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Abstract
A potential material to replace silicon (Si) in the semiconductor industry is germanium
(Ge) with its high carrier mobility and CMOS compatibility. This would offer potential
for performance improvements of integrated circuits (ICs) beyond continuous miniaturiza-
tion. Furthermore, the accessibility of quantum confinement effects at nanometer-scales
and strong spin-orbit coupling makes Ge an interesting material to leverage the use of
those effects in integrated cuircits. However, one of the problems with Ge is the unstable
and "patchy" native oxide, resulting in the need for a better interface layer between the
substrate and the gate oxide.

In this thesis, different passivation layers for the Ge-surface were fabricated and tested.
Using a plasma enhanced ALD, the layers are deposited on a Ge-wafer. To allow electrical
measurements, gate contacts were patterned using lithographic techniques and deposited
using an e-beam evaporation process. The substrates were further annealed in forming
gas to observe the effects of it. To characterize the interface layers, different electrical
measurements were done, consisting of a I-V measurement for the breakdown voltage,
C-V measurements at different frequencies to study the behavior of the metal-insulator-
semiconductor (MIS)-structure and frequency sweeps at different bias voltages to measure
the conductance, which is needed to extract the interface trap density.

Electrical characterization of the interface layer reveal a distinct hysteresis of the native
GeOx, which was reduced with all tested interface layers: Al2O3, GeOxNy and AlN. The
interface trap density analysis revealed an improved interface between the native oxide and
the Ge-surface, whereas the tested passivation layers show mostly a higher Dit, except
for the unannealed GeOxNy layer. The annealing step in forming gas showed no clear
improvement for all of the passivation layers, as the Dit for GeOxNy increased, while it
decreased for the other two tested layers.
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Kurzfassung
Mit seiner hohen Ladungsträgerbeweglichkeit und CMOS-Kompatibilität qualifiziert sich
Germanium (Ge) als mögliches Material, um Silizium (Si) in der Halbleiterindustrie zu
ersetzen. Dabei ermöglicht Ge eine signifikante Leistungssteigerung integrierter Schal-
tungen (ICs), welche über die kontinuierliche Miniaturisierung von Si-basierten Bauele-
mente hinausgeht. Darüber hinaus sind mit Ge Quanteneffekten in strukturell weitaus
größerenBauelementen möglich. Von besonderem Interesse iat auch die starke Spin-Bahn-
Kopplung, welche Ge zu einem interessanten Material für Supraleiter-Ge-Supraleiter Hetero-
strukturen macht. Allerdings hat Ge ein großes Problem: das instabile und "lückenhafte"
native Oxid, so dass eine bessere Grenzschicht zwischen dem Substrat und dem Gate-Oxid
erforderlich ist.

In dieser Arbeit wurden verschiedene Passivierungsschichten für die Ge-Oberfläche hergestellt
und getestet, welche mittels plasmaunterstützter ALD auf einem Ge-Wafer abgeschieden
wurden. Um elektrische Messungen zu ermöglichen, wurden Gate-Kontakte mittel op-
tischer Lithographie strukturiert und mit einem Elektronenstrahl-Verdampfungsprozess
abgeschieden. Die Substrate wurden anschließend in Formiergas getempert, um die Auswirkun-
gen auf die Gernzflächen zwischen Ge und Passivierungsschicht herauszufinden. Zur
Charakterisierung der Grenzflächenschichten wurden verschiedene elektrische Messungen
durchgeführt, bestehend aus einer I-U-Messung für die Durchbruchsspannung, C-U-Messungen
bei verschiedenen Frequenzen, um das Verhalten der Metall-Isolator-Halbleiter-Struktur
(MIS) zu untersuchen, und Frequenzsweeps bei verschiedenen Spannungen, um die Kon-
duktanz zu messen, welche für die Berechnung der Ladungsdichte an der Grenzfläche
erforderlich ist.

Die elektrische Charakterisierung der Grenzflächenschicht zeigt eine deutliche Hysterese
des nativen GeOx, die bei allen getesteten Grenzflächenschichten reduziert wurde: Al2O3,
GeOxNy und AlN. Die Analyse der Ladungsträgerdichte an der Grenzfläche ergab einen
verbesserten Übergang zwischen dem nativen Oxid und der Ge-Oberfläche, während die
getesteten Passivierungsschichten meist eine höhere Dichte an Zuständen durch die Gernzfläche
(Dit) aufweisen, mit Ausnahme der nicht getemperten GeOxNy-Schicht. Der Temper-
schritt im Formiergas zeigte keine eindeutige Verbesserung für alle Passivierungsschichten,
da Dit für GeOxNy anstieg, während es für die beiden anderen getesteten Schichten ab-
nahm.
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Chapter 1

Introduction

Since the invention of the first integrated circuit 1958 , the basic goal of the semiconductor
industry was to make the basic elements like transistors smaller and smaller to increase
the amount of logical elements on each wafer allowing higher computing power and lower
production prices. This was already predicted in 1965 by Gordon Moore in a well known
paper, stating that the number of transistors per area will double every year [1]. This
as Moore’s Law known correlation was later revised to a longer time span of every two
years [2]. Thereby, Gordon Moore set the tone for the development of the semiconductor
industry for the next 40 years, although it is getting increasingly harder to keep up with
the law [3].

Although, the first transistor [4] and the first integrated circuit [5] were build using Ge
as the base material, it was quickly overtaken by Si, the second most abundant material
in the earths crust [6]. One of the reasons is the native oxide, which is stable and of high
quality as well as has a nice interface to the silicon itself [7].

To increase of the circuit operating speed and decrease of its power consumption, it is
important to downscale the transistors further and further. However, by doing this, fun-
damental scaling limits are reached like increased leakage current density in the offset
state and high supply voltages, which restrict the performance of modern devices [8]. One
reason of there limits is the trade off between the leakage current and the Equivalent Oxide
Thickness (EOT) [9]. Using Silicon dioxide (SiO2) as gate oxide was a reasonable choice
for bigger feature sizes, but due to the low dielectric constant (known as k, κ or ϵr), thin
gate oxide films using SiO2 exhibit a high leakage current through the oxide, negatively
effecting the performance of MOSFETs. A solution to this problem is the usage of so
called high-k materials with a dielectric constant > 3.9, which is the k value of SiO2, thus
resulting in a thicker oxide layer with the same electrical behavior as the SiO2 interface
layer [10]. Other ways to overcome the restrictions of conventional Si-based MOSFETs is
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CHAPTER 1. INTRODUCTION

to use new materials, processes and device architectures, like strained silicon [11], high-κ
gate dielectrics and recently FinFET architecture [12].

Another way is using high mobility materials like certain III-V-semiconductors[13] or Ge,
whereas the second option allows an easier integration into the device fabrication, as it is
complementary metal oxide semiconductor (CMOS) compatible [14].

One problem with the usage of germanium is the unstable and water soluble natural oxides
[15]. Therefore one important aspect to make the transition from Si to Ge-based devices is
to find materials, which can act as an interface layer between the substrate and the oxide
and do not lead to substantial drive current degradation in both low equivalent oxide
thickness and short channel regime [16].

The aim of this work is to fabricate and examine different interface/passivation layers.
The substrates were produced by plasma enhanced ALD using both conventional ALD
processes and nitridation steps. Examination was done using optical and electrical charc-
terization methods.

Chapter 2 provides a short introduction in the passivation, oxide states and common
passivation layers for germanium. Furthermore, the common characterization methods
are shown and described. In Chapter 3, the experimental techniques for the fabrication
and examination of the tested interface layers are presented. Chapter 4 focuses on the
optical and electrical characterization of the different produced passivation layers. Finally,
chapter 5 points out the most important results of this thesis as well as suggestions for
further investigations of different passivation layers.
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Chapter 2

Theory

2.1 Germanium
Germanium was discovered in 1886 by Clemens Winkler in the mineral argyrodite [17].
It is classified as a group 14 element with an atomic number of 32 and an atomic mass
of 72.59. Just like carbon and silicon, Germanium has 4 electrons in its valence shell and
crystallizes in the diamond structure with a lattice constant of 5.66Å at room temperature
[18]. The structure is defined as a face centered cubic (fcc) Bravais-lattice with two atoms
in the basis at the positions (0, 0, 0) and (1

4 , 1
4 , 1

4). Thus there exist 4 equivalent bonds per
atom with its next neighbors resulting in a tetrahedral structure around each atom with
the for next neighbors. [19]

Germanium is an indirect semiconductor with a band gap of Eg = 0.66eV between the
Γ-Point (k=(0,0,0)) and L-Point (k=(1,1,1)) at room temperature, 0.46eV smaller than
the band gap of Si. Apart from the indirect band gap, there still exists a direct band
gap at the Γ-point with Eg = 0.8eV . This results in a high absorption coefficient and its
suitability as infrared and far infrared detectors and devices [20]. Extensive studies have
also shown that band gap engineering through tensile strain allows Ge to change from
an indirect semiconductor to a direct semiconductor, which then can be used to fabricate
LEDs and optical pumped Lasers [21].

Si Ge GaAs InP InAs InSb
Electron mobility [cm2/V s] 1600 3900 9200 5400 40000 77000
Hole mobility [cm2/V s] 430 1900 400 200 500 850

Table 2.1: Electron and hole mobility of different semiconducting materials, Table adapted from
[24]
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CHAPTER 2. THEORY

(a) (b)

Figure 2.1: (a)The diamond lattice structure of Ge consisting of two intersecting fcc-lettices.
Each atoms has 4 next neigbourhs forming a tetrahedral shape around it. Image adapted from [22].
(b) Bandstructure diagram of Ge at 300K. Ge is an indirect semiconductor with the band-gap of
Eg = 0, 66eV at the Γ-Point. Image downloaded from [23]

Apart from the relatively low band gap enabling an easier transfer of electrons from the
valence band to the conduction band, another advantage of Ge is the high carrier mobility
for both electrons and holes, as can be seen in comparison with other semiconducting
materials in table 2.1. In comparison with Si, the electron mobility of Ge is more than
2.5 times larger, for holes even 4 times larger[20]. So it is to no surprise, that Ge has the
highest hole mobility in bulk among column IV and III/V semiconducting materials [24].

Despite the higher charge mobility of Ge, Si is more commonly used in production during
the last few decades. This can mainly be attributed to the naturally produced high quality
oxide of Si, which is a good insulator and stable at high temperature and ambient pressure.
In contrast, Ge forms an oxide which is unstable, soluble in water and has a high surface
trap density, up to 10−15 cm−2. Nevertheless, high−κ dielectrics can be used to substitute
the native oxide of Ge, thus making Ge a suitable material for the production of logic
devices. [25] [26] [27]

2.2 Surface passivation
With the idea of building a working field effect transistor, the surface of semiconductors,
especially Ge, were already researched in the 50’s [28] [29] [30]. Due to the scaling prob-
lems with Si, Ge is once more considered for emerging nanoelectronic devices as it has
promising properties like the higher carrier mobilities and thermal conductivities [31]. Es-
pecially the higher hole and electron mobility and the lower bandgap are advantageous
properties of Ge, which can be exploited to further push the scaling of FET structures.
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In a perfect crystal with no surfaces or interfaces, every impurity or defect can induce
electronic states around itself in the bulk material. These so called trap states act like
quantum wells and have a high probability of trapping electrons or holes with a high
probability. This is the reason why a high material quality and elevated purity levels
are needed to quench the influence of defects over the electric transport. For an infinite
crystal the defect density remains constant but the surface is getting more problematic
as it acts like a disruption in the lattice symmetry with unsaturated atoms in the top
layer called dangling bonds. These states act as traps for charge carriers and influence the
band structure of the upper layers of the crystal. For Ge, Kingston reported a density of
1015 cm−2, which is equivalent to one state per lattice site for monolayer adsorption [26].
As the surface is of high importance for semiconductors due to their size and especially
for ultra-scaled devices, the influence of surface states gets more important and has to
be mitigated recurring to efficacious passivation methods. Additionally, passivating the
surface can also be employed to influence the behavior of the device itself.

According to the Merriam-Webster dictionary the definition of passivation is ’to make
[something] inactive or less reactive’ or ’to protect [something] against contamination by
coating or surface treatment’ [32]. The basic idea is to reduce the number of dangling
bonds and therefore the surface states. This assures a chemical stability of the surface
against reactions with other elements or molecules in the vicinity of the surface and reduces
the influence on the band structure of the bulk.

2.2.1 Surface states
Surface states can be classified into two categories. A clean and well-ordered surface
produces so-called "intrinsic" defects, due to the broken translational symmetry. Extrinsic
states on the other hand originate from the disturbance of the ideal surface caused by
missing atoms or by other structural defects as well as the presence of impurities.

The theoretical work for ideal surfaces can be build up from two different models depending
on the binding potential of the electrons. The surface states resulting from the nearly-
free-electron model are called Shockley-states. Contrary to the low binding potential of
nearly free electrons, the tight binding model results in Tamm-states. Both are called after
the physicists William Shockley and Igor Tamm. From the physical point of view, there
is no real distinction between both states, just the mathematical approach is different.
Furthermore, both approaches have different application possibilities, depending on the
binding energy of the electrons to the surface. Tamm states for example are more suited
for wide gap semiconductors, while Shockley states describe small gap semiconductors
better.

As the surface is a cut through a bulk, bonds between the atoms also have to get cut. By
using the Linear Combination of Atomic Orbitals (LCAO) model, which describes bonds
between atoms as an overlap of their wave function, it can be easily seen that these upper
atoms have less overlap than the ones in the bulk. Every atomic orbital, which would have
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an overlap in the bulk, produces a surface state if not satisfied. This leads to a derivation
of the surface electronic band from the bulk electronic band. This effect is especially strong
for materials with only one "leading" bonding orbital, for example the sp3-hybrid. The
broken bonds themselves can only stick out of the surface, producing so called dangling
bonds.

As the crystal tries to minimize the surface due to energetic reasons, most materials tend
to reorganize the upper layers by relaxing or reconstructing them. These so called back
bond states generate surface states themselves, but are generally less shifted from the bulk
bands.

