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Abstract

The maximal conversion efficiency on a single pn-junction solar cell is calculated to be 33.7%
at a band gap energy of 1.34 eV. The main reasons for this maximum are the non-absorption
of low energy photons and the thermalization of high energy photons. To counter this, multi-
junction devices can be constructed to make optimal use of the spectral range of the sunlight
reaching the earth’s surface. While the introduction of thin film multi-junctions based on
silicon has managed to overcome the problem of spectral mismatching, photons with an energy
below 1.12 eV are still not able to be collected. Where usually a high current density is traded
off against a high open circuit voltage in multi-junction devices, the addition of a low band
gap germanium-based bottom cell (E; = 0.67 €V) could improve open circuit voltage without
negatively affecting the current density in the device. The photon flux in the range of 0.67-1.12
eV is high enough such that a current density of 15.9 mA/em? can be produced when they
can be effectively collected. This current density is so high that it will never limit the output
current of a multi-junction device, making germanium a very attractive material for studying

and integration in structures where the low energy photons are not yet utilised.

This thesis is focused around the growth and characterization of hydrogenated germanium
films for future use as active absorbers in multi-junction deivces. The influence of a set of
deposition parameters on the morphological, optical and electrical properties of the films is
studied with the aim of finding a deposition regime where device quality germanium films can
be produced within the CASCADE reactor in the EKL clean room. The thin films are all be
deposited using the RF-PECVD technique. Uniformly deposited Ge:H films under a stable
plasma can be deposited in CASCADE in the range of 1-5 mbar pressure and 5-30 W RF
power at a fixed electrode distance of 20 mm. The films start to crystallize and form nc-Ge:H
at a pressure of around 3-4 mbar and an RF power of 15-25 W when the germane precursor
gas is diluted with hydrogen in a ratio of 1:400. A strong correlation between the refractive
index and the presence of post deposition oxidation is investigated. Films with a low refractive
index are characterized as having a low material denisty, making it easy for ambient water
molecules to diffuse into the lattice and react with germanium dangling bonds present there.
By studying the effect and extent of the post-deposition oxidation on other film properties it
was found that the activation energy of the films decreases to values as low as 50 meV. Despite
this, due to a significant decrease of the g by 1-5 orders of magnitude, the dark conductivity
is found to decrease by 1-3 orders of magnitude. With a high photo/dark conductivity of 5-6
as a result. These results have led to the belief that the formation of Ge-O bonds in the films

decreases the amount of defective states in the film, but that the defect states are moved up
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to an energy level closer to the conduction band. The presence of Ge-O bonds also inhibits
the development of low band gap absorbers as seen by the low Fy4 optical band gap. In the
denser films without oxygen contamination, the lowest Fp4 that has been reported is 1.2 eV

along with a Tauc gap of 0.93 eV and a photo/dark conductivity ratio of 3.4.
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Introduction

1.1. Introduction

One of the core issues in human development has always been the procurement of a reliable
energy. In today’s world, electricity and fuel have become such an integral part of life that it
would be hard to imagine our lives without them. The main sources of energy are petroleum,
earth gas, hydropower, nuclear power and coal. In 2017 the world’s total primary energy
consumption was estimated at 0.162 - 10" kWh; an increase of 50% when compared to the
primary energy consumption in 1990 [1]. The declining extraction rates of fossil fuel sources
along with the detrimental impact their use has on environmental factors has changed our
perspective on a conventional energy source towards a more future-focused outlook where

integration of PV (photovoltaics) and wind energy has become the norm.

A growth of interest in PV as a reliable energy source sprouted in the 70’s after the oil
crisis. It was realized that a significant amount of electrical energy could be obtained from
sunlight which could massively lower the need for burning up fossil fuels or nuclear fission.
One of the main reasons and selling points for PV is the availability of solar power all over the
world. This means their use in applications could be endless. To name a few, PV has been used
as a source of electricity for applications such as powering satellites, peak load assistance in
the grid, remote area powering and wide range communication [2] [3]. It is the aim and belief
of many around the world that the use of photovoltaic technology could contribute to greatly

improving both energy security and the level of carbon dioxide emissions into the atmosphere.

Crystalline silicon (c-Si) is one of the most widely used semiconductor material in pho-
tovoltaic (PV) technology to manufacture solar cells. c¢-Si occupies more than 90% of the

total PV market revenue [4]. ¢-Si solar cells can be made either from single (c-Si) or multi-

1



2 1. Introduction

crystalline (mc-Si) silicon material. The reason for c¢-Si solar cells holding such a large market
share within the PV sector is primarily due to the fact that silicon is one of the most abundant
materials in the world’s crust as an ore in the form of quartizite. In addition, it is also one of
the most studied materials in the world, making extraction and purification method of silicon
readily available and cheap [5]. The energy gap of silicon is moderate (1.12 eV) resulting in
an intrinsic carrier concentration of about 10'3 em=! [6]. This is relatively low which leads to
a small leakage current in PV devices. Lastly, silicon dioxide can also be used as an insulator

and passivation layer in these types of devices.

