investigated
samples, there is now a significant number of capacitors with current densities in the
range of 5-107° to 1073 A/ cm®. Thirdly and most importantly, the capacitance in
accumulation is reduced to 0.58 4 0.01 pF/cm? in comparison to 1.15 #+ 0.02 pF/cm?
for the amorphous film grown at a minimized oxygen pressure. Fourthly, the flat band
voltage shifts to —3.23 £0.27 V (as determined with the inflection point method) and
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Figure 5.14.: Crystalline BaySiO4 with a Si-rich silicate layer at the interface to Si:
(a) Current densities of the 200 pm-capacitors. (b) Representative CV
curves of a 200 pm-capacitor (sweep time 20 s). They were corrected for
series resistance using a three element model (see section 2.5.2). (c¢) Band
alignment as determined by XPS. The films were grown in an oxygen
background pressure of 1-1077 torr with a deposition rate of 1.1 ML/min
and subsequently annealed at 680 °C for 40 min.

the hysteresis of the CV curves becomes negative: —53.27+40.97 mV (the hysteresis is
defined as Vjpetwerd — sz)orwwd). Lastly, the interface trap density at midgap increases

by approximately one order of magnitude to (1.05 & 0.09) - 10'3 eV~ 'em™2.

These results are rather unexpected given that the only difference in the preparation
as compared to the previously discussed films in this section is the lower annealing
temperature. The reduction of the accumulation capacitance corresponds to a CET
that is approximately twice as high as that of the other 10 nm films. In order to
achieve this with a SiOy layer connected in series it would have to be 2.8 nm thick.
Since SiOg is thermodynamically unstable in contact with BaySiOy, the formation of
a Si-rich silicate layer is more likely. Due to its higher dielectric constant it would
have to be even thicker than the SiOy layer. However, both the formation of this layer
and that it is possible to remove it by annealing the sample to 680 °C, which would
have to be the case given the results of the previously discussed sample, contradict the
XPS results. Therefore, there has to be a different reason for the lower accumulation
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Figure 5.15.: Amorohous BaySiO4 films grown in a high oxygen background pressure:
(a) Current densities of the 200 pm-capacitors. (b) Representative CV
curves of a 200 pm-capacitor (sweep time 20 s). They were corrected for
series resistance using a three element model (see section 2.5.2). (c¢) Band
alignment as determined by XPS. The films were grown in an oxygen
background pressure of 1-10~7 torr with a deposition rate of 1.1 ML /min
and subsequently annealed at 500 °C for 40 min.

capacitance. It is possible that due to high disorder in the films the polarization axes
of the individual dipols are randomly aligned, which would lower the effective dielectric
constant. Furthermore, the negative, i.e. clockwise hysteresis of the CV curve means
that the charge injection from the silicon into rechargeable traps near the interface is
not the dominant contribution to the hysteresis anymore, either due to the density these
rechargeable traps being greatly reduced or the ionic polarization contribution being
greatly increased [107, 108] (see also section 5.3). The shift in the flat band voltage
also indicates an increase in the trapped positive charge located at the interface to the
silicon substrate or the trapped negative charge at the interface to the metallic gate
contact. A shift of -3 V corresponds to a charge density of 1.09 - 10'3 ¢/cm?. Overall,
films prepared in this way are not suitable as a high-k dielectric, mainly because of the
low accumulation capacitance, and therefore high CET, and the high interface trap
density. While the reasons for the drastic differences are still unclear, the results show
that the annealing temperature is much more important in the case of the growth in a
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high oxygen pressure as compared to the growth in a minimized oxygen pressure.