Depending on the energetic levels in the bandgap, there are either acceptor-type states
or donor-type states with different behavior. As already mentioned, the wave function of
surface states behaves different then for bulk states because of the missing next neighbors
at the surface. Depending on the original bulk states, surface states are either built from
the conduction band or the valence band and behave similarly. For semiconductors at
0K, electrons in the conduction band charge it negatively. The valence band behaves the
other way around, a missing electron leaves it positively charged. Surface states behave
the same way: acceptor-type states are neutral when they are empty and negative, if they
are filled with an electron, as they are derived by the conduction band. States resulting
from the valence band are called donor-type. They appear electrically neutral with an
electron in them and positively charged if it is missing. As the interface is likely to have
both types of states, the influence of their interplay is shown in figure 2.2. Importantly
the states are not on a sharp line, but rather on a band itself.

Figure 2.2: Any system with interface traps consists of acceptor states derived from the conduction
band and donor states from the valence band. If both are put together, they have a specific energy
E0, where the filled/unfilled states compensate each other and the interface is electrical neutral.
Depending on the Fermi level, the net charge of the interface is positive or negative, if Ef < E0 or
Ef > E0, figure taken from [33]

Due to the charging characteristics of the surface states, a neutral energy level EN exists
where the surface acts neither acceptor nor donor-like. That means, if the surface is filled
with electrons up to this point, but not further, it behaves neutral [34] [33].
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2.2.2 Oxide trap states
Next to the defects and impurities due to the interface between semiconductor and insu-
lator, there are still three more major sources of trap states: fixed oxide charges, oxide
trapped charges and mobile oxide charges. Their location at the interface can be seen in
figure 2.3.

Figure 2.3: This figure shows the possible charges and their location for a semiconductor with
an oxide on it. The possible charges are: 1: interface trap states, 2: fixed oxide charges, 3: oxide
trapped charges and 4: mobile oxide charges. Image adapted from [33] and [35]

The interface trap states have the same origin as surface charges and thus can be described
likewise. Their origin can be structural. The biggest difference between them and the
traps inside the oxide is their ability to "communicate" electrically with the substrate to
charge or discharge them. For silicon, hey can be mostly neutralized by a low temperature
annealing step in a hydrogen or forming gas atmosphere.

Fixed oxide charges are charges primarily due to structural defects in the oxide and there-
fore related to the oxidation or deposition process therefore depend heavily on the process
temperature and growth material. An annealing step in nitrogen after the oxidation can
help to reduce their density. They are located at or near the interface, their density is
relatively small under normal circumstances.

Oxide trap charges are charges trapped in the oxide. Such states appear through differ-
ent mechanisms like Fowler-Nordheim tunneling or ionizing radiation. Low temperature
annealing can be used to reduce the trap density. They are distributed throughout the
oxide.

The last possible trap states, mobile ionic charges, are formed by ionic impurities trapped
in the oxide like Li+ or Na+. They are mobile in the oxide if subjected to a electric field
[33] [35] .

2.2.3 Germanium surface
The surface of Ge, just like for every crystalline material, has a large influence on the
underlying bulk material due to the sudden discontinuity in the material. On an ideal
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CHAPTER 2. THEORY

terminated surface of (100)Ge, every surface-atom has two dangling bods, where one is
filled and one isn’t. The first step of Ge to minimize the surface energy of the crystal
is to form dimers and thereby a 2 x 1 reconstruction. In this configuration, the two
remaining dangling bonds of both atoms would share one electron. As these electronic
states are degenerate, the Jahn-Teller theorem can be used to explain the next step for the
energy minimization. The theorem states that degenerate electronic states resulting from
spatial configurations of atoms/molecules will be removed by spontaneous deformations
to lower the symmetry and thereby the free energy. In the case of the Ge-dimers, the
easiest possible way is a tilt accompanied by rehybridization of the surface bonds and a
rearrangement of the surface charges. This buckling allows other surface reconstructions
than the 2 x 1, as now the position of the higher and lower atoms can be differentiated.
The new surfaces can be either p(2 x 2) or c(4 x 2) [36][37]. This process and the different
surface reconstructions can be seen in figure 2.4.

Figure 2.4: Top and side view of the (100)Ge surface after the different reconstruction steps.
The purple balls represent the bulk, the green ones the surface, to be precise, the darker ones are
located further down then the lighter ones. (a) shows the unreconstructed surface, (b) the (2 x 1)
reconstruction after the formation of dimers. (c) and (d) show the surface after the buckling, the
former one is a p(2 x 2) superlattice, the latter the c(2 x 4) one. (e) and (f) are schematics of
the surface from a side view, showing the dimers parallel to the surface and after buckling. Image
taken from [36]

By using the tight binding model, the free energy change can be calculated. The recom-
bination lowers the band-structure energy by approximately 4 eV per dimer. Due to the
ensuing tilt in the structure, 2 eV per dimer is used for the elastic deformation, which can
be calculated with Keating’s model. In total, the free energy is thus reduced by 2eV per
dimer. [38]

Another noteworthy point of the (100) surface of Ge is the transition from 2x1 to a 1x1
at Tc = 955 ± 7K. This can be observed by X-ray diffraction of the surface at different
temperatures, refer to figure 2.5 . If the temperature is increased, the peak hight for
the 2x1 superlattice drops until it cannot be observed anymore at around 962K. The
specular intensity also shows a roughening of the surface along its reconstruction. The
whole process can be reversed by cooling the sample. Further on irreversible roughening
occurs, if the sample is taken above 1020K [39].
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Figure 2.5: Plot of a transverse ϕ scan at different temperatures. The peak corresponds to the (2
x 1) superlattice. As can be seen, the peak stays until 925K, but drops afterwards quite fast. Image
taken from [39]

2.2.4 Germanium oxide

Like many other elements, Ge also oxidizes in ambient pressure in air. Depending on the
process parameters like temperature and pressure, Ge forms an oxide layer (GeOx) with
an undefined composition consisting of GeO2 and the so-called sub-oxide species GeO,
Ge2O and Ge2O3. Their proportion in the oxide for different temperatures can be seen in
table 2.2 [40] [15]. The big drawback of Ge oxide is the water solubility of GeO2 and the
instability of the different oxides under ambient pressure resulting in permanent changes
of the composition if used in different environments.

Oxidation temperature [◦C] GeO2(%) GeO(%) Ge2O(%) Ge2O3(%)
RT 18.8 16.5 26.2 38.5
200 45.7 11.6 9.6 33.1
300 89.6 5.0 5.4 0
400 50.2 7.6 8.7 33.5

Table 2.2: Temperature dependency of GeOx composition thermally grown on a Ge(100) surface
under atomic oxygen exposure[40]

As already mentioned in chapter 2.2.2, there are different trap states at the interface
and inside the oxide. Depending on their physical and energetic location, they have
different trapping/untrapping dynamics and thus can be differentiated in fast and slow
trap states. Fast trap states have a direct connection to the semiconductor and can be
charged/discharge quite fast (ps-ns response time for Ge). Slow trap states are located
deep inside the oxide and can only be reached by tunneling, which generally takes longer.
The lifetime of these states can be up to a few minutes depending from their distance
from the surface [26]. The typical concentrations and lifetimes of the different states can
be seen in table .
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Type concentration [cm−2] lifetime
fast 1011 > µs

slow 1015 ms to minutes

Table 2.3: Concentration and life time for fast and slow trap states of the GeOx/Ge interface
[26]

2.2.5 Passivation methods of the Ge surface
As already mentioned, the reason for passivation is to stabilize the surface and minimize
its influence on the physical properties of the bulk. The problem with the native GeOx

is its thermal instability and solubility in water. Thus it is important to passivate the
Germanium surface with another material in order to further improve the the physical
properties of Ge-based devices. As there are different available methods and materials to
choose from, depending on the intended application of the device and the availability, a
short overview will be given in this subchapter.

The problem with every passivation where the surface is treated with a reactive ingredient
is the formation of interface layers. These can have a relative low κ-value, defined as the
ration of the absolute permittivity of a material/system ϵ against the vacuum permittivity
ϵ0: κ = ϵ/ϵ0, which has a negative influence on the capacitance, as can be seen in equation
2.1 [14]. This can have a strong influence on the equivalent oxide thickness (EOT), as
even a thin interface layer can increase EOT significantly.

1
Ctot

= 1
Cinterface

+ 1
Chigh−κ

(2.1)

As every deposition forms an interface layer, it is a good idea to passivate the Ge-surface
beforehand with a good interface layer and deposit a gate oxide later on [16].

2.2.5.1 Oxidation

Although, like already shown in chapter 2.2.4, native GeOx has a few problems like water
solubility and thermal instability, high quality GeO2 is a promising candidate as interface
layer or even gate dielectric. This is due to a rather low Dit, which is defined as the density
of interface trap states due to broken bonds in the structure, smaller than 1011eV −1cm−2

[41], getting it in the region of the native oxide of silicon [42].

As a gate oxide, GeO2 has the property to increase the electron mobility for Ge(111)
n-MOSFETs up to 1000cm2/V ∗ s at RT, 1.5 times higher than the Si(100) mobility [43].

2.2.5.2 Nitridation

One way to improve the electrical properties of Ge-based devices is to nitridize the Ge-
surface. This can be done by either thermal nitridation or atomic beam deposition, re-
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sulting in a GeOxNy or Ge3N4 surface depending on the process [44] [45]. As the relative
dielectric constant of these layers is relatively low ( Ge3N4 between 4.7 and 9 depending
on the crystallographic structure [46]), most studies use them to build an interface layer
between the Germanium and a high-κ dielectric like HfO2 or Al2O3 within a gate stack
[44] [47]. One of the advantages of nitridized germanium is the low interface trap density
down to Dit = 3.1011 cm−2eV−1 for the lower and upper part of the band gap [48]. This
shows a good interface layer between the pure germanium and the germanium oxynitride.

2.2.5.3 Si passivation

Another possibility is to passivate the Ge-surface with Si or SiO2. This is mostly done
by annealing the Ge-surface in a SiH4 atmosphere, from which a thin Si-layer forms [49]
[50]. Another interesting possibility is to use SiH2Cl2, as it allows the growth of a silicon
monolayer on the Ge-surface [51]. Si as interface layer allows a good midgap interface
trap density in the 1013 cm−2eV−1-region [52] as well as a increase in the hole mobility up
to 191.1cm2/V ∗ s [53]. In most cases with Si-passivation, the silicon is oxidized by the
following gate oxide deposition. As this leads to a unknown suboxide SiOx, it is a good
approach to oxidize the Si interface layer beforehand to convert it to the well known SiO2
[54]. Depending on the Si-thickness after the deposition, a Dit < 1013 cm−2eV−1 can be
obtained.

2.2.5.4 S passivation

Following the passivation possibilitys of III-V surfaces, another way to passivate the Ge-
surface is to use a heteroatom like sulfur. This can be done either by an ex situ (NH4)2S
treatment [55], by exposure to elemental S [56] or by exposure to gaseous H2S [57]. The
first two possibilities form a (1 x 1) reconstruction of the surface, the last a (2 x 1)
reconstruction, which is normal for the Ge(100) surface [58]. The interesting part about
this is, that the (1 x 1) reconstruction gives rise to a large number of surface states within
the gap energy region and below [59]. On the other hand, the (2 x 1) reconstruction after
the H2S exposure shows no surface states in the band gap, as they are pushed into the
valence band [58].

One problem of the passivation with S is the relative high Dit, ranging from Dit = 2.4 ∗
1012 cm−2eV−1 midgap [60] to Dit ∼ 1 ∗ 1011 cm−2eV−1 at the valence band edge [61].

2.3 Metal insulator semiconductor (MIS) capacitor
One of the biggest influences on a MOSFET like stability or reliability is the interface
between the substrate and the oxide, surface physics are an important part to study. One
of the more useful tool is the MIS-structure, as can be seen in picture 2.6. It consists of
the substrate covered with a thin oxide layer with a thickness c and a top metal contact.
The structure was first proposed by Moll and by Pfann and Garrett as a voltage controlled
varistor in 1959.
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Figure 2.6: The MIS-structure consists of a semiconductor, on one side topped with an oxide and
a metal contact, on the other an ohmic contact to guarantee a good conductivity of the system.

2.3.1 The C-V measurement
For the measurement another backside ohmic contact is used to apply a bias voltage
consisting of a AC-voltage with a certain frequency, which is superimposed on a dc-voltage.
The AC-voltage is called excitation voltage, the DC one is the applied gate voltage.

The capacitance for the MIS-structure is defined as:

C = dQg

dVg
(2.2)

where Qg is the gate charge density and Vg the applied gate voltage. As the charge of the
device has to be zero, it follows:

Qg = −(Qs + Qit) (2.3)

with Qs as the semiconductor charge density and Qit the charge density of the interface.
The charge density of the oxide is set to be zero or ideally considered as quite small.

The applied voltage on the gate is partially dropped across the oxide and partially across
the semiconductor:

Vg = VF B + Vox + ΦS (2.4)

with VF B the flatband voltage, Vox the oxide voltage and ΦS the surface potential of the
semiconductor.

By combining 2.3 and 2.4 with 2.2 and considereing a fixed VF B, the capacitance can be
rewritten as:
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C = − dQs + dQit

dVox + dΦS
(2.5)

The charge density of the semiconductor can be further broken down into the charge
density of the holes Qp, the space charge region bulk charge density Qb and the electron
charge density Qn: Qs = Qp + Qb + Qn

2.5 can then be further written as:

C = − 1
dVox

dQs+dQit
+ dΦS

dQp+dQb+dQn+dQit

= 1
1

Cox
+ 1

Cp+Cb+Cn+Cit

(2.6)

This finally results in:

C = Cox ∗ (Cp + Cb + Cn + Cit)
Cox + Cp + Cb + Cn + Cit

(2.7)

, where Cox is the capacitance of the oxide layer, Cp = dQp/dΦS the capacitance due to
changes of the density of holes Qp near the interface because of changes of the surface
potential ΦS , Cb = dQb/dΦS the capacitance due to changes in the space charge region
bulk charge density Qb, Cn = dQn/dΦS the capacitance due to changes of the electron
charge density Qn and CitdQit/dΦS the capacitance due to changes of the interface trap
charge density. The minus sign in equation 2.6 cancels out as for positive gate voltages
the charges in the semiconductor have to be negative.

As can be seen in equation 2.7 and figure 2.7, the MIS-structure can be further broken
down into a equivalent circuit.

Depending on the applied gate voltage, three different regions in a C-V-measurement can
be differentiated, as can be seen in figure 2.8: Accumulation, Depletion and Inversion.
Looking at the band structure of a n-type semiconductor, this can be easily explained.