Despite the lowered costs and generally high efficiencies of using c-Si single junction devices,
the biggest drawback of using them is a relatively poor light absorption. As a result of the
low absorption coefficient of c-Si, c-Si cells must be made relatively thick in order to absorb
enough of the solar spectrum and have a reasonable efficiency [7]. The increased thickness of
the c-Si layer requires high quality device-grad silicon with very long carrier lifetimes. As a
result the ingots from which the wafers are cut are expensive to produce. To achieve lower costs
for commercial purposes and wider scale integration of PV, a need for different semiconductor
technologies for PV applications is needed. One of the solutions that has surfaced is thin film

technology.

In terms of fabrication cost, thin film technology has a significant advantage over c¢-Si in
a large scale. Due to their increased absorption coefficient over a similar spectral range, thin
films solar cells can be made about 100 times thinner than c-Si solar cells. In addition, they
are generally deposited onto low cost substrates at decreased temperature [8]. This makes
fabrication both cheaper and easier from a commercial standpoint. Thin film technology
also supports use of materials with a higher impurity concentration. Many materials are
investigated for integration in thin film PV applications. The semiconductor systems that
have attracted the most attention are CdTe, Si, CIGS and GaAs thin film technologies. Each

with their own advantages and applications.

Cadmium telluride is the most widely used semiconductor for thin film solar cells. CdTe
thin films have a peak recorded efficiency of more than 22.1%. CdTe cells are also shown to have
the quickest payback time (the time it takes for the solar panel’s electrictity generation to cover
the cost of purchase and installation) of any of the thin film technologies [9]. Amorphous silicon
(a-Si) thin films are the older and most studied type of thin film. Generally a-Si is cheaper to
manufacture than c-Si and other semiconductors. Its earlier mentioned abundance and non-
toxicity have made it a popular choice for use as thin film solar cells. The average efficiency
of a-Si cells is however very low, not reaching more than 10% [10]. Copper indium gallium
selenide (CIGS) is another type of semiconductor suitable for thin film solar cells. Efficiencies
as high as 21.7% have been recorded [11], making CIGS a promising semiconductor material
for solar cells and thin film technology. CIGS has however been traditionally more expensive
compared to other cells that are commercially available, limiting their practical use. Lastly

Gallium Arsenide (GaAs) solar cells have been produced with record peak efficiencies close to
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30% on lab scale [12]. The high cost has been a major factor in the limitation of GaAs solar

cells for practical uses, making them viable for a niche of use in spacecrafts and satellites.

A further approach in order to increase the efficiencies of thin film solar cells is the use of a
multi-junction structure. In a multi-junction device the absorber layers are stacked according
to their relative bandgap energies. By stacking the absorber layers, both thermalization and
sub bandgap can be minimized in order to achieve ground breaking peak efficiencies [13].
Group IV multi-junction devices are most commonly based on a-Si, alloys of a-Si such as
silicon-germanium (a-SiGe:H) and microcrystalline silicon (uc-Si:H) to form double junction

(micormorph tandem) and triple junction devices.

1.2. Aim & Outline of the Thesis

The use of germanium (Ge) as a bottom cell absorber in multi-junction structures can be
justified by looking at the energy difference between silicon and germanium. Germanium has
a much lower bandgap energy of 0.67 eV than silicon (1.12 eV). Since the bottom cell of group
IV semiconductor based multi-junction devices is usually made up of microcrystalline silicon,
photons with energies in the infrared part of the spectrum (energy below 1.12 eV) are not
collected. By introducing a low bandgap thin film PV junction based on germanium, the solar
spectrum in the range of 0.67-1.12 eV can be utilised to increase the open circuit voltage by
an additional 0.2-0.4 V. A great advantage of using such a low bandgap bottom cell is that
it will never be the current limiting factor since a large number of photons are present in the
infrared part of the spectrum. Due to the high current density available in the Ge bottom cell
(because of the high photon flux at 0.67-1.12 eV), the bottom junction will also not limit the
fill factor (FF) of the multi-junction device. This allows the germanium bottom cell to have a

higher defect density compared to the other junctions.

The aim of this thesis is to deposit device quality Ge:H absorber layers that can be used
for integration in multi-junction devices. The Ge:H films will be deposited using the plasma
enhanced chemical vapor deposition (PECVD). The main focus of the thesis lies in using the
different deposition paramaters of the PECVD process in order to characterize their effect
on the optical and electrical properties of the films. This is an essential first step towards

depositing device grade Ge:H absorber layers.

Chapter 2 of this report treats the theory and background information necessary to under-
stand and follow the choices made throughout this thesis. Chapter 3 serves to highlight all the
necessary steps taken in preparing the samples for characterization. In Chapter 4 the differ-
ent characterization techniques and ways in which the parameters are extracted are discussed.
Furthermore, in Chapter 5 a complete deposition window for the Ge:H samples is given. Chap-
ter 6 presents the characterization results, investigating on the effect that various deposition

parameters have on the optical and electrical films properties. Lastly, the thesis report is
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concluded in Chapter 7 where the most important results/trends of this work are summarised

along with recommendations for future research in the context of Ge:H characterization.