5.7. Assessment of the results and comparison with the
literature

The high leakage current densities of more than 1 - 1073 A/cm2 at -1V and a film
thickness of 10 nm measured for the majority of the capacitors have to be due to an
issue in the preparation, since current densities that are approximately three orders
of magnitude lower were also measured in two capacitors. During the preparation
different Ba silicate compounds can form due to a local oxygen surplus and Ba silicide
can form due to a local oxygen deficiency. However, the values of the band gaps of
the different Ba silicate compounds are very similar to each other, so that even if a
different silicate compound is formed it will unlikely lead to high leakage currents. DFT
calculations give values of 4.539 eV for BaSiO3 [52], 4.792 eV for BaSi;O5 [111] and
4.512 eV for BaySizOg [53] as compared to 4.632 eV for BaySiO, [51]. Note that DFT
calculations generally underestimate the band gap. Experimentally a value of 5.7 eV
was measured for BagSiO4 [1]. Unfortunately, there is no data available for BagSioO7 or
BaySizOq9, which are the most likely silicate compounds to form as defects in BaySiOy4
since their anions consist of chains of two and three SiO,4-tetrahedra, respectively, and
the anions of BaySiO, are single SiOy-tetrahedra (see section 2.2.2). In contrast, the
anions of BaSiOj are infinite SiO4-tetrahedra chains, so that this compound is unlikely
to form. The formation of BaSi, will, however, likely lead to leakage currents, since its
band gap is comparatively small. DFT calculations give a value of only 0.791 eV [112].
Moreover, the placement of the Ba atoms in the unit cell is similar to BaySiO4 with
the unit cell of BaSi, being slightly larger than that of Ba;SiO4 (see appendix A.3), so
that it can more easily form as a defect if the local oxygen concentration is too low.
Its formation could lead to carrier injection from the silicon into the associated defect
states.

In order to compare the leakage currents with the literature, current densities at 1V
are used for n-type silicon substrates, since in this case the current densities are higher
at positive voltages, and vice versa current densities at -1 V are used for p-type sil-
icon substrates, since here the current densities are higher at negative voltages. Us-
ing k = 22.5 as determined in section 5.4, a thickness of 10 nm corresponds to an
equivalent oxide thickness (EOT) of 1.73 nm for the BaySiOy4 thin films. Taking into
account the offset due to the interface contribution, the EOT increases to 2.29 nm.
The films of this thickness without parasitic leakage channels show current densities of
3-107% A/em® (Fig. 5.6b)) at -1 V, which is comparable to optimized HfO, films at
an EOT of 1.5 nm [113, 4]. This shows that it is essential to reduce the offset of the
CET/EOT due to the interface contribution. SiOy shows current densities at 1V of
1 A/em?® at a thickness 1.7 nm and 1-1073 A/cm® at a thickness of 2.3 nm [4]. This
means that the current densities of the BaySiO,4 films with parasitic leakage channels
(1073 — 1 A/em?® at -1 V) are actually higher than those of SiO, at the same EOT, if
the offset due to the interface contribution is considered. However, in contrast to the
leakage current densities of SiO, and the optimized insulators presented in Ref. [4],
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the leakage current densities of the BaySiO, films with the parasitic channels do not
increase exponentially with decreasing thickness. The lowest current density at -1 V
measured for a 5 nm BaySiOy film (EOT = 1.43 nm with the offset taken into account)
was 8-1072 A/ cm®. Tt should furthermore be noted that no additional processing steps
to minimize the leakage current of the Ba;SiO, films, such as an annealing step in a
nitrogen atmosphere, were done.