Accumulation: A positive voltage applied at the gate contact leads to a band bending
downwards. It follows an accumulation of majority charges (here: electrons) near the
interface between substrate and oxide. Qn is therefore quite high just like Cn, which is
comparable to a short circuit of the semiconductor capacitance. As seen in the equivalent
circuit 2.7 (b), the influence of the semiconductor and the interface can be neglected, the
capacitance of the MIS is equivalent to the capacitance of the oxide Cox.
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Figure 2.7: The figures show the capacitances at various gate voltages.(a) shows the all possible
capacitances of a MIS-structure with an n-doped substrate. (b) Accumulation of the majority charge
carriers at the interface due to Vg > 0, only the oxide capacitance remains. (c) Depletion of the
carriers near the interface due to Vg < 0 resulting in a band bending upwards. Both the interface
and the bulk act as a capacitor. If Vg gets even lower, an inversion layer near the interface is
formed. (d) Depending on the frequency of the AC-voltage, the interface can follow and a low
frequency behavior can be seen, where the holes short their capacitor Cp (e) If the interface can not
the frequency, a high frequency behavior is seen. Here the inversion layer acts as another capacitor
represented by Cb. Image taken from [35]

Depletion: If a small negative voltage is applied, the band bends upward which results in
a depletion of the majority carriers. Both Cn and Cp are zero, so the capacitance equals
the capacitance of the oxide Cox in series with the capacitance of the interface Cit, which
is in turn in parallel to the space charge region bulk capacitance Cb, refer to figure 2.7 (c)
.

Inversion: When a higher negative voltage is applied, the bands bend even further until
the intrinsic Fermi level Ei crosses the Fermi-energy EF . Consequently, an accumulation
of the minority carriers (here: holes) at the interface between oxide and semiconductor
takes place.
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Figure 2.8: Typical C(V) plot of the two different doping types with the three different regimes:
accumulation, inversion and depletion.

Depending on the applied AC excitation frequency, one of the three curves in figure 2.9
can occur. In the accumulation and depletion state, the curves look the same. Only in the
inversion regime, there is a big difference. The requirement for the low frequency behavior
is a slow DC-sweep to build up the inversion layer and a low AC frequency so that the
layer is able to respond to the charge differences in the gate by generating electron-hole-
pairs in the layer. If the frequency is too high, the minority carriers cannot follow the
AC-signal. The majority carriers at the edge of the space charge region are still able
to, thereby increasing or decreasing the inversion layer thickness, resulting in the high
frequency dependency. If the inversion layer cannot be formed due to a too high sweep
rate, the deep depletion behavior is observed. This is independent of the AC frequency.

Figure 2.9: Typical C(V) plot with the low-frequency (lf), high frequency (hf) and deep depletion
(dd) behavior for both doping types, (a): p-type, (b): n-type. Figure taken from [35]

Up until now, only ideal curves have been considered with VF B = 0. If the defects in the
oxide and the interface introduced in chapter 2.2.2 are included, the flatband voltage gets
shifted.
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VF B = ΦMS − Qf

Cox
− Qit(ΦS)

Cox
− 1

Cox
∗

⌠ tox

0

x

tox
∗ρm(x) dx− 1

Cox
∗

⌠ tox

0

x

tox
∗ρot(x) dx (2.8)

where ΦMS is the flatband voltage without oxide charges and ρ(x) is the density of traps
per unit area with m as mobile oxide charge and ot as oxide trap charges. The second
part of equation 2.8 takes the fixed oxide charges near the interface into account, the
third part the interface charges. It is important to note, that the surface potential has
an influence on the occupancy of the surface trap charges. As both mobile oxide charges
(Qm) and oxide trapped charges (Qot) are distributed through the oxide, the density has
to be integrated over the whole oxide thickness. [33] [35] [62].

2.3.2 Methods of interface trap density extraction
As already stated, interface traps can have a big influence on devices. In this subchapter,
two different possibilities to extract Dit are described. One is called quasistatic method and
compares the C-V curves measured at low (=quasistatic) and high frequencies. The other
one is the conductance method. Here the conductance is plotted for different frequencies
with a variation of the applied gate voltage. Peaks in these plots can be used to evaluate
the interface trap density Dit and even the interface trap time constant τit [33] [35] [62].

2.3.2.0.1 Quasistatic method One possibility to extract Dit from C-V measure-
ments is the usage of the so called quasistatic/low frequency method. As already stated in
2.2.1, interface states can be seen as states with a donor or acceptor like behavior. As the
interface is in direct contact with the substrate, these states can be charged and discharged
by applying a gate voltage and thereby bending the fermi level at the interface to include
or exclude these states. Therefore the gate voltage applied drops along the MIS-struture
as following:

VG = VF B + ΦS + Vox (2.9)

Here VOx is the voltage drop along the oxide, ΦS the surface potential and VF B the
flatband voltage as given in 2.8 including the influences of the different oxide states and
the interface.

Importantly, interface states have the same relation to the applied frequency of a C-V
measurement like the charge region in the bulk of the substrate. Basically that means, a
low frequency can charge and discharge the interface traps whereas a high frequency cannot
do that. This means, that in the depletion region of the typical capacitance measurement
for low frequencies equation 2.3 must be true. For high frequencies, Qit = 0 can be plucked
into the equation.
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With the basics done, the quasi-static method can be derived. It was developed by
Berglund in 1966 [63]. The idea is to compare two conductance curves, one including
the interface trap states and one excluding them. The first is a low frequency measure-
ment, where the interface traps and the inversion layer can respond to the ac-voltage.
The second one can be either a theoretical curve excluding the interface traps or a high
frequency measurement. Starting from equation 2.7, the capacitance for low frequencies
can be given by:

Clf = ( 1
Cox

+ 1
CS + Cit

)−1 (2.10)

The correlation between Cit and the interface trap density Dit is given by Dit = Cit/q2.
Plugging this into 2.10 gives:

Dit = 1
q2 ∗ ( COxClf

Cox − Clf
− CS) (2.11)

There are two ways to obtain CS . The first is by calculating the theoretical curve, which
is quite time consuming as a lot of calculations have to be done. The second method
was first proposed by Castagné and Vapaille 1971 [64]. The basic idea is to remove the
calculation by a measured C-V curve. It can be shown, that for high frequencies following
equation is true:

CS = CoxChf

Cox − Chf
(2.12)

It follows the equation to calculate Dit from a high frequency and a low frequency mea-
surement.

Dit = Cox

q2 ∗ ( Clf /Cox

1 − Clf /Cox
− Chf /Cox

1 − Chf /Cox
) (2.13)

The metod still has limitations, as it can only be used from the onset of the inversion to a
surface potential towards the majority carrier band edge, where the AC frequency equals
the inverse of the interface trap carrier band edge [33] [35] [62].

2.3.2.0.2 Conductance method This method is one of the most sensitive methods
to determine Dit and was proposed by Nicollian and Goetzberger in 1967 [65]. The idea
is to measure the equivalent parallel conductance Gp of a MIS-structure in relation to
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the applied gate voltage and AC frequency. As a result, Dit can be calculated even in
the depletion and weak inversion portion of the bandgap. Furthermore, the capture cross
section for majority charge carriers and information about surface potential fluctuations
can be obtained.

The basic relation between interface traps and the conductance is that interface traps act as
a loss mechanism through capture and emission of charge carriers, which can be measured
by the conductance. Therefore an equivalent circuit of the MIS structure is constructed
as seen in figure 2.11 (a) . It consists of the oxide capacitance Cox, the semiconductor
capacitance CS and the influence of the interface Cit and Rit.

To simplify the circuit, the capacitors and resistors are combined as seen in figure 2.11
(b), with GP and CP given by:

CP = CS + Cit

1 + (ωτit)2 (2.14)

GP

ω
= qωτitDit

1 + (ωτit)2 (2.15)

Figure 2.10: Equivalent circuits for the conductance measurement. (a) shows MIS-structure with
the interface trap time constant τit = CitRit. (b) is the simplified version of (a). (c) shows the
circuit of a measurement. (d) is valid for thin oxides and includes the series resistance rs and the
tunnel conductance Gt. Figure taken from [35]

with the angular frequency ω = 2π ∗ f , f as the measurement frequency and τit = RitCit

as the interface trap time constant, also given by τit = [vthσp/nNAexp(−qΦS/kT )]−1.
Both equations are only for a single energy level in the band gap. Most interfaces have
a continuous energy distribution in the bandgap, which means that the interface traps
within a few kbT/q around the fermi level at the interface are accessible. This leads to a
time constant dispersion, giving a normalized conductance of:
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GP

ω
= qDit

2ωτit
∗ ln(1 + (ωτit)2) (2.16)

Equation 2.16 has a maximum at ω ∼ 2/τit, resulting in a equation which can be used
to approximate the interface trap density and the associated interface trap time constant
from a GP /ω against ω plot [33] [35] [62]:

Dit ∼ 2.5
q

(Gp

ω
)max ; τit ∼ 2/ω (2.17)

Figure 2.11: A measured MIS-capacitor with a 100nm thick SiO2-layer on a p-type Si-substrate
and a 50nm big square. Both methods are used to calculate Dit of the system. As can be seen,
both sets of data fit good together, but the quasistatic measurement is dependent on the quality of
the sweep measurements, as here the thick oxide layer limits the measured current and introduces
strong noise in the system and therefore in the extracted interface trap density.
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Chapter 3

Experimental Techniques

This chapter describes the experimental methods used for the fabrication and character-
ization of the different passivation layers that have been investigated within this thesis.
Therefore the first part deals with the chip preparation and subsequent passivation of the
surface. To enable electrical measurements, a patterend MIS-structure was fabricated by
optical lithography, as discussed in section 3.1. Sections 3.2 and 3.3 deal with the optical
and electrical characterization measurements respectively.

3.1 Device fabrication
As already mentioned in chapter 2.2.5, there are different methods to passivate the Ge-
surface. In the scope of this work, different methods were investigated, as listed in 3.4
. This chapter gives an overview over the used fabrication tools as well as the recipes to
produce the different samples. For every sample, the same Sb-doped, n-type Ge(100) was
used as substrate. The wafer, manufactured by MTI corporation, is characterized by a
resistivity of 1 − 5 Ω cm, corresponding to a doping concentration of 1.6 ∗ 1015 cm−3

3.1.1 Passivation
All studied passivation methods were realized in the system. It consists of a Beneq TFS
200 PEALD (plasma enhanced atomic layer deposition) reactor and two UHV chambers
with a common load lock. The chambers are called growth chamber and XPS chamber
due to their respective roles and fitted tools. A pictograph and two pictures of the system
can be seen in figure 3.1.

The XPS chamber holds the XPS-system (x-ray photoemission spectroscopy) consisting
of an XR50 X-ray source and an Phoibis 100 analyzer produced by SPECS GmbH. The
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(a) (b) (c)
Figure 3.1: Pictures of the UHV-system used to produce the passivated samples.(a) shows a
pictograph to better show the different components and their location. The system is made out of 2
UHV chambers interlocked together (Growth Chamber and XPS chamber), which are connected to
a Beneq plasma enhanced ALD through a loadlock. (b) and (c) show actual pictures of the system,
where (b) shows the ALD with the loadlock on the left and the growth chamber on the right. (c)
shows both UHV chambers and the fitted tools used for growth and analysis of layers. Both pictures
also show the transfer rod ( (b) on the right and (c) on the left) and the manipulator ((c) on the
right) used to move the sample-holder in the system.

growth chamber is fitted with a LEED (low energy electron diffraction) analytic tool,
an infrared pyrometer, two multipocket e-Beam evaporators, model EBE-1 and EBE-4
manufactured by SPECS GmbH and a large area ion sputter gun. In the growth chamber,
a sample transfer rod is used to pick up the sample from the load lock and transfer it to
the manipulator fitted at the backside of the XPS chamber. The XPS-chamber contains a
manipulator, which can be moved along the X, Y and Z directions and rotated around its
own axis. Furthermore, it contains a tungsten coil under the substrate holder to heat up
the sample up to 900◦C for a continuous use or 1100◦C to flash anneal. The temperature
can be monitored by the infrared pyrometer and is controlled by a external power source
and feedback control.

3.1.1.1 Oxide removal

The first step for the most samples is to remove the native oxide. Therefore, the substrate
is loaded in the load lock and transferred to the manipulator. There the substrate is
heated up to around 700◦C and kept at that temperature for around 30 min. When
GeO2 is annealed at such a temperature in vacuum, it decomposes to GeO, which then
sublimates, exposing the Ge surface beneath. Even after annealing the sample at a lower
temperature of 600◦C, a small GeOx signal is still detected [66]. Therefore, a higher
annealing temperature of 700◦C was used. The heating process is done by a built-in
heating coil in the manipulator itself. To ensure the complete oxide removal, the first few
samples were examined by XPS. The corresponding data can be seen in chapter 4.1 .

3.1.1.2 Al2O3

The deposition of aluminum oxide by ALD is a well studied process to obtain high quality
oxide layers [67][68] [69]. The used process employs water and tri-methyl-aluminum (TMA)
as pulsed precursors. The chemical reactions occurring in the reactor according to [69] is:
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Al–OH + Al(CH3)3 −−→ Al–O–Al(CH3)3 + CH4
Al–CH3 + H2O −−→ Al–OH + CH4

The used cycles consist of a 100ms long TMA pulse, a 2.5s N2 purge pulse, a 140ms H2O
pulse and finally a purge pulse of 3s at a reactor temperature of 250◦C. The rather long
purge pulses are due to the mounted plasma-lid, which has a higher volume than the
normal cover and thus needs longer purge pulses. The growth per cycle for this process is
approximately 1.1 Å per cycle as determined by ellipsometry.

3.1.1.3 Nitridation

In the course of this work, two different nitridation processes were used, one to directly
nitridize the germanium surface, the other was used to grow AlN, in combination with
TMA precursor. Both processes were executed with the PEALD.

The general structure and component location can be seen in figure 3.2. The used mode of
the PEALD is a remote plasma mode, where a plasma is ignited at a RF copper electrode
(1) connected to an external RF generator and a matching unit controlled by the ALD
software. The precursor gas is supplied by a tube (18 and 19) to the gas inlet (17),
where it streams into the system to generate radicals through RF excitation and is drawn
downstream as a remote plasma to the substrate. Some examples for the precursor gas
for the plasma generation would be O2, O2 + Ar, N2, NH3 or CH4 + Ar. In this work, the
used gas was N2.