The interface trap density D; turned out to be the lowest for the crystalline films
with Si-rich silicate at the interface, namely (3.32 & 0.45) - 10" eV~'cm=2. This is,
however, not unexpected, since the interface trap density is still more than one order
of magnitude higher than for the SiO,/Si(001) interface, which can be as low as 1 -
10'% eV~tem™2 [80]. The formation of a Si-rich silicate at the interface means that the
density of the SiO4-tetrahedra is increased while the density of Ba atoms in decreased
at the interface, i.e. the conditions at the interface are closer to the SiO5/Si(001)
interface reducing the interface trap density. The situation is similar to the use of
a Si0y layer between a high-k material and the silicon substrate in order to reduce
the interface trap density, with the important difference that, within the uncertainty
of the measurement, the CET of the BaySiO, is not increased due to the interfacial
Si-rich silicate. The interface trap density of the BaySiO, films is also higher than
for lattice matched Bag7Sro30 on Si(001), where values of 6 —9-10'° eV~ 'cm ™2 were
achieved [105]. In contrast to the Bag 7St 30 films, the lattice constants of the BaySiOy4
films were not specifically adjusted to the Si(001) surface. Moreover, the rectangular
surface unit cell of the BaySiOy4 films, as opposed to the square surface unit cell of the
Bag 7Sro.30 films, is more difficult to match to the Si(001) surface. A possible reason
for the comparatively high interface trap density of the BasSiO4/Si(001) interface is the
tilted growth of the BaySiO4 films in some areas as observed in Fig. 4.17. On the other
hand, the interface trap density of the crystalline Bay,SiO, films with the interfacial
Si-rich silicate is lower than the interface trap density of the HfO,/Si interface, and
the interface trap density of the crystalline Ba;SiO4 films grown in a minimized oxygen
pressure is comparable to the interface trap density of the HfO,/Si interface, which
has typical values of around 1 - 102 eV~'em~2 [114, 115]. While there are values of
1-10" eV~tem™2 reported for HfO,, they can only be achieved with a SiO, layer at
the interface [116], so that they are technically values for the SiO,/Si(001) interface.
With La-silicate an even lower value than for the BaySiOy4 films was achieved, namely
210" eV~ lem =2 [117].

To make the established values of the interface trap densities more intuitive to un-
derstand, the value of 1.14 - 10" eV 'em~2 for the crystalline film with the abrupt
interface (see section 5.5) corresponds to 9.95 - 1073 eV~ 'unit cell ™, where unit cell
refers to the interface unit cell with a size of 7.51 x 11.61 A? (see section 4.10). This
means that, per eV, there is an electrically active defect in every 10th interface unit cell
in each direction on average. Taking into consideration the results from the structural
investigation, there are three plausible causes for these defects. First, the formation
of the epitaxial interface requires that some, but not all, O atoms in Si-O-Si bonding
states are removed from the interface by annealing. Under the growth conditions with
a minimized oxygen pressure, the number of O atoms in Si-O-Si bonding states per
interface unit cell is reduced from 4 to 2 (see sections 4.6 and 4.10). According to the
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5. Electrical properties of BaySiO, thin films on Si(001)

proposed interface model (section 4.10) these O atoms are located in the first silicon
layer, which shows a pseudo-(2 x 1) reconstruction. In total, this layer has 15 possible
locations for O atoms in Si-O-Si bonding states per interface unit cell, 12 back-bonding
and 3 bridging (see Fig. 4.21). Assuming that these locations are occupied randomly
before the annealing step, the O atoms not only have to be removed but some also have
to be shifted into the specific locations required for the epitaxial interface, which is a
source for potential defects. Second, as seen in Fig. 4.11a) an annealing temperature of
680 °C is already sufficient to also desorb O atoms in Si-O-Ba bonding states. Since no
additional oxygen is supplied during the annealing, this could result in O vacancies in
the silicate. Moreover, with the oxygen pressure being close to the saturation point for
complete oxidation of the silicate, local fluctuations of the oxygen pressure can more
easily result in oxygen vacancies than if the pressure was higher. Third, the tilted
growth observed in STEM (see Fig. 4.17) also results in defects at the interface. On
the one hand, there is possibly a higher defect concentration directly at the step edge
than for e.g. SiO,, due to the large lattice constant of BaySiO, perpendicular to the
interface, which makes the adjustment to the step edge more difficult. On the other
hand, the continuously changing interface behind the step edge, where the BaySiOy
layer is tilted with respect to the Si(001) substrates, is also a source of defects.
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6. Summary and conclusion

The epitaxial growth of BaySiO,4 thin films on Si(001) by co-deposition of Ba and Si
in an oxygen background pressure was systematically investigated. The stoichiome-
try at the interface turned out to be critically dependent on the oxygen background
pressure during deposition. The key to the calibration of the oxygen pressure and
the determination of the saturation point for a complete oxidation of the film was the
line shape of the O 1s peak in XPS. This method is much more precise than methods
based on the frequency change of a quartz crystal microbalance, since it is based on
the actual oxygen concentration of the thin film under investigation and sensitive to
the formation of compounds with higher oxygen concentration, e.g. the formation of
BaO,. Using a two-step approach, in which a crystalline 1 nm thick film is prepared
first before the rest of the film is deposited, the successful growth of epitaxial films
with a thickness of up to 16 nm was demonstrated. Films grown with a minimized
oxygen pressure, i.e. an oxygen pressure just above the saturation point for a complete
oxidation of the film, still feature 1/4 ML of O atoms in Si-O-Si bonding states. In
comparison, the BaySiO,4 bulk structure has only O atoms in Si-O-Ba bonding states.
STEM showed that these films form an atomically sharp interface to Si(001) and that
the BaySiO4 bulk structure is maintained up to the penultimate layer at the interface.
Only one silicate layer is changed to a (2 x 3) structure, which was also observed in
LEED, to match the (2 x 1.5) bulk structure to Si(001), neglecting relaxations. An
interface model was proposed for the films grown with a minimized oxygen pressure,
which features a pseudo-(2 x 1) reconstruction of the Si surface (Fig. 4.20) and can
serve as the basis for future theoretical calculations.

It turned out that the epitaxial growth of the BaySiO, films is very robust. Even the
formation of a Si-rich silicate layer at the interface (see section 4.6) or the formation of
epitaxial sub-monolayer Ba silicide near the interface (see section 4.7) did not prevent
the epitaxial growth of BaySiO4. However, different minority structures were observed
in LEED in addition to the (2x1.5) bulk structure based on the preparation conditions.
Other than the (2x 3) structure of the epitaxial interface for films grown in a minimized
oxygen pressure, a (2 X 6) structure was observed in the case of an oxygen rich interface
resulting from the oxidation of the substrate surface due to the growth in a high oxygen
pressure, and a (4 x 2) structure was observed in the case of silicide formation due to
a Ba surplus in the adsorbed film prior to annealing.

The temperature needed to crystallize the BaySiOy4 films could not be reduced as com-
pared to the growth by diffusion of Si from the substrate into an adsorbed BaO film. In
fact, it was shown that even a 20 nm thick BaO film is turned completely into Bay;SiOy4
at a temperature 100 °C below the temperature needed to crystallize the films, proving
that the annealing step is needed for a reason beyond enabling the diffusion of Si. As it
turned out, the annealing step at 670 — 690 °C is needed to form the epitaxial interface
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6. Summary and conclusion

(see section 4.6). In particular, it is needed to remove O atoms in Si-O-Si bonding
states at the interface that form due to an oxidation of the topmost silicon layer (see
the of section 4.10). This oxidation of the topmost substrate layer, which leads to a
destruction of the Si dimers, could not be prevented by minimizing the oxygen pres-
sure. Only the formation of three dimensional SiO, could be stopped. In comparison,
the epitaxial growth of BaO and SrO films on Si(001) is achieved with the help of
sub-monolayer Sr silicide that protects the dimers and enables the epitaxial growth to
happen directly [101]. The retroactive removal of the O atoms in the case of BaySiOy4
is only possible because BaySiOy, is chemically stable in contact with Si. In contrast,
BaO or SrO would react with the substrate to form silicate.

In the electrical characterization a dielectric constant of &k = 22.5 + 1.1 was found for
BaySiO, in agreement with Ref. [1], as well as band offsets to Si(001) larger than 1.8 eV
for crystalline layers. Moreover, leakage current densities as low as 2-107¢ A/ cm?® at
-1 V have been measured for a 10 nm thick film. Interface trap densities at midgap
of (1.14 £ 0.78) - 10'2 eV 'em ™2 were measured for crystalline layers with an abrupt
interface. Amorphous films showed slightly higher interface trap densities of (2.72 4+
0.82) - 102 eV 'em™2 at midgap. A further reduction of the interface trap density
was possible by incorporating a Si-rich silicate layer at the interface, thus bringing the
conditions at the interface closer to those of the SiO,/Si(001) interface. Crystalline
films with such an interfacial layer showed interface trap densities of (3.32 4 0.45) -
10" eV~'em ™2 at midgap, which is more than one order of magnitude lower than for
films grown by Si diffusion from the substrate [1].