The nitridation of the germanium surface was done following results of [71]. From there,
different combinations of substrate temperatures and plasma power were tested. The
results were then measured by XPS and the composition of the interface layer calculated.
The sample with the highest concentration of nitrogen was found at 100◦C and 200W
power and 3 min of plasma exposure, as can be seen in 4.2.2. A thickness of 1.63 nm as
determined by ellipsometry and XPS-measurements was achieved.

The AlN recipe consists of the following steps for one cycl eat 100°C: a 100ms TMA pulse,
5s of N2 purging, 5s of a RF plasma consisting of N2 with a power of 200W and 10s of N2
purging. The thickness per cycle is 0.42 Å as determined by ellipsometry.

3.1.2 Lithography
In this work, all contacts have been patterned by using the photoresist AZ5214E produced
by Merck. The resist can be used for lift-off processes, in which the resist is used to transfer
a pattern onto later sputtered/evaporated films. The composition of the resist is novolak
resin and naphthoquinone diazide as photoactive compound, which classifies it as a positive
to negative resist. The intended use is as a negative resist, which is obtained by a image
reversal step in the lithography to activate a special crosslink agent [72].

23



CHAPTER 3. EXPERIMENTAL TECHNIQUES

Figure 3.2: Structure of the PEALD. The generated RF signal is transmitted to the copper
electrode (1) to the upper electrode plate (11), where the plasma is ignited with the substrate holder
(20) as the other electrode. The gas is transmitted to the chamber through the external (19) and
internal tubing (18) to the inlet (17). The plasma chamber consists of the parts 8 to 18. To
increase/decrease the size of the plasma chamber, extra electrode distance spacers (13) and substrate
distance spacers (15) can be inserted. Image taken from manual [70]

The first step of the lithography is to put the resist onto the sample using a syringe to
cover the surface. The following spinning process (process conditions: 35s at 6000rpm)
distributes it evenly to a thickness of 1.14µm [72]. After putting the sample on a hotplate
with a temperature of 100◦C for 60s to vaporize the solvent of the resist, the pattern
transfer can be done using the MJB3 mask aligner. The used mask can be seen in figure
3.3. It consist of circular pads with different diameters spanning from 500µm to 75µm.
The mask aligner is equipped with a 350W mercury lamp to expose the resist to UV-light
irradiation, typically for 4 seconds.

After the exposure, a reverse bake step is needed to activate the crosslink agent in the
exposed area. This is done by putting the samples on a hot plate at 120◦C for 60s. To
make the unexposed areas soluble, a flood exposure of 20s without a mask is needed.

The last step is to develop the resist. This is done by putting the sample for 30s into the
AZ726MIF developer, a mixture of 2.8% TMAH (tetra methyl ammonium hydroxide) and
H2O, resulting in an alkaline solution. Afterwards, the substrate is rinsed two times in
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Figure 3.3: Used mask design to pattern the pads on the substrate

deionized water and dried with nitrogen.

3.1.3 E-beam Evaporation
The physical deposition of the metal contacts after the lithography was done by e-beam
evaporation to ensure a good surface uniformity without side walls after lift-off. The used
machine is the MEB 550S manufactured by Plassys. It consists of a vacuum chamber
pumped by a cryopump with a load lock system to enable a quicker loading process and
an Ar ion beam source for millimg in situ. The evaporator system itself can hold up to 8
evaporation sources fitted into a copper holder for high thermal and electrical conductivity.
The materials can either be put into the copper holder itself or, to prevent possible alloying,
in a crucible made out of refractive materials.

The accuracy of the deposition rate is up to 0.01nm/s as determined by the usage of
oscillating quartz crystals. As there are 8 different material sources, layers of different
materials can be deposited. The base pressure of the system is in the 10−8mbar range,
the fitted Ti source can be used as a getter to rapidly reduce the pressure if the shutter is
closed.

3.1.4 Annealing
All annealing steps were done using a rapid thermal annealing oven manufactured by
UniTemp (model UTP1100). The oven is able to load a single wafer up to 4′′ size, for
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smaller pieces, a carrier wafer is needed. The temperature range lies between room tem-
perature and 1000◦C, the maximum ramp up rate is 75◦C/s. The heat is provided by a
infrared lamps with a total power of 18 kW. The system is fitted with a vacuum pump
and different gas lines ( for example N2 or N2

+H2) to enable different atmospheres for the
annealing process. A typical annealing process includes also two cleaning steps where the
system is evacuated down to about 1 Torr and then flooded with N2 to ensure a very low
concentration of unwanted gases. After the cleaning, the system is again pumped down to
1 Torr and then pumped to atmospheric pressure with the required gas. Then the system
heats up to the required temperature, which is maintained for up to 5min. Afterwards,
the atmosphere is changed to N2 and the system is cooled down to room temperature.

3.1.5 Tested passivation layer
In the course of this work, different passivation techniques seen in 3.4 were fabricated
and tested while comparing them with an untreated Ge sample as reference. After the
deposition of the gate contacts and the first measurements, the substrates (except the one
with the native oxide) were cleaved in two and one half was annealed in forming gas with
the process described above.

• Ge + native GeOx + Al2O3
• Ge + Al2O3
• Ge + GeNxOy + Al2O3
• Ge + AlN + Al2O3

Figure 3.4: This list shows the used passivation layers.

3.2 Optical characterization

3.2.1 Low Energy Electron Diffraction Spectroscopy
As already described in sector 3.1.1, the UHV systems is fitted with a LEED manufac-
tured by Specs (Specs ErLEED 100) to enable in situ analysis of the surface layer of the
substrate. The system consists of a miniature electron gun with a Thoria coated Irid-
ium filament which can be operated at a system pressure up to 10−6 mbar [73]. The
backscattered electron beam is then focused onto the phosphorus-coated screen by a set
of electromagnetic lenses. There, a CCD camera is used to acquire the fluorescent signal,
transferring the data to a PC for further analysis. An external control unit allows to
adjust the electron beam as well as the electromagnetic lenses to optimize the obtained
diffraction pattern.

Typically, low energy electron diffraction is used to analyze the long range ordering of
the sample surface. Electrons are accelerated towards the surface with a kinetic energy
that can be chosen between 10 eV and 500 eV, resulting in electrons with a exceptionally
small mean free path in the bulk of a material [74]. This implies that only the surface
layer is analyzed. At the surface, the electrons can interact with the material in different
ways like elastic scattering, inelastic scattering or absorption. For LEED, backscattered
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electrons resulting from elastic scattering are analyzed. The obtained diffraction pattern
represents the reciprocal space of the surface layer, consequently reflecting all the different
reconstructions that the surface can adopt for energetic reasons. [75]. A schematic of a
typical LEED can be seen in figure 3.5.

Figure 3.5: Schematic of a LEED-system consisting of a electron gun and a fluorescent screen,
[75]

3.2.2 X-ray Phtotemission Spectroscopy
XPS is a surface-sensitive technique that is able to identify the elements within a sample as
well as their chemical state. The principle behind XPS is to use soft X-rays produced by the
source to emit electrons from the target. The number and energy of the photoelectrons
is analyzed using an hemispherical analyzer and a CCD detector. From the measured
kinetic energy of a photoelectron, the binding energy can be calculated using the formula
Ebinding = EP hoton − Ekin − Φ, where Φ is the work function of the sample. This energy
is characteristic to the element and orbital from which it was ejected. By plotting the
number of electrons with a certain binding energy against the specified energy range, the
chemical composition of the surface can be analyzed . [76].

The XPS setup used in this work is produced by SPECS and consists of an X-ray source
XR50 and a Phoibos 150 analyzer equipped MCD-9 detector. Both are mounted to the
UHV-system described in 3.1.1 and can be seen in figure 3.1 . The source is equipped with
Mg and Al anodes to produce characteristic X-ray emission lines with an energy of up to
1235eV for Mg and 1487eV for Al.

3.2.3 Ellipsometer measurements
The thickness and refractive index of the deposited oxides has been analyzed using a spec-
troscopic ellipsometer produced by Woollam (ALPHA-SE ELLIPSOMETER). It consists
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of a white light source with a polarizer and a detector working between 380 nm and 900 nm
with a rotating analyzer to observe the influence of a substrate on a polarized light. Due to
interactions with the target sample, the polarization of the reference beam changes, giving
information about the refractive index n, the extinction coefficient k, the film thickness
on the substrate, the roughness of the surface and the uniformity of the film [77].

3.3 Electrical characterization

3.3.1 Cascade needle prober
Electrical device characterization is carried out using a needle probe station by Cascade
Microtech (Summit 11000B-AP) with 4 Cascade DCM-210 micropositioner to assure a
good position control of the needles. The system can be seen in figure 3.6.

(a) (b) (c)
Figure 3.6: Pictures of the cascade needle prober and the used tools to analyze the electrical
behavior of the samples (a) shows the needle prober with the needle-holders and the microscope on
top of the substrate holder. The microscope is used to more easily place the needles on the substrate.
(b) shows the needle prober with the removed microscope. The four different needle holders can be
seen on the sides as well as the substrate holder on the bottom. As the bottom has a own grounding,
which might not be wanted, a piece of Kapton tape was used to isolate a part of the holder. (c)
shows the two different measurement devices which can be connected to the needles. The lower
one with the display is the Keithley 4200 SCS, the one on the top the Ultra-precision Capacitance
Bridge AH2700a. As the AH2700a needs an external source to provide a DC bias, a Keithley 6430
Sub-femptoamp remote source meter is connected. It can be seen on top of the capacitance bridge.

The measurements were done with two different measurement devices connected to the
needle prober. The first on is a Keithley 4200 Semiconductor Characterization System,
allowing either I-V measurements with up to 4 needles and, due to the fitted 4210-CVU
card, C-V measurements with frequencies between 1kHz and 10MHz. The second one
is a ANDEEN-HAGERLING 2700a Ultra-precision Capacitance Bridge to measure C-V
curves with frequencies between 50Hz and 20kHz. All measurement were done at room
temperature using the same cables and connections. Both systems will be described in
detail in the following sections.
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3.3.2 Keithley 4200
The Keithley 4200 Semiconductor Characterization System is a measurement system ca-
pable of DC I-V, C-V and pulse characterization with high precision and sub-femptoamp
resolution. It is fitted with Model 4200-SCS Semiconductor Characterization System,
used for current/voltage measurements, and a fitted 4210-CVU card allowing C-V mea-
surements with frequencies between 1kHz and 10MH. In the scope of this thesis, the C-V
measurement setup was connected to the cascade needle prober and calibrated. Due to
missing adapters, a compromise had to be made, resulting in a rather long cable and 3
different adapters. Therefore, the calibration is only valid between 20kHz and 1MHz.

3.3.3 AH2700a
The Ultra-precision Capacitance Bridge 2700a manufactured by ANDEEN-HAGERLING
is a high stability and high resolution multi-frequency capacitance/loss bridge. It is used
to measure C-V curves between 50Hz and 20kHz. To set an DC bias, an external source
is connected to the bridge. the one used is a Keithley 6430 Sub-femptoamp remote source
meter. Both are connected via GPIB to a computer running a LabView program. To
ensure a comparability of the obtained data with the ones obtained from The Keithley
4200, the same cables and connections were used.
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Chapter 4

Results and Discussion

This chapter is dedicated to the presentation and discussion of the obtained experimental
results throughout the thesis. The first part is dedicated to the oxide desorption from the
Ge-surface in the UHV-system, the second part to the nitridation using the PEALD and
the last to the electrical characterization of the tested interfaces.

4.1 Oxide desorption
The first step of the experiments was to use an annealing step in the UHV system to
remove the native oxide from the Ge. As already mentioned in chapter 3.1.1.1, this was
accomplished by an annealing step at 700 °C for 30 min. To compare the results, XPS
measurements before and after the anneal are plotted in figure 4.1. The measurements
were done using photons generated employing the Al anode (E = 1486.61 eV) and at an
angle of 60° between the normal of the surface and the analyzer column. The steeper
take-off angle is used to ensure a better surface sensitivity of the measurement.

Both measurements consist of two different sweeps. The first is done between 36 eV and
26 eV binding energy to extract the Ge3d peak consisting of different binding states: Ge3d
(29.4 eV) and GeOx 3d (30.2 eV for Ge1+, 31.2 eV for Ge2+, 32.0 eV for Ge3+and 32.8 eV
for Ge4+) [78] (figure 4.1 (a)). The other sweep measured the region between 552 eV and
521 eV to have a look at the O1s peak (figure 4.1 (b)). Before the anneal, the O1s peak
is clearly seen and the Ge3d peak shows a second peak at 33 eV, indicating the presence
of an oxide at the surface. After the anneal, both peaks cannot be detected anymore,
meaning that the oxide got removed during the anneal. The high surface-sensitivity of the
measurement further ensures that no oxide is left.

To examine the obtained clean surface, a LEED measurement was conducted after the
anneal. The obtained pattern can be seen in figure 4.2 , including red points representing
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(a) (b)
Figure 4.1: XPS data before (blue line) and after (red line) the annealing step to desorb the native
germanium on the germanium wafer. Plotted are the measurements for the Ge 3d (a) and O 1s
(b) peak. As can be seen, before the anneal a clear oxygen peak as well as a Ge4+ 3d peak is visible.
The measurement after the anneal clearly shows the removal of the oxide from the surface due to
no measurable O 1s and Ge4+ 3d peak

the (2 x 1) surface reconstruction known for germanium at room temperature [39]. Due to
the diffuse light in the middle of the pattern and the low definition of the diffracted spots
a rougher surface can be assumed. This is probably the high desorption temperature,
resulting in a reversible transition into a (1 x 1) surface reconstruction at 955 ± 7K [39].

4.2 Nitridation
This section is about the two different nitridation processes done with the plasma enhanced
ALD (PEALD). The first is a pure nitridation of the germanium surface, the second a
nitridation coupled with an ALD process to deposit AlN.

4.2.1 Ge-Surface
In order to obtain the best possible composition of the GeOxNy-interface, processes with
different combinations of substrate temperature and plasma power were compared. The
results are collected in table 4.1. The measurement with the process parameters 100 °C
and 200W was tested twice, but both nitridations did not work.

50 °C 100 °C 200 °C
120W 17% 18% 8%
200W 17% 14%

Table 4.1: Atomic concentration of nitrogen in the GeOxNy layer depending on the growth pa-
rameters
To estimate the atomic concentration of nitrogen at the surface, the following formula was
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Figure 4.2: LEED pattern of the germanium surface after the native oxide desorption.

used:
[N ] ≃ IN1s/SN1s

IGe3d/SGe3d + IN1s/SN1s + IO1s/SO1s
(4.1)

Here, IN1s, IGe3d and IO1s are the measured XPS-intensities of N1s, Ge3d and O1s. SN1s =
1.68, SGe3d = 1.62 and SO1s = 2.49 represent the relative XPS sensitivities against the
sensitivity of C 1s(=1.00) [71]. A typical XPS-measurement can be seen in figure 4.3. The
substrate was produced at at chamber temperature of 100 °C and a plasma power of 200 W,
where the plasma was kept on for 6 min with a 1 s break every 30 s. These parameter show
the highest nitrogen concentration of the germanium surface. The thickness of the layer
was estimated using either XPS [79] or with ellipsometry. The thickness can be estimated
to be around 1.63 nm, which can also be found in literature, as the nitidation seems to be
a self-limiting process. [71]

4.2.2 AlN

To extract the composition of the grown AlN-layer (growth parameter can be seen in
3.1.1.3), a measurement with the ellipsometer was done, which can be seen in figure 4.4.

The used model consists of a silicon substrate, a silicon oxide layer with a thickness of
1.8 nm and an Effective Medium Approximation (EMA) model on top, which consists of
an AlN- and a void-model. Using this, the AlN-layer can be characterized: Thickness of
the layer: 4.18 nm; percentage of void: 41.7%. As the percentage of the void is relatively
high, it can be seen that the density of the passivation layer is low.
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(a) (b) (c)
Figure 4.3: XPS data before (blue line) and after (red line) the nitridation step (100 °C, 200 W,
6 min of a cleaned Ge-wafer. Plotted are the measurements for the Ge 3d (a), the N 1s (b) peak
and the O 1s peak (c). Before the nitridation, only a Ge0 3d peak can be seen. After the process,
this peak splits into a Ge3+ 3d and a Ge0 3d peak. Furthermore, a N 1s and a O 1s peak can be
observed, meaning a GeOxNy surface layer was formed.

Figure 4.4: Ellipsometry measurement of 100 cycles of AlN on a silicon substrate with a layer
of native oxide in between. As can be seen, the model and the measured data fit well together,
suggesting a possible data-set

4.3 Electrical Characterization

In this section, the electrical characterization of the different interface layers seen in chapter
3.1.5 are shown. To ensure a good comparability between the interface layers, an additional
16 nm thick layer of Al2O3 was deposited as gate oxide. To characterize this layer, a
thickness series of the Al2O3 was manufactured and measured to extract the k-value of
the oxide. The second part shows the measurement of the native germanium oxide to
allow a comparison with a common base from which to improve on. The third and fourth
part present the tested interface layers before and after the annealing step, the fifth and
last part compares the different passivation layers.

All test substrates have the same top electrode metals ( 20nm Ti and 150nm Au) deposited
using an electron beam evaporation process. The metals were chosen to ensure good
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connections and high endurance against scratching and other mechanical influences due
to the measurement setup.

The measurements were done using the setup described in chapter 3.3. It consisted of
two different measurement types: A gate voltage sweep with five different frequencies (
500 Hz, 20 kHz, 100 kHz, 500 kHz and 1 MHz) and a frequency sweep with frequencies
between 20 kHz to 5 MHz at different gate voltages. The first part was done using the
Andeen-Hagerling 2700a for the 500Hz measurement and the Keithley 4200 for the rest.
The frequency sweeps were measured using only the Keithley 4200. All measurements
were done at room temperature using the same sized pads (75µm, for reference see figure
3.3 ) of the MIS-structures to ensure the possibility of comparison between the different
layers.

The C-V measurement consists of two superimposed voltages applied to the top electrode.
The signal consists of a DC and an AC part, where the DC voltage equals the electrode
voltage, from here on out defined as gate voltage due to the later usage of the results as
application in a MOSFET and the similarity of both the MOSFET and the MIS-structure.
The AC voltage is kept constantly at Vext = 30mV during the measurement and is needed
to measure the capacitance. Furthermore, the frequency of the ac voltage has a significant
impact on the shape of the measured curves as already explained in chapter 2.3.1.

4.3.1 Al2O3 thickness series

For the thickness-series, 4 samples with different Al2O3 thicknesses were produced follow-
ing the steps in chapter 3.1.1.2: 10.7nm, 16.0nm, 32.8nm and 55.7nm. The respective
thickness was measured with ellipsometry. To extract the oxide capacitance, C-V mea-
surement with different frequencies were conducted using the Keithley 4200. The inverse
of the obtained oxide capacitances were then plotted against the oxide thickness, as can
be seen in figure 4.5 . From the linear fit, the slope can then be used to calculate the
dielectric constant using following formula:

COx = ϵ0 ∗ ϵr ∗ A

tOx
(4.2)

The extracted slope from the measurement is 2.8×1018 ±1.24×10171/(Fm), from which a
dielectric constant of 9.31 ± 0.4 follows, which is comparable to values found in literature
[80] [81]. The intercept of the y-axis suggests a GeOx interface layer between the Al2O3
and the Ge-substrate due to oxidation during the ALD depositon process [82].
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Figure 4.5: Thickness series for the Al2O3. Plotted is the inverse of the measured oxide capaci-
tance against the oxide thickness.

4.3.2 GeOx as a reference
As a starting point, the first interface layer was the native oxide of the germanium itself.
Using an ellipsometer, the thickness of the native oxide was determined to be 12.4 ± 1nm.
The sample was produced by inserting a Ge sample into the PEALD and depositing
approximately 16nm (150 cycles) of Al2O3 on it using the described process.

To characterize the layer, different measurements were made: breakdown voltage measure-
ment, C-V measurement with different frequencies and frequency sweep measurements at
different gate voltages for the conductance method.

To extract the breakdown voltage, a gate voltage sweep was done from 0 V to 25 V, as
can be seen in figure 4.6. Up to the breakdown voltage of Vbd = 15.4 V, a gradual increase
of the current density as well as a decrease of the resistance/area can be observed. This
can be explained by a higher tunneling efficiency due to stronger fields between the gate
contacts and the bulk substrate. At Vbd, a sharp increase of the current density as well as a
drop of the resistance to nearly 0 shows the breakdown and the consequent destruction of
the oxide layers. Here, different mechanisms can explain the breakdown of the structure,
like tunneling of electrons through the gate oxide layer, which is more important for thin
oxide layers, or trap-assisted tunneling, where electrons tunnel through traps in the oxide
layer one at a time. [83].

The measured C-V plot can be seen in figure 4.7, where the solid lines represent the voltage
sweep from −4 to 4 V and the dashed lines the ones from 4 to −4 V.

Using the measured C-V curve, it is possible to extract the flatband voltage VF B. There are
a few different ways to extract the flatband voltage from a C-V measurement curve [84][35].
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Figure 4.6: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the two oxides.

Figure 4.7: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 12.4 nm
native oxide, 16 nm of Al2O3, 20 nm of Ti and 150 nm of Au

In this thesis the method described in [85] was chosen, which consists of calculating the
second derivative of C(Vg) at different frequencies. By plotting the results against the gate
voltage, the interception of the curves with the Vg-axis can be found. The plot for the
GeOx-sample can be seen in figure 4.8. As the derivation induces quite a bit of noise, a fit
function was used to help with the extraction. Using this method, the flat band voltage
of VF B = −1.65 V can be found.

The measured C-V curves show nicely the different states the MIS-capacitor is in. For
the measurement from the negative to the positive gate voltage, the region between 4
and 0V can be described as the accumulation zone. By lowering the gate voltage further,
the space charge region in the bulk germanium starts to collapse and depletes (=depletion
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Figure 4.8: Plot of d2(C/A)
dV 2

g
against the gate voltage for the GeOx-sample.

zone). For even lower gate voltages, the MOS-capacitor is in inversion, showing its different
relations to the measurement frequency. An important aspect in the inversion zone is the
"bump" visible at 50kHz and 100kHz. This is expected for low bandgap semiconductors or
measurements at high temperatures, as the interface traps in the minority carrier half of
the bandgap will show an admittance contribution if the MIS capacitor is biased in weak
inversion. The result is a significant exchange of charge carriers between the traps and
the bulk-material due to faster capture and emission of carriers [86].

As can be seen, a large hysteresis exists between the two sweep directions ∆VF B = 3.65 V.
The reason for the hysteresis is due to the influence of the different oxide charges, which
can also be described as slow traps, described in 2.2.2.

To further characterize the interface layer, two different methods were used to extract the
interface trap density. The first one is the conductance method, where the conductance
is measured as a variable of the measurement frequency at different gate voltages. The
second one is the so called quasi-static measurement, where a low-frequency (=quasistatic)
measurement is compared to a high frequency measurement. Both are explained further
in chapter 2.3.2.

The two methods are plotted in figure 4.9. The left plot shows both measurements in
relation to the applied gate voltage, the right one to the calculated energy in the band
gap. Next to the interface trap density Dit, the interface trap time constant τit dependent
upon the gate voltage is plotted. The relation between the gate voltage and band bending
Φs can be calculated using following formula:

Φs =
⌠ VG2

VG1
(1 − Clf /COx)dVG + ∆ (4.3)
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where ∆ is an unknown integration constant given by the surface potential at VG1. By
starting the integration at the flatband voltage VG1 = VF B, the integration constant has
to be zero ∆ = 0, as the band bending here has to be zero. Using this relation, the
energy-gate voltage relation can be calculated by:

E(Vg) = Ec/2 + Φs(Vg) − ΦB (4.4)

where E(Vg) is the energy in the bandgap in eV, EC the energy of the conduction band
in eV (0.66 eV for germanium), Φs the calculated band bending calculated in 4.3 and ΦB

the bulk potential [63].

(a) (b) (c)
Figure 4.9: For the GeOx-sample (a) shows the Gp/ω against ω plot obtained from the frequency
sweep with dotted lines indicating the maximum for each curve. (b) shows the calculated Dit using
the quasistatic and the conductance method as well as the interface trap time constant τit obtained
from the conductance method depending on the gate voltage applied on the top contact. In figure
(c), Dit is plotted against the energy bandgap obtained from equation 4.4.
Figure 4.9 shows three plots, which are important for the interface characterization. (a)
displays the Gp/ω against ω plot from the frequency sweep measurement. With the help
of the equations 2.17 Dit and τit of the system can be calculated. They are plotted in
figure 4.9 (b) together with the calculated Dit from the quasistatic method. Both are in
the same region, but show different trends. This is probably due to different charging
phenomena, as the gate sweeps are done one after the other in a circular way ( from - to
+ and back) with a few minutes between the measurements, whereas for the frequency
sweeps there is no idle time between the measurements and also only a positive voltage
sweep. Furthermore, it is possible that conductance peaks are not located in the measured
frequency region and therefore cannot be detected.

The relation between the interface trap density and the interface trap time constant shows
a peak at the flatband voltage and drops at both sides. At lower gate voltages (= nearer the
conduction band), a lower trap time constant τit ∼ 2 ∗ 10−5 s can be observed, suggesting
at least one trap state. Near the flatband voltage (∼ 0.5 eV), a second kind of trap states
with an even lower τit ∼ 10−4 s can be seen. Moving more to the middle of the band gap
the trap state density increases again with a strong decrease of the interface trap time
constant τit ∼ 3 ∗ 10−7 s, suggesting a third kind of fast trap states near the middle of the
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band gap. The maximum Dit = 1.18 ∗ 1013 cm−2eV−1 at Vg = −0.7 V (= EV + 0.353 eV)
with τit = 2 ∗ 10−7 s.

4.3.3 Characterization of interface layers as deposited
The following subchapter is about the different tested interface layers. They are Al2O3,
GeOxNy and AlN.

4.3.3.1 Al2O3

The first tested passivation method is a direct interface between the germanium substrate
and the high-k dielectric Al2O3. The device consists of 16 nm of Al2O3 on a cleaned i.e.
desorbed Ge-wafer. To characterize the interface, the same measurements were done as for
the GeOx: breakdown voltage, C-V measurements for different frequencies and frequency
sweeps for different gate voltages.

Figure 4.10: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the Al2O3 layer.

From the gate voltage sweep in figure 4.10, the breakdown voltage can be extracted:
Vbd = 12, 6 V.

Figure 4.11 shows the C-V relation for the different frequencies. Using the already de-
scribed method, the flatband voltage can be calculated: VF B = 0.15 V. This is known for
Al2O3 layers, as negative charged fixed oxide charges near the interface exist and screen
part of the applied gate voltage, thereby shifting the flatband voltage to the right [87].
Calculating VF B for both sweep directions allows a characterization of the hysteresis with
a flatband voltage shift of ∆VF B = 0.65 V.

The C-V measurement shows the different states the MOS-capacitor can have. Starting
from around 1 V, the layer directly under the interface starts to deplete until around
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Figure 4.11: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 16 nm
of Al2O3, 20 nm of Ti and 150 nm of Au

−0.2 V to −0.7 V, where no space charge region exists in the bulk germanium. By lowering
the gate voltage even further, an inversion layer is created with its different responses to
the applied frequencies. In comparison to the GeOx interface layer, no weak inversion
response/hump can be seen in the C-V curves.

To further characterize the interface between Ge and Al2O3 layer, the interface trap density
as well as the interface trap time constant was measured/calculated, as seen in figure 4.12.

(a) (b) (c)
Figure 4.12: For the Al2O3 sample, (a) shows the Gp/ω against ω plot obtained from the frequency
sweep with dotted lines indicating the maximum for each curve. In (b) and (c), the calculated Dit

for both methodes are plotted against the gate voltage (b) and their location in the band gap (c).
τit is also shown in relation to the applied gate voltage.
As discussed in subchapter 4.3.2 for the GeOx interface, the quasistatic and the conduc-
tance method don’t fit together but show a comparable magnitude. For the quasistatic
method, Dit stays around the 2.6 ∗ 1013 cm−2eV−1 level with a variation of maximum
0.5 ∗ 1013 cm−2eV−1. By looking at 4.12 (a), it can be observed that the system shows
two different interface trap states, one near the conduction band with a low Dit and one
with comparatively slow τit. By applying a higher gate voltage, Dit near the middle of
the band gap can be examined. It shows a high Dit and a fast τit. In between these
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two extremes a gradual transition between both states exists. Going from the conduction
band to the valence band, the slow states first disappear accompanied with a decrease of
the interface trap time constant. At around 0.45 eV from the valence band, the second
state with faster traps gets exited with an increase of Dit near the middle of the band
gap at a constant τit. The maximal interface trap density is Dit = 3 ∗ 1013 cm−2eV−1 at
Vg = 1.25 V (= EV + 0.38 eV) with τit = 5 ∗ 10−7 s.