Although the results summed up above are very promising, there are still several issues
that have to be addressed before BaySiO4 can be used as an alternative gate insulator.
First, even though no SiOs forms at the interface, the epitaxial interface still seems
to contribute an offset of (0.56 £ 0.08) nm to the overall CET (see section 5.4). This
greatly limits the achievable minimum CET of the gate stack and makes the scaling
below a CET of 1 nm essentially impossible. Second, the majority of the films still
showed high leakage current densities of more than 1-107% A/ cm® at -1 V and at a
film thickness of 10 nm. Since current densities that are approximately three orders
of magnitude lower were also measured in two capacitors, this has to be an issue with
the preparation. Third, the fact that the band offsets for p-type and n-type substrates
are almost identical indicates that the Fermi level is pinned by surface states (see
section 5.1). It has to be investigated how these surface states affect the source-drain
channel and the switching ability of the transistor.

The mentioned issues suggest that the interface has to be modified in order for the
BaySiOy films to be used as a high-k gate insulator. The investigation of the growth
mechanism in this thesis provides a basis for such interface engineering. A promising
route is the start with an epitaxial Ba silicide or Sr silicide sub-monolayer at the
interface. It was already shown that the epitaxial growth on such a layer is possible.
This would increase the density of large atoms at the interface and thereby hopefully
increase the dielectric constant of the interface thus reducing the interface contribution
to the overall CET of the gate stack. Furthermore, this layer could possibly lower the
annealing temperature needed to grow epitaxial films, since it protects the dimers of
the Si(001) surface as discussed above.
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In order to further reduce the interface trap density, it might also be worth the effort to
lower the density of carbon impurities at the silicon surface and to reduce its roughness.
When a BaySiO, film is grown on Si(001) with the co-deposition method used in this
work, the initial silicon surface becomes the interface. This means that all impurities
that were on the surface before the growth will end up at the interface. In contrast,
Si0, layers are usually grown on silicon by oxidation of the silicon surface, so that the
interface will lie lower than the initial silicon surface. As a result, the initial density of
carbon contaminations will not directly affect the interface. Since silicon crystals can
be grown essentially carbon free, a contamination of the interface by carbon impurities
is not an issue in the SiO/Si, which might be part of the reason why interface trap
densities as low as 1-10' eV ~'cm~2 can be reached in that system. Carbon contam-
inants can come from a variety of sources. Firstly, residues of the mineral oil used to
store the barium can decompose and enter the vacuum upon heating of the crucible.
They can then accumulate at the silicon surface before the deposition of the BasSiOy4
film is even started (see section 3.1.1). Even when the Ba pieces are thoroughly cleaned
before being put into the crucible, small concentrations are bound to remain on them.
Secondly, carbon residues on the structured samples resulted in ruptured and there-
fore short-circuited films (see appendix A.1). While the main issues were solved, it
cannot be excluded that the density of the remaining carbon contaminants affects the
interface trap density. Using vacuum sealed barium and increasing the flashing tem-
perature for the structured samples might therefore reduce the interface trap density.
Furthermore, the STEM measurements have shown that steps in the Si(001) surface
are correlated with a tilt in the BaySiO4 growth direction, most likely due to the large
lattice constant of BaySiO, perpendicular to the interface (see section 4.9). Again, this
is most likely less of an issue for in the SiOy/Si system, since SiO9 has smaller lattice
constants and grows amorphously. Due to the etching of the squares for the capacitors
and the cleaning in piranha solution (see section 3.2) the silicon surface is expected to
be rather rough. However, the exact roughness is unknown. Monitoring the roughness
an ultimately minimizing it might result in lower interface trap densities.
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Short-circuit due to carbon residues
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Figure A.1.: Short-circuited capacitor: (a) IV curve and (b) CV curve of a 200 pm-
capacitor with a 7 nm thick Bay;SiO, film, which was grown in a minimized
oxygen pressure and subsequently annealed at 680 °C. The resistance de-
termined from the IV curve is comparable to the series resistance of other
capacitors, i.e. the BaySiOy4 film is short-circuited.