4.3.3.2 GeOxNy

The second passivation layer was fabricated by a nitridation step of the Ge-wafer before
the Al2O3 deposition by ALD resulting in a MOS-structure consisting of 1.6 nm GeOxNy

with 18 atomic-% of nitrogen followed by 16 nm Al2O3 and the gate pads.

Figure 4.13: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the GeOxNy-based MOS structure.

Figure 4.13 displays the breakdown voltage, which is located at Vbd = 12.4 V.

The C-V plots for the different frequencies can be seen in figure 4.14. Like for the GeOx

interface, a clear hump can be seen due to the influence of interface traps in the minority
carrier half of the bandgap. Using the flatband voltage voltage extraction method gives:
VF B = 0.15 V and ∆VF B = 0.7 V. This suggests no / a low density of fixed oxide charges
and in general a low density of oxide charges, as neither the flatband voltage nor the
flatband voltage difference show a strong difference to the sample with only Al2O3 as
interface.

The characterization of the interface trap states can be seen in 4.15. In (b), Dit from
both methods show a comparable trend with an increase for higher gate voltages and are
of the same magnitude although not equaly. τit plotted in (b) and the peaks in (a) show
a relative constant τit ∼ 5 ∗ 10−7 s . This suggests the same fast trap state between the
middle of the bandgap and the conduction band with a decrease of the state density from
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Figure 4.14: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 1.6 nm
GeOxNy, 16 nm of Al2O3, 20 nm of Ti and 150 nm of Au after the annealing step in forming gas

(a) (b) (c)
Figure 4.15: For the GeOxNy-sample, (a) shows the Gp/ω against ω plot obtained from the
frequency sweep with dotted lines indicating the maximum for each curve. In (b) and (c), the
calculated Dit for both methods are plotted against the gate voltage (b) and their location in the
band gap (c). τit is also shown in relation to the applied gate voltage.

Dit = 5.96 ∗ 1013 cm−2eV−1 with τit = 1 ∗ 10−6 s at Vg = 1, 25 V (= EV + 0.37 eV),
which is also the maximum interface trap density, Dit = 9 ∗ 1012 cm−2eV−1 at Vg = −1 V
(= EV + 0.645 eV)

4.3.3.3 AlN

The third tested interface layer is AlN between the Ge-substrate and the gate oxide. The
MOS-structure consists of the always used Ge-wafer topped with 1.63 nm of AlN, 16 nm
Al2O3 and the gate metals consisting of 20 nm Ti and 150 nm Au.

Like for the other tested interfaces before, the first measured value is the breakdown
voltage, which is at Vbd = 13.9 V, as can be seen in figure 4.16.
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Figure 4.16: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the Al2O3 and AlN layer .

Figure 4.17: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 1.63 nm
of AlN, 16 nm of Al2O3, 20 nm of Ti and 150 nm of Au

Figure 4.17 shows the relation between the capacitance and the gate voltage. Like before, it
shows the normal relation a MOS-capacitor has for different frequencies. In comparison to
the GeOxNy and the GeOx interfaces, no weak inversion response is observed as attributed
to interface traps in the minority carrier half of the bandgap. The flatband voltage is at
VF B = −0.55 V, the difference of the flatband voltage between the sweep directions is
∆VF B = 1.35 V. The position of the flatband voltage suggests a high density of positive
fixed oxide charges compensating the applied gate voltage and the influence of the Al2O3-
layer on the interface layer. Furthermore, the higher difference in the flatband voltage
from both sweep directions put forward a high density of oxide charges increasing the
flatband voltage from ∆VF B = 0.65 V of the Al2O3 to ∆VF B = 1.35 V. The kind of oxide
charges responsible for this shift cannot be extracted, as other measurements would be
needed to examine the oxide layer
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(a) (b) (c)
Figure 4.18: (a) shows the Gp/ω against ω plot obtained from the frequency sweep with dotted
lines indicating the maximum for each curve for the AlN-interface. In (b) and (c), the calculated
Dit for both methods are plotted against the gate voltage (b) and their location in the band gap (c).
τit is also shown in relation to the applied gate voltage.

The extraction of the interface trap states can be seen in 4.18 (a)-(c). (b) and (c) show the
interface trap density Dit calculated by the quasistatic and conduction method dependent
on the gate voltage (b) and the energetic position in the bandgap. The quasistatic method
shows a relative constant Dit-value with a slight decrease from 7.4∗1012 cm−2eV−1 to 5.8∗
1012 cm−2eV−1 at higher gate voltages/lower energies. Dit extracted from the capacitance
measurement shows a lower interface trap density ∼ 4∗1013 cm−2eV−1 near the conduction
band, which is getting higher towards the valence band. Between = EV + 0.42 eV and
= EV +0.358 eV, three maxima can be seen. These maxima consist of 1 to 2 measurement
points measured at low ω, suggesting measurement errors due to uncertainties in the
setup. The influence of these uncertainties can be seen for example in fig: 4.15 (a), as here
a negative capacitance is measured, which is contraintuitive . The trap time constants
are constant near the conduction band at τit = 5 ∗ 10−5 s and a drop near the middle
of the band gap to τit = 1 ∗ 10−5 s is accompanied with a drop of the trap density to
5 ∗ 1013 cm−2eV−1. The maximal interface trap density Dit = 1.5 ∗ 1014 cm−2eV−1 is at
Vg = 0 V (= EV + 0.37 eV) with τit = 6.7 ∗ 10−5 s.
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4.3.4 Interface layer properties after performing rapid thermal
annealing

This section is about the three examined interfaces Al2O3, GeOxNy and AlN after an an-
nealing step in forming gas as described in 3.1.4 at 300 °C for 2.5 min. Before the annealing
steps, the substrates were cleaved in half to allow measurements with unannealed sam-
ples. To guarantee a good comparability of the interface layers, the same characterization
measurements as before were conducted.

4.3.4.1 Al2O3

Figure 4.19: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the annealed Al2O3 layer.

As can be seen in figure 4.19, the new breakdown voltage is at Vbd−annealed = 11.6 V instead
of Vbd−unannealed = 12.6 V. Both results are comparable, as the breakdown voltage is a
statistical value with a specific fluctuation range. This suggests a comparable interface
layer.

Figure 4.20 shows the C-V relation after the annealing step. In comparison to the unan-
nealed substrate, an increase of the capacitance after the depletion can be observed. The
new flatband voltage shifted to VF B−anneald = 0 V from VF B−unanneald = 0.15 V. This
suggests a slight decrease of fixed oxide charges near the interface layer. The hysteresis
itself increases a bit from ∆VF B−unannealed = 0.65 V to ∆VF B−annealed = 0.8 V, which
means that the annealing step introduced more oxide traps.

The curves themself are much steeper than the unnealed curves and show a slight dip in
the depletion zone. The first change can be attributed to a lower Dit and thus to a smaller
screening effect of the applied gate field. The second might be due to fast trap states
in the minority side of the band gap, as this would result in an enhanced generation of
electrons and holes leading to the requirement of higher frequencies at which the space
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Figure 4.20: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 16 nm
of Al2O3, 20 nm of Ti and 150 nm of Au after the annealing step in forming gas.

charge zone cannot follow the gate voltage changes.

(a) (b) (c)
Figure 4.21: (a) shows the Gp/ω against ω plot obtained from the frequency sweep with dotted
lines indicating the maximum for each curve for the annealed Al2O3-interface. In (b) and (c), the
calculated Dit for both methods are plotted against the gate voltage (b) and their location in the
band gap (c). τit is also shown in relation to the applied gate voltage.
The characterization of the interface trap states can be seen in figure 4.21. The conduc-
tance and quasistatic method in (b) and (c) show the same relation at low gate voltages/n-
ear the conduction band, where Dit gets lower with higher voltages i.e. towards the mid
of the band gap. The conductance method shows a rise of interface trap states, whereas
the quasistatic method keeps falling further into the negative regime. This is probably
due to influences of the C-V measurement, like charging of the electron pads, resulting in
a shift of either the used low frequency measurement to the right or the high frequency
measurement to the left. As this can be seen in all the annealed samples, it might however
also indicate an influence of the annealing step.

The conduction method in (a) to (c) shows two different trap states, one near the conduc-
tion band with slow trapping times and on at the middle of the bandgap with fast trapping
times. The slow trap states have the following parameters: Dit = 1.2∗1013 cm−2eV−1 with
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τit = 3.3 ∗ 10−5 s, the fast trap states Dit = 1.76 ∗ 1013 cm−2eV−1 with τit = 3.3 ∗ 10−5 s.
In between both states Dit goes through a minimum with a gradual decrease of τit.

In comparison to the unannealed sample, both samples show two kinds of trap states, fast
trap states near the middle of the band gap and slow trap states near the conduction band.
With the annealing step, both states changed. The density of the fast trap states went
down from Dit−unannealed = 3 ∗ 1013 cm−2eV−1 to Dit−annealed = 1.76 ∗ 1013 cm−2eV−1,
whereas the density of the slow trap states increased a bit from Dit−unannealed = 8.1 ∗
1013 cm−2eV−1 to Dit−annealed = 1.2 ∗ 1013 cm−2eV−1. Furthermore, the time constant
shifted from τit−unannealed = 1 ∗ 10−5 s to τit = 3.3 ∗ 10−5 s.

The highest measured interface trap density is Dit = 1.76 ∗ 1013 cm−2eV−1 with a time
constant of τit = 3.3 ∗ 10−5 s at a gate voltage VG = 0.64 V (= EV + 0.344 eV).

4.3.4.2 GeOxNy

Figure 4.22: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the annealed GeOxNy interface layer.

The new breakdown voltage is at Vbd−annealed = 11.8 V (figure 4.22), the breakdown
voltage of the unannealed sample was at Vbd−unannealed = 12.4 V. This shows that the
layers are comparable and no new types of breakdown pathways were created.

The C-V plot of the annealed sample can be seen in figure 4.23. In comparison to the
unannealed sample, a steeper curve can be observed as well as a softer weak inversion
response, suggesting an overall lower Dit in the band gap. Furthermore the 500 kHz
shows a shift of the curve to the right, probably due to a measurement error inducing
charges in either the gate or the backgate of the sample, shifting the whole curve to the
right. The extracted flatband voltage is at VF B−annealed = −0.5 V in strong contrast
to the VF B−unannealed = 0.15 V. This can be explained by an increase of positive oxide
charges or decrease of negative oxide charges in the interface layer or the Al2O3. For the
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Figure 4.23: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 1.6 nm
GeOxNy, 16 nm of Al2O3, 20 nm of Ti and 150 nm of Au after the annealing step in forming gas.

hysteresis, the difference of the flatband voltage for both sweeping directions stayed more
or less constant at ∆VF B−annealed = 0.65 V. By looking at both the flatband voltage shift
and the ∆VF B, it is highly likely, that a difference in fixed oxide charges is induced by the
annealing step with a transition from negative to positive charges.

(a) (b) (c)
Figure 4.24: (a) shows the Gp/ω against ω plot obtained from the frequency sweep with dotted
lines indicating the maximum for each curve for the annealed GeOxNy-interface. In (b) and (c),
the calculated Dit for both methodes are plotted against the gate voltage (b) and their location in
the band gap (c). τit is also shown in relation to the applied gate voltage.

Figure 4.24 (b) and (c) shows the interface trap density extraction following the conduc-
tance and the quasistatic method. As can be seen, the quasistatic method shows a problem
with the extraction, as the high frequency curve is steeper and therefore more to the left
than the low frequency curve, resulting in a negative Dit. This is probably due to some
charging in the gate contacts after the anneal, as all three annealed samples show this
relation.

Using the conduction methode, both Dit and τit are extracted from the plots in 4.24 (a)
and plotted in 4.24 (b) and (c). As can be seen, at low gate voltages / near the conduction
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band a low level of slow trap states at Dit = 5.1 ∗ 1013 cm−2eV−1 at τit = 3.3 ∗ 10−5 s is
active. Going further to the middle of the conduction band, this slow trap states change to
fast trap states with a decrease of the trap time constant to τit = 4∗10−7 s at Vg = −0.65 V
(= EV + 0.63 eV), followed by a strong increase of the trap density and a slight increase
of the trap time constant near the conduction band to Dit = 6.14 ∗ 1013 cm−2eV−1 and
τit = 1 ∗ 10−6 s at Vg = 0.95 V (= EV + 0.345 eV).

Compared to the unannealed sample, the annealing step introduced a second interface trap
state near the conduction band with a low τit and a relative low Dit. The density of the
second trap state at the middle of the band gap slightly increases from Dit−unannealed =
5.96 ∗ 1013 cm−2eV−1 to Dit−annealed = 6.14 ∗ 1013 cm−2eV−1. This means, the annealing
step only introduced trap state near the conduction band with no real improvement of the
overall situation.

The highest measured interface trap density is Dit = 6.14 ∗ 1013 cm−2eV−1 with a time
constant of τit = 1 ∗ 10−6 s at a gate voltage VG = 0.95 V (= EV + 0.345 eV).

4.3.4.3 AlN

The last annealed sample consist of 1.63 nm AlN and 16 nm Al2O3 on top of the always
used p-type Ge-wafer. The gate contacts consisted of 20 nm of Ti and 150 nm of Au.

Figure 4.25: The figure shows current density and the resistance/area against the gate voltage to
determine the breakdown voltage of the annealed AlN layer.

First, the breakdown voltage was examined. Compared to the unannealed breakdown
voltage Vbd−unannealed = 13.9 V, the annealed sample shows a breakdown voltage of Vbd =
13.5 V.