The first batch of structured samples for the electrical measurements showed very
high leakage currents in the majority of the capacitors. Some of the capacitors even
showed linear IV curves with slopes corresponding to resistances comparable to the
series resistance of the capacitors with the lowest leakage currents, i.e. the BaySiOy4
films of these capacitors were clearly short-circuited. An example of this is shown in
Fig. A.1a) for a 200 pm-capacitor of a sample with a 7 nm BaySiOy film deposited in a
minimized oxygen pressure and annealed at 680 °C.

In order to understand the reason for the short-circuit, scanning electron microscopy
(SEM) measurements were performed. For this a structured sample was prepared with
a b nm BaySiO, film with the same growth parameters as before, i.e. it was deposited in
a minimized oxygen pressure and annealed at 680 °C, but without a metallic gate con-
tact so that the BaySiOy4 film is visible in the SEM. To protect the surface, the sample
was loaded in a vacuum suitcase directly from the UHV chamber and transported to
the UHV chamber with the SEM. Here it was on air for only a few seconds when taking
it out of the suitcase and loading it into the UHV chamber. The SEM measurements
reveal that the reason for the short-circuit is that the films are ruptured as seen in
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Figure A.2.: Reason for the short-circuit: Scanning electron microscopy (SEM) images
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of a structured sample with a 5 nm BaySiO4 film grown in a minimized
oxygen pressure and subsequently annealed at 680°C. The film was not
capped with a metalic gate contact, so that the BaySiO4 film is visible.
Top: SEM image taken close to the middle of the active area of one of the
capacitors. Bottom: SEM image showing the edge of the same capacitor.
The BaySiO,4 film is ruptured, explaining the short-circuit. The island
density decreases towards the edge. The contrast was adjusted for better
visibility.



A.1. Short-circuit due to carbon residues

P 4 o

Mag = 100.57 K X 200 nm WD = 17.7 xan

} e
Width = 3.790 pm Time :15:41:34 ¥)0micron
EHT = 15.00 kv Signal A = InLens Height = 2.842 pnm Date :3 Feb 2020 Aarchasiogy,
= . l—' Probe Current = 1.0nk Scan Speed = 10 Gemini #35 Nanoprobe #21

ol

s B LA
Mag = 100.48 K X 200 nm WD = 17.7 mm Width = 3.793 pm Time :15:28:07 &)0Omicron
Signal A = InLens Height = 2.845 pm Date :3 Feb 2020 Namiechaoiogy

EHT = 15.00 kV |—| Probe Current = 1.0nk  Scan Speed = 10 Gemini #35 Nanoprobe #21

Figure A.3.: Minority of almost closed films: Scanning electron microscopy (SEM)
images taken on the same sample as in Fig. A.2, but of different capaci-
tors. In contrast to the capacitor in Fig. A.2, the island density in these
capacitors is higher. The contrast was adjusted for better visibility.
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A. Appendix

Fig. A.2. Moreover, the island density decreases towards the edges of the capacitors as
seen in the bottom image of the same figure. However, in some of the capacitors the
BaySiOy film is (almost) closed, two examples of which are shown in Fig. A.3. This is
in line with the fact that a few of the capacitors showed leakage currents several orders
of magnitude below highest measured ones and in a range where the CV measurements
can be evaluated. Furthermore, SEM measurements on an unstructured sample with
a BaySiOy4 film prepared under otherwise identical conditions showed no islands at all.
The film was completely flat.