The second plot, seen in figure 4.26, shows the C-V relation of the annealed AlN-sample.
It shows the already known states of the MIS-capacitor without weak inversion bumps.
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Figure 4.26: C-V measurement of a MIS structure compromised of a n-doped Ge-wafer, 12.4 nm
native oxide, 16 nm of Al2O3, 20 nm of Ti and 150 nm of Au

The extracted flatband voltage is at VF B−annealed = −1 V for the annealed sample, for the
unannealed sample it is at VF B−unannealed = −0.55 V. This suggests an increase of negative
charged fixed oxide charges in the interface layer. The flatband voltage difference between
the sweep directions increased from ∆Vfb−unannealed = 1.35 V to ∆VF B−annealed = 1.7 V,
which is a tremendous increase and points to an increase of oxide charges in the layer.

An indication of a change in the interface layer is the increase of oxide capacitance from
Cox = 1.92 ∗ 10−7 Fcm−2 to Cox = 3.41 ∗ 10−7 Fcm−2, indicating either a decrease in
thickness and/or a change in the relative permittivity.

(a) (b) (c)
Figure 4.27: (a) shows the Gp/ω against ω plot obtained from the frequency sweep with dotted
lines indicating the maximum for each curve for the annealed AlN-interface. In (b) and (c), the
calculated Dit for both methodes are plotted against the gate voltage (b) and their location in the
band gap (c). τit is also shown in relation to the applied gate voltage.
The extraction of the interface trap density and time constant can be seen in figure 4.27.
(b) and (c) show the relation between Dit and the applied gate voltage / the position
in the band gap calculated by the quasistatic and conductance method. As can be seen,
both show a comparable relation at a low gate voltage/near the conduction band, but
the quasistatic method falls into a negative regime by applying a higher voltage. This
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phenomenon can be seen in all the annealed samples, which indicates a charging effect in
the MIS-system. Due to the shared gate oxide and gate metals, this can be an influence
of either of them. The conductance measurement shows two trap states in the upper half
of the band gap. At low gate voltages/near the conduction band, a slow trap state can
be seen with Dit = 5 ∗ 1012 cm−2eV−1 at VG = −1.5 V (= EV + 0.79 eV, 0.13 eV in the
conduction band) with τit = 4 ∗ 10−5 s. The density of this trap state falls by applying
higher gate voltages / moving more into the band gap middle until a minimum is reached
at VG = −1.05 V (= EV + 0.6226 eV). Afterwards, the influence of the fast trap state
can be seen with a decrease of the time constant to τit = 4 ∗ 10−7 s and an increase of the
interface trap density up to Dit = 2.8 ∗ 1013 cm−2eV−1 at VG = 0.45 V (= EV + 0.26 eV).

In comparison to the unannealed sample, two important aspects have to be taken into
account. First, the inclusion of at least one fast trap state near the middle of the band
gap with a high density Dit = 2.8 ∗ 1013 cm−2eV−1 and τit = 4 ∗ 10−7 s. The second
thing is a slight decrease of the density of slow traps near the conduction band from
Dit−unannealed = 3.2 ∗ 1012 cm−2eV−1 to Dit−annealed = 2.8 ∗ 1012 cm−2eV−1 at around
EV + 0.6 eV.

The highest measured interface trap density is Dit = 2.8 ∗ 1013 cm−2eV−1 with a time
constant of τit = 6.7 ∗ 10−7 s at a gate voltage VG = 0.45 V (= EV + 0.26 eV).

4.4 Comparison of Interface layers
The summary of the most important data of this work can be seen in tables 4.2 and 4.3.
The first table deals with the data that can be extracted from the C-V measurements,
whereas the second table is about the data extracted from the Dit measurements. There,
only the results of the conduction method were considered, as the quasistatic method
showed negative values after the anneal, which is physically impossible.

interface layer COx ϵr−it EOTit−10 nm VF B ∆VF B

GeOx 2.56 ∗ 10−7 Fcm−2 6.92 5.64 nm −1.65 V 3.65 V
Al2O3 unannealed 3.94 ∗ 10−7 Fcm−2 3.81 10.2 nm 0.15 V 0.65 V

GeOxNy unannealed 4.03 ∗ 10−7 Fcm−2 3.4 11.6 nm 0.15 V 0.7 V
AlN unannealed 1.92 ∗ 10−7 Fcm−2 0.57 69 nm −0.55 V 1.35 V
Al2O3 annealed 3.98 ∗ 10−7 Fcm−2 3.98 9.8 nm 0 V 0.8 V

GeOxNy annealed 4.11 ∗ 10−7 Fcm−2 3.7 10.5 nm −0.5 V 0.65 V
AlN annealed 3.41 ∗ 10−7 Fcm−2 1.63 21 nm −1 V 1.7 V

Table 4.2: This table shows the data that can be extracted from the C-V measurements of the
different passivation layers. Thy consist of the oxide capacitance density Cox, the calculated dielec-
tric constant of the interface layer ϵr−it, the equivalent oxide thickness EOT of the interface layer
normed to 10 nm of SiO2, the flatband voltage extracted from the sweep from negative voltage to
positive and the difference in flatband voltage for both sweep directions.

The calculation for the dielectric constant and EOT of the interface was done by assuming
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2 capacitors in series, one formed by the Al2O3 layer and one by the interface itself. By
using the known dielectric constant of the deposited Al2O3 from the thickness series in
4.3.1, the capacitance density of the oxide layer was calculated using Cox = ϵ0ϵr

tox
. With this

information, the capacitance of the interface layer was calculated using 1
Ctot

= 1
Cit

+ 1
Cox

.
By applying the earlier used equation for the oxide capacitance again with the known
thickness of the interface layer, the dielectric constant as well as EOT can be calculated.
For the interface building by depositioning Al2O3 with the ALD on the Ge-substrate, a
thickness of ∼ 2 nm of GeOx was assumed [82].

interface layer # of trap state bands Dit−max τit−max position in bandgap
GeOx 3 1.18 ∗ 1013 cm−2eV−1 2 ∗ 10−7 s EV + 0.353 eV

Al2O3 unannealed 2 3 ∗ 1013 cm−2eV−1 5 ∗ 10−7 s EV + 0.38 eV
GeOxNy unannealed 1 9 ∗ 1012 cm−2eV−1 1 ∗ 10−6 s EV + 0.645 eV

AlN unannealed 1 1.5 ∗ 1014 cm−2eV−1 6.7 ∗ 10−7 s EV + 0.37 eV
Al2O3 annealed 2 1.76 ∗ 1013 cm−2eV−1 6.7 ∗ 10−7 s EV + 0.37 eV

GeOxNy annealed 2 6.14 ∗ 1013 cm−2eV−1 1 ∗ 10−6 s EV + 0.345 eV
AlN annealed 2 2.8 ∗ 1013 cm−2eV−1 6.7 ∗ 10−7 s EV + 0.26 eV

Table 4.3: In this table, the data extracted from the conductance measurement is collected. They
consist of the number of trap state bands meaning bands of clear distinguishable trap states trough
for example time constants or strong increases in the density, the maximal interface trap density
and time constant as well as the position in the bandgap of this particular state.
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Chapter 5

Summary and Outlook

In this thesis the optical and electrical analysis of different interface layers deposited by
plasma enhanced ALD to passivate the Ge-surface of a n-type substrate are presented.
They consist of Al2O3, GeOxNy and AlN, as well as one substrate with an interface layer
consisting of the native oxide of Ge as a reference. To ensure a comparability between the
layers, additional 16 nm of Al2O3 were deposited by ALD as gate oxide. After the electrical
characterization, an annealing step in forming gas was performed and the structures were
measured again. The main results of this thesis can be seen in following summary:

• The highest achieved ϵr−it = 5.64 is observed with the GeOx interface layer.

• The lowest ∆VF B = 0.65 V was measured for the unnannealed Al2O3 and annealed
AlN interface layers

• The lowest number of assumed trap state bands was observed for the unannealed
GeOxNy and the unannealed AlN interface layers and consisted of 1 trap state with
the same time constant along the upper half of the bandgap

• The lowest observed Dit in the bandgap was the GeOxNy interface layer with Dit =
9 ∗ 1012 cm−2eV−1

• All the samples have the maximum Dit near the middle of the bandgap except for
the unannealed GeOxNy-sample

To further improve the interface characterization, additional measurements to examine
the different oxide charge densities would be important. Examples for these measure-
ments are charge pumping to extract the fixed oxide charges or a bias-temperature stress
measurement to determine mobile charges. Moreover, using p-type substrates instead of
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n-type substrate would allow a measurement of Dit across the whole bandgap and not
only the upper half of it. Using different gases and temperatures for the annealing step
would also increase the versatility of the used interface layer. Finally, the process for both
nitrides should be improved by using higher temperatures or ammonia as process gas fur-
ther increasing the quality of the interface layers. Another interesting experiment is the
investigation of the influence of different gate metals like Al with different work functions.
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Appendix A

Matlab Scripts

A.0.1 flatband voltage extraction
1 clear a l l
2
3 %D e f i n i t i o n o f some needed cons tan t s
4 s i z epad =75;
5 areapad=( s i z epad ∗10^(−4) ) ^2∗ pi /4 ;
6 q=1.6∗10^ −19;
7
8 %load ing the r equ i r ed f i l e s
9 kHz100 = readtab l e ( ’ Messung3−Pad55_2−100kHz−Vext0 ,03− p a r a l l e l .

tx t ’ ) ;
10 Data ( : , : , 1 )= tab l e2a r ray ( kHz100 ) ;
11 kHz500 = readtab l e ( ’ Messung2−Pad55_2−500kHz−Vext0 ,03− p a r a l l e l .

tx t ’ ) ;
12 Data ( : , : , 2 )= tab l e2a r ray ( kHz500 ) ;
13 MHz1 = readtab l e ( ’ Messung1−Pad55_2−1MHz−Vext0 ,03− p a r a l l e l . tx t ’ ) ;
14 Data ( : , : , 3 )= tab l e2a r ray (MHz1) ;
15
16 %e x t r a c t i n g x = a p p l i e d ga te v o l t a g e and
17 X=Data ( : , 3 , 1 ) ;
18 X=rmmissing (X) ;
19 g r o e s s e=length (X) /2 ;
20
21
22 %d i f f e r e n t i a t i n g and smoothing data o f both sweep d i r e c t i o n s
23
24 for i =1: s ize ( Data , 3 )
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25
26 data2=Data ( : , 1 , i ) . / areapad ;
27 data2 = rmmissing ( data2 ) ;
28
29 hin=data2 ( 1 : g r o e s s e ) ;
30 x1=X( 1 : g r o e s s e ) ;
31 data_first_d_hin = gradient ( hin ( : ) ) . / gradient ( x1 ( : ) ) ;
32 data_second_d_zurueck = gradient ( data_first_d_hin ( : ) ) . /

gradient ( x1 ( : ) ) ;
33 smoothhin ( : , i )=smoothdata ( data_second_d_zurueck ) ;
34
35 x2=X( g r o e s s e +1:2∗ g r o e s s e ) ;
36 zurueck=data2 ( g r o e s s e +1:2∗ g r o e s s e ) ;
37
38 data_first_d_back = gradient ( zurueck ( : ) ) . / gradient ( x2 ( : ) ) ;
39 data_second_d_back = gradient ( data_first_d_back ( : ) ) . /

gradient ( x2 ( : ) ) ;
40
41 smoothzurueck ( : , i )=smoothdata ( data_second_d_back ) ;
42
43 end
44
45 %p l o t t i n g data f o r graph ic e x t r a c t i o n o f f l a t b a n d v o l t a g e
46
47 f igure
48 hold on
49 for i =1: s ize ( Data , 3 )
50 text=sprintf ( ’ %.0e ’ , Data (1 , 4 , i ) ) ;
51 text1=s t r c a t ( text , ’ Hz ’ ) ;
52 plot ( x1 , smoothhin ( : , i ) , ’ DisplayName ’ , t ext1 ) ;
53 end
54 legend ( ’ Locat ion ’ , ’ s outheas t ’ )
55 y l i n e (0 , ’−− ’ , ’ DisplayName ’ , ’ y=0 ’ ) ;
56
57 ylabel ( ’ Second d e r i v a t i v e o f the conductance ’ )
58 xlabel ( ’ Gate−Voltage [V] ’ )
59
60 hold o f f
61
62 f igure
63 hold on
64 for i =1: s ize ( Data , 3 )
65 plot ( x2 , smoothzurueck ( : , i ) ) ;
66 end
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67 y l i n e (0 , ’−− ’ ) ;
68 ylabel ( ’ Second d e r i v a t i v e o f the conductance ’ )
69 xlabel ( ’ Gate−Voltage [V] ’ )
70 hold o f f

A.0.2 C-V Plots
1 clear a l l
2
3 %D e f i n i t i o n o f some needed cons tan t s
4 s i z epad =75;
5 areapad=( s i z epad ∗10^(−4) ) ^2∗ pi /4 ;
6 q=1.6∗10^ −19;
7
8 %load ing the a l r eady e x t r a c t e d f l a t b a n d v o l t a g e
9 Vfb=−1;

10
11 %load ing the r equ i r ed f i l e s
12 kHz50 = readtab l e ( ’ Messung4−Pad55_2−50kHz−Vext0 ,03− p a r a l l e l . tx t ’

) ;
13 Data ( : , : , 3 )= tab l e2a r ray ( kHz50 ) ;
14 kHz20 = readtab l e ( ’ Messung5−Pad55_2−20kHz−Vext0 ,03− p a r a l l e l . tx t ’

) ;
15 Data ( : , : , 2 )= tab l e2a r ray ( kHz20 ) ;
16 Data ( : , : , 1 )= tab l e2a r ray ( kHz20 ) ;
17 kHz100 = readtab l e ( ’ Messung3−Pad55_2−100kHz−Vext0 ,03− p a r a l l e l .

tx t ’ ) ;
18 Data ( : , : , 4 )= tab l e2a r ray ( kHz100 ) ;
19 kHz500 = readtab l e ( ’ Messung2−Pad55_2−500kHz−Vext0 ,03− p a r a l l e l .