The CV measurements of the capacitors with short-circuited films are not determined
by the BaySiO, films. However, as seen in Fig. A.1b) at positive gate voltages the
signal can easily be confused with a proper CV curve. However, these curves do
not scale with the active area of the capacitors and there is a mirrored CV curve at
negative voltages. Therefore, they have to be either a measurement artifact or due to
an additional capacitance in the circuit that is independent of the BaySiO, films.

The problem of the short-circuited BaySiO, films was solved by using a fresh photore-
sist and a more thorough cleaning procedure. A piranha etch was added, which was
previously omitted since it roughens the silicon surface, and the number of dilution
steps of the RCA SC-1 cleaning step was increased from one to three (for details see
section 3.2.2). The problem with aged photoresist is that it might not be able to be
completely removed and therefore leave residues on the silicon surfaces. Thus, the
reason why the films were not closed is most likely residual hydrocarbons.

A.2. Re-examination of the previous work

When comparing the results of the electric measurements to those published earlier in
the dissertation by Shariful Islam [89], there were some disagreements in the data. In
particular, the CET values used for determining the k-value of BaySiO4 much lower in
that work were, even though they were not corrected for quantum mechanical effects.
Upon close inspection of the raw data of that thesis it turned out that in some cases
artificial CV curves, that do not scale with the active area of the capacitors (see previous
section), were measured and mistaken for real ones, which led to incorrect conclusions.
Therefore, the old data from Shariful Islam will be re-examined in this section in order
to explain the discrepancies.

In his dissertation [89] Shariful Islam used BaySiOy films of three different thicknesses
to determine the k-value: 6.25 nm, 9.4 nm and 12.5 nm (in the raw data they are
labeled as 5 nm, 7.5 nm and 10 nm, respectively, which was changed in the thesis after
re-calibrating the thickness). The 6.25 nm and the 12.5 nm films showed very high
leakage currents. For the 6.25 nm films the leakage current densities were between
6.5-10"2 and 2.8 A/em” at 1 V and between 2.8 and 25 A /cm” at -1 V. For the 12,5 nm
films the leakage current densities were between 1.6 and 25.5 A /em? at 1 V and between
2.1-107! and 25 A/cm2 at -1 V, with one exception: One of the 600 pm-capacitors had
a leakage current density of 1.4-1074 A/cm2 at 1 Vand 1.6-1074 A/cm2 at -1 V.

Fig. A.4a) shows the CV curve that is also shown in Figure 7.35 of Ref. [89] (Note that
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Figure A.4.: Re-examination of the previous work (1): (a) CV measurement of an
800 pm-capacitor with a 6.25 nm thick BaySiO4 film and (b) IV curve of
the same capacitor. (c) CV measurements taken on the same sample as
in a) but for capacitors with different gate lengths. (d) CV measurements
taken on a sample with a 12.5 nm BaySiOy film. The results for capacitors
with different gate lengths are compared. The gate lengths are indicated in
the insets. All capacitors have a square active area. The measurements in
a) and c¢) were taken at a frequency of 100 kHz, while the measurements
in d) were taken at 10 kHz. Labels of the capacitors in the raw data:
6.25 nm: B21, B23, B24 & B25. 12.5 nm: Bl11, B14, B91 & B95. The
measurements were taken by Shariful Islam [89].

in that figure the y-axis is incorrectly labeled as nF/cm?, when it is actually just nF).
The IV curve of the same capacitor is shown in Fig. A.4b). Even though the leakage
current is not as high as in Fig. A.1, Fig. A.4a) shows most likely an artificial CV
curve since the accumulation capacitance is comparable to those in Fig. A.4c¢), which
shows the CV measurements for other capacitors of the same sample but with different
gate lengths as noted in the inset (Note that the y-axes are in nF). Regardless, since
the measurement in Fig. A.4a) was taken on an 800 pm-capacitor, the CET derived
from it is 8.51 nm, which is too high for a 6.25 nm BaySiO, film and also not the one
used for the determination of the k-value in Figure 7.34 of Ref. [89]. How the CET
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Figure A.5.: Re-examination of the previous work (2): (a) CV measurements of a
200 pm-capacitor with a 9.4 nm thick BaySiO4 film taken at 10 kHz (black
curve) and 100 kHz (red curve). The measurement of the parallel con-
ductance at 10 kHz is also shown (dashed line). Below -1V there is a
breakthrough of the capacitor resulting in a rise of the CV signal. (b) CV
measurement of a 400 pm-capacitor on the same sample taken at 100 kHz.
In this capacitor there is no breakthrough within the measured voltage
range. Labels of the capacitors in the raw data: B32 & B33. The mea-
surements were taken by Shariful Islam [89].