tx t ’ ) ;
20 Data ( : , : , 5 )= tab l e2a r ray ( kHz500 ) ;
21 MHz1 = readtab l e ( ’ Messung1−Pad55_2−1MHz−Vext0 ,03− p a r a l l e l . tx t ’ ) ;
22 Data ( : , : , 6 )= tab l e2a r ray (MHz1) ;
23
24
25 Hz5001 = readtab l e ( ’ Messung12−Pad59_1−500Hz−Vext0 ,03− p a r a l l e l −

from−to+’ ) ;
26 Hz5002 = readtab l e ( ’ Messung13−Pad59_1−500Hz−Vext0 ,03− p a r a l l e l −

from+to− ’ ) ;
27 Hz500 = [ Hz5001 ; Hz5002 ] ;
28 Data ( 1 : 3 2 2 , 3 , 1 )= tab l e2a r ray ( Hz500 ( : , 1 ) ) ;
29 Data ( 1 : 3 2 2 , 1 , 1 )= tab l e2a r ray ( Hz500 ( : , 2 ) ) ∗10^( −12) ;
30 Data ( 1 : 3 2 2 , 2 , 1 )= tab l e2a r ray ( Hz500 ( : , 3 ) ) ∗10^(−9) ;
31 Data ( 1 : 3 2 2 , 4 , 1 )= 500 ;
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32
33
34
35 %d e f i n i n g the co l ou r s f o r the p l o t s l a t e r
36
37 i f s ize ( Data , 3 )==4
38 a=[1 0 0 ; 0 1 0 ; 0 0 1 ; 0 .8500 0 .3250 0 . 0 9 8 0 ] ;
39 e l s e i f s ize ( Data , 3 )==5
40 a=[1 0 0 ; 0 1 0 ; 0 0 1 ; 0 .8500 0 .3250 0 . 0 9 8 0 ; 0 .4940 0 .1840

0 . 5 5 6 0 ] ;
41 e l s e i f s ize ( Data , 3 )==6
42 a=[1 0 0 ; 0 1 0 ; 0 0 1 ; 0 .8500 0 .3250 0 . 0 9 8 0 ; 0 .4940 0 .1840

0 . 5 5 6 0 ; 0 .6350 0 .0780 0 . 1 8 4 0 ] ;
43 end
44
45 %c a l c u l a t i n g the ox ide capac i tance
46
47 COx=0;
48
49 for i =1: s ize ( Data , 3 )
50
51 data2=Data ( : , 1 , i ) / areapad ;
52 data2 = rmmissing ( data2 ) ;
53 Mitte=length ( data2 ) /2 ;
54 COx = COx + data2 ( Mitte ) ;
55 end
56
57 COx = COx/ s ize ( Data , 3 ) ;
58
59 disp ( ’C_Ox=’ )
60 disp (COx)
61
62 %p l o t t i n g the C−V measurements f o r both sweep d i r e c t i o n s
63
64 f igure ( ’Name ’ , ’ c−v ’ )
65 hold on
66
67 for i =1: s ize ( Data , 3 )
68
69 data2=Data ( : , 1 , i ) / areapad ;
70 X=Data ( : , 3 , i ) ;
71
72 X=rmmissing (X) ;
73 data2 = rmmissing ( data2 ) ;
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74 g r o e s s e=length ( data2 ) /2 ;
75
76 hin=data2 ( 1 : g r o e s s e ) ;
77 x1=X( 1 : g r o e s s e ) ;
78 zurueck=data2 ( g r o e s s e +1:2∗ g r o e s s e ) ;
79 x2=X( g r o e s s e +1:2∗ g r o e s s e ) ;
80
81 text=sprintf ( ’ %.0e ’ , Data (1 , 4 , i ) ) ;
82 text1=s t r c a t ( text , ’ Hz − +’ ) ;
83 text2=s t r c a t ( text , ’ Hz + − ’ ) ;
84
85 plot ( x1 , hin , ’− ’ , ’ c o l o r ’ , a ( i , : ) , ’ DisplayName ’ , t ext1 )
86 plot ( x2 , zurueck , ’−− ’ , ’ c o l o r ’ , a ( i , : ) , ’ DisplayName ’ , t ext2 )
87
88
89 end
90
91 x l i n e ( Vfb , ’−− ’ , ’V_{ fb } ’ , ’ DisplayName ’ , ’V_{ fb } f o r high f requency

’ ) ;
92 % x l i n e ( x ( f l a tm in ) , ’ − − ’ , ’V_{max} ’ , ’ DisplayName ’ , ’V_{max} ’) ;
93 % x l i n e ( x ( f l a tmax ) , ’ − − ’ , ’V_{min } ’ , ’ DisplayName ’ , ’V_{min } ’) ;
94
95
96 hold o f f
97 ylabel ( ’ Conductance [F/cm^2] ’ )
98 xlabel ( ’ Voltage [V] ’ )
99 legend ( ’ Locat ion ’ , ’ s outheas t ’ )

100 ylim auto

A.0.3 interface trap density extraction
1 clear a l l
2
3
4 %D e f i n i t i o n o f some needed cons tan t s
5 s i z epad =75;
6 areapad=( s i z epad ∗10^(−4) ) ^2∗ pi /4 ;
7 q=1.6∗10^ −19;
8 va lue fb1 =0.5 ;
9 va lue fb2 =1.5 ;

10
11
12 %load ing the a l r eady e x t r a c t e d f l a t b a n d v o l t a g e
13 Vfb=−1;
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14
15
16 %load ing a low and a high f requency C−V curve
17 kHz20 = readtab l e ( ’ Messung5−Pad55_2−20kHz−Vext0 ,03− p a r a l l e l . tx t ’

) ;
18 Data ( : , : , 1 )= tab l e2a r ray ( kHz20 ) ;
19 MHz1 = readtab l e ( ’ Messung1−Pad55_2−1MHz−Vext0 ,03− p a r a l l e l . tx t ’ ) ;
20 Data ( : , : , 2 )= tab l e2a r ray (MHz1) ;
21
22 %c a l c u l a t i n g the ox ide capac i tance
23
24 COx=0;
25
26 for i =1: s ize ( Data , 3 )
27
28 data2=Data ( : , 1 , i ) / areapad ;
29 data2 = rmmissing ( data2 ) ;
30 Mitte=length ( data2 ) /2 ;
31 COx = COx + data2 ( Mitte ) ;
32 end
33
34 COx = COx/ s ize ( Data , 3 ) ;
35
36 % c a l c u l a t i n g D_it from q u a s i s t a t i v method as d e s c i r b e d in the

t h e s i s
37
38 X=Data ( : , 3 , 1 ) ;
39 X=rmmissing (X) ;
40 g r o e s s e=length (X) /2 ;
41 x=X( 1 : g r o e s s e ) ;
42 f l a tband = find ( abs (x−Vfb ) < 0 .001 ) ;
43 i=s ize ( Data , 3 ) ;
44 f l a tmin=f latband −(va lue fb1 /0 .05 ) ;
45 f latmax=f la tband+(va lue fb2 /0 .05 ) ;
46 diskrepanz2=Data ( Mitte , 1 , 2 )−Data ( Mitte , 1 , 2 ) ;
47 Chf=Data ( f l a tmin : f latmax , 1 , 2 ) . /COx/ areapad ;
48 Cl f=Data ( f l a tmin : f latmax , 1 , 1 ) . /COx/ areapad ;
49 Dit1=COx. / q . ∗ ( ( Cl f ./(1 − Cl f ) )−(Chf ./(1 −Chf ) ) ) ;
50
51
52 %load ing the f requency sweeps needed f o r the conductance methode
53
54 sweep1=tab l e2a r ray ( r eadtab l e ( ’ Messung6−Pad55_2−sweep1te i l 1 −Vext0

,03− p a r a l l e l . tx t ’ ) ) ;
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55 sweep2=tab l e2a r ray ( r eadtab l e ( ’ Messung7−Pad55_2−sweep1te i l 2 −Vext0
,03− p a r a l l e l . tx t ’ ) ) ;

56 sweep3=tab l e2a r ray ( r eadtab l e ( ’ Messung14−Pad55_2−sweep1te i l 3 −
Vext0 ,03− p a r a l l e l . tx t ’ ) ) ;

57 sweep=[sweep3 , sweep1 , sweep2 ] ;
58
59 %d e f i n i g the angu lar f requency
60 W=2∗pi∗ sweep ( 1 : end , 4 ) ;
61
62 %d e f i n i g the minimum and maximum gate v o l t a g e needed f o r the

p l o t
63 Vmin=find ( abs ( sweep ( 1 , : ) −(Vfb−va lue fb1 ) )< 0 .001 ) ;
64 Vmax=find ( abs ( sweep ( 1 , : ) −(Vfb+va lue fb2 ) )< 0 .001 ) ;
65 s t ep s=abs ( (Vmin−Vmax) /5) ;
66 DV=0.05;
67
68 %load ing the measured capac i tance and conductance from the

sweeps
69 for i =1: s t ep s
70
71 Cm( : , i )=sweep ( 1 : end , ( i −1)∗5+Vmin−2) . / areapad ;
72 Gm( : , i )=sweep ( 1 : end , ( i −1)∗5+Vmin−1) . / areapad ;
73
74 end
75
76 %c a l c u l a t i n g the G_p/w needed f o r the conductance methode
77 GpW_method2=(W. ∗Gm. ∗COx^2) . / (Gm.^2+W. ^ 2 . ∗ (COx−Cm) .^2 ) ;
78 Vg=Vfb−va lue fb1 :DV: Vfb+va lue fb2 ;
79
80
81 %search ing the maximum of the G_p/w p l o t s
82 for i =1: s t ep s
83
84 [ Dit3 ( i ) , xvalue ( i ) ]=max(GpW_method2 ( : , i ) ) ;
85
86 end
87
88
89 %p l o t t i n g the G_p/w p l o t s and f i n d i g the time cons tant
90 f igure
91 hold on
92 for i =1: s t ep s
93
94 text=sprintf ( ’ %.0e ’ ,Vg( i ) ) ;
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95 text1=s t r c a t ( text , ’V ’ ) ;
96
97 semilogx (W,GpW_method2 ( : , i ) , ’ DisplayName ’ , t ext1 )
98 x l i n e (W( xvalue ( i ) ) , ’−− ’ , ’ H a n d l e V i s i b i l i t y ’ , ’ o f f ’ ) ;
99 tau ( i )=4∗pi/W( xvalue ( i ) ) ;

100 end
101
102 hold o f f
103 set (gca , ’ XScale ’ , ’ l og ’ ) ;
104 ylabel ( ’G_p/\omega [ S∗ s /cm^2] ’ , ’ FontSize ’ , 14)
105 xlabel ( ’ \omega [ s ^{−1}] ’ , ’ FontSize ’ , 14)
106 set (gca , ’ f o n t s i z e ’ , 14)
107
108 %c a l c u l a t i n g the a c t u a l D_it
109 Dit2=Dit3 ∗2/(1.6∗10^ −19) ;
110
111 %p l o t t i n g the D_it as wee l as tau_i t
112 f igure ( ’Name ’ , ’ Dit−v ’ )
113 hold on
114 yyax i s l e f t
115 plot (Vg ( 1 : s t ep s ) , Dit2 ( 1 : s t ep s ) , ’−b ’ , ’ DisplayName ’ , ’D_{ i t −

conductance } ’ )
116 plot ( x ( f l a tmin : f latmax ) , Dit1 , ’−r ’ , ’ DisplayName ’ , ’D_{ i t −quas i } ’ )
117 ylabel ( ’D_{ i t } [ cm^{−2}eV^{−1}] ’ )
118 %ylim ([− i n f 2e13 ] )
119 hold o f f
120 yyax i s r i g h t
121 semilogy (Vg ( 1 : s t ep s ) , tau , ’−−b ’ , ’ DisplayName ’ , ’ \tau_{ i t −

conductance } ’ )
122 ylim ( [ 1 e−7 10e −4])
123 ax = gca ;
124 ax . YAxis (1 ) . Color = ’ k ’ ;
125 ax . YAxis (2 ) . Color = ’ k ’ ;
126 set (gca , ’ f o n t s i z e ’ , 14)
127 ylabel ( ’ \tau_{ i t } [ s ] ’ , ’ FontSize ’ , 14)
128
129
130 xlabel ( ’ gate vo l t age [V] ’ , ’ FontSize ’ ,14)
131 legend ( ’ Locat ion ’ , ’ s outheas t ’ )
132
133
134
135 % Gate v o l t a g e to bandgap energy r e l a t i o n
136
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137 % needed cons tan t s
138 r e s i s t i v i t y = 1 ;
139 e l e c t r o n m o b i l i t y = 3900 ;
140 boltzmann =1.38064852∗10^( −23) ;
141 bandgap =0.661;
142 doping =1/(q∗ r e s i s t i v i t y ∗ e l e c t r o n m o b i l i t y ) ;
143
144 %c a l c u l a t i n g the body p o t e n t a i l
145 phib=(boltzmann ∗300/q ) ∗ log ( doping /(2∗10^(13) ) ) ;
146
147
148 %i n t e g r a t i o n wi th f l a t b a n d v o l t a g e as lower boundrary
149 n=0;
150 Data in teg ra l=1−Data ( f l a tmin : f latmax , 1 , 1 ) /COx/ areapad ;
151 xvector=x ( f l a tmin : f latmax ) ;
152 number=(flatmax−f l a tmin ) /2+1;
153
154 for i =1:number−1
155
156 Data in teg ra l2=Data in t eg ra l ( i : number ) ;
157 bandbending ( i )=−trapz ( 0 . 0 5 , Data in teg ra l2 ) ;
158
159 end
160 bandbending ( number ) =0;
161 for i=number+1:2∗number−1
162
163 Data in teg ra l2=Data in t eg ra l ( number : i ) ;
164 bandbending ( i )=trapz ( 0 . 0 5 , Data in teg ra l2 ) ;
165
166 end
167
168 energy=bandgap/2+bandbending−phib ;
169 xenergy=0.66− energy ;
170
171
172 %p l o t t i n g
173 f igure ( ’Name ’ , ’ Dit−v2 ’ )
174 hold on
175 g r o e s s e=s ize ( xenergy , 2 ) ;
176 plot ( xenergy ( 1 : s t ep s ) , Dit2 , ’−b ’ , ’ DisplayName ’ , ’D_{ i t −conductance

} ’ )
177 plot ( xenergy , Dit1 , ’−r ’ , ’ DisplayName ’ , ’D_{ i t −quas i } ’ )
178 hold o f f
179 ylabel ( ’D_{ i t } [ cm^{−2}eV^{−1}] ’ , ’ FontSize ’ , 14)
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180 xlabel ( ’ energy [ eV ] ’ , ’ FontSize ’ , 14)
181 xlim ( [ 0 , 0 . 6 6 ] )
182 legend ( ’ Locat ion ’ , ’ s outheas t ’ )
183 set (gca , ’ f o n t s i z e ’ , 14)
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