value for the 6.25 nm film used for the determination of the k-value was determined
is not completely comprehensible from the evaluation files, but using the curve of the
300 pm-capacitor in Fig. A.4c) gives the same value. However, this curve is clearly an
artificial CV curve, since it does not scale with the active area of the capacitor.

Fig. A.4d) shows CV measurements of the sample with a 12.5 nm BaySiO4 film for
capacitors with different gate lengths as indicated in the inset. Again, these are artificial
CV curves since they do not scale with the active area of the capacitors. Moreover, the
start of the mirrored CV curve (see previous section) is visible. The 600 pm-capacitor
is the one with the leakage current density of 1.6 - 107 A/ cm® at -1 V, however, the
CV curve is nonetheless an artificial one. The CET value for the 12.5 nm film used for
the determination of the k-value was determined from these measurements.

The sample with the 9.4 nm thick Bay,SiO,4 film showed leakage current densities be-
tween 7.3-107% and 1.1- 107" A/em® at 1 V and between 2.4 - 107" and 11.4 A/cm® at
-1 V. Some of the CV measurements show real CV curves, but the results were inter-
preted incorrectly. Fig. A.5a) shows one of the CV curves used for the determination
of the k-value as an example. While the curve measured at a frequency of 10 kHz
(black) is reliable from -1 to 2 V, it drastically increases below -1 V. This increase is
accompanied by an increase of the parallel conductance (dashed line), i.e. there seems
to be a breakthrough of the BaySiO4 film. The increase is less pronounced in the curve
measured at 100 kHz (red). The maximum of the 10 kHz curve (marked with a green
asterisks) was used to calculate the CET for the determination of the dielectric con-
stant. This resulted in an underestimation of the CET. Fig. A.5b) shows a CV curve
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from a different capacitor, where no electrical breakthrough occurred. It is compara-
ble to the ones measured for the 10 nm films in this work. Note that the curve was
not corrected for the series resistance, which would slightly increase the accumulation
capacitance.

Consequently, the CET values in Figure 7.35 of Ref. [89], and thus also the k-value,
are incorrect. While the k-value published in the corresponding paper [1] agrees within
the measurement uncertainty with the one determined in this work, this is just by
chance, since the one in this work was determined with and the one in Ref. [1] was
determined without correction for quantum mechanical effects. Moreover, the claim
that the hysteresis of the CV curve is below 0.5mV is also not correct since it is
based on the measurement in Fig. A.4a). On the other hand, the high interface trap
densities of Dy ~ 110" eV~ lem=2 and 1.5-10* eV tem ™2 determined for the 6.25 nm
and 12.5 nm films, respectively, are unreliable. Thus the actual interface trap density
achieved in that work is closer to the value of D;; =~ 5 - 102 eV lem™2 determined for
the 9.4 nm film.
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A.3. Comparison of the crystal structures of Ba,SiO,
and BaSi,

Figure A.6.: The crystal structures of Ba;SiO,4 (a) and BaSiy (b) are compared. Green:
Ba, blue: Si, red: O. The wire boxes mark the unit cells. Drawn with
VESTA [50] with data from [51, 112].

Compound a/A b/A c/A

BaySi0Oy4 7.602 5884 10.413
BaSis 9.009 6.778  11.602

Table A.1.: Lattice constants of BaySiO, [51] and BaSi, [112].
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und das Zuschneiden der Waferstiicke. Auflerdem danke ich Dr. Jan Kriigener fiir die
Durchfiihrung der Riickseiten-Implantation.
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