Theoretical Background

This chapter highlights some basic concepts regarding photovoltaic technology and its funda-

mental building block, the semiconductor.

2.1. Solar Irradiance

The sun reaches a temperature of well over 5500 K and thus emits a spectrum of light that
stretches from the deep ultraviolet to the far infrared parts of the electromagnetic spectrum.
Releasing about 3.8210%¢ W of power, on earth, the portion of light received from the sun
equates to roughly 12210'® J of energy per second [14]. On its own, this is enough to reach
the annual energy quota of the entire world within a mere hour of time. The solar spectrum

is shown in Figure 2.1.

Outside of the Earth’s atmosphere, the solar irradiance reaches a value of 1360 W/m?.
Compared to a power density of 62 MW/m? at the surface of the sun, it’s readily seen how
distance attenuates the power radiated from the sun. As can be seen in Figure 2.1 the incident
power is highest in the visible part of the spectrum, tapering off into the IR region. The spec-
trum that reaches the earth, denoted by AMO, is further attenuated due to various absorbing
and scattering agents (predominantly Oy, O3 and N2) in the Earth’s atmosphere. The optical
path through the earth’s atmosphere to its surface is dependent on the decline of the earth
to the sun, described by the angle of the sun to the zenith. As a result, Air Mass (AM) is

introduced as a measure of the earth’s atmospheric attenuation and is given by Equation 2.1.

Optical path to the sun

AirMass = (2.1)

Path length i f the sun is directly overhead

5
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Figure 2.1: The radiation spectrum for a black body at 5762 K and its AM attenuations [15].

As mentioned earlier, the solar spectrum outside the earth’s atmosphere is referred to as
AMO. At noon, on a cloud-less day when the sun is directly overhead, the spectrum can be
described AM1. When the earth’s surface is positioned at angle of 48°, the spectrum is is
referred to as AM1.5. The AM1.5 spectrum is normalized at an irradiance of 1000W/m? and
is a standardized spectrum used for the purposes of solar cell and film comparisons. It should
always be noted that the true irradiance varies with weather conditions and most importantly

the position of the sun to the earth.

2.2. Semiconductor Physics

The principle of photovoltaics relies heavily on the concept of light wave-particle duality in
quantum mechanics. Essentially light can be described as a wave with all its characteristic
qualities but more importantly as a flux of photons. These elementary particles carry an energy

E,, equal to:

Eyp = he/A (2.2)

Where h is the Planck constant, c¢ is the speed of light and A is the wavelength of the
incident light.
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2.2.1. Atomic structure

In order to more properly understand the growth and characterization of Ge:H thin films
it is necessary to differentiate between crystalline and amorphous group IV semiconductors.
In a perfect crystal, each atom shares a covalent bond with four neighbouring atoms at an
equal spacing and bonding angle. This type of bonding structure is called a diamond cubic
coordination as shown in Figure 2.2a. If there is no long range structural order, the material
is referred to as amorphous. An amorphous network is shown to be a continuous random
network. While the long range order between the two lattices is completely different, they
still share very similar short range order. This leads to the two materials still being similar in

energy state band configurations [10]. This will be further discussed in Section 2.2.2.

(a) (b)

O Siatom —— Covalent bond C\ = unpassivated
H passivated dangling bond
dangling bond

Figure 2.2: Diamond cubic lattice in group IV semiconductor Si in (a) c-Si form and (b) a-Si:H form [16].

A five-fold point in the lattice with an extra bond is called a floating bond while a three-
fold point in the lattice with an upaired bond is called a dangling bond. Both of these bonds
(possibly introduced by doping, irregular bonding angles/lengths or contaminants) are consid-
ered as defects in the crystal lattice and will result in a deviation from the ideal structure. In
addition, they serve as possible sites for recombination which proves detrimental to solar cell
performance. Typically, amorphous germanium has a defect density of about 10%? em ™3 [17]
which can be further reduced by passivating the dangling bonds with hydrogen atoms. The
resulting material is called hydrogenated amorphous germanium (a-Ge:H). After passivation
the defect density can be brought down to 10'® ¢m ™3 [18]. Tt should be noted that this den-

sity is still 2-3 orders of magnitude larger than in a-Si:H leading to the poorer opto-electrical
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responses of a-Ge:H compared to a-Si:H.

2.2.2. Band Theory

When many atoms are brought together into a lattice, their energy levels split forming es-
sentially continuous bands of energies [19]. As a result, the electrons will move to occupy
these particular sets of well-defined energy levels. These energy levels are defined through the
periodicity of the crystal lattice and the molecular bonds between atoms. Every material has
its own particular energy band structure and this is again defining for a material’s electrical
and optical characteristics when measured. The most filled energy band called the valence
band (VB) and the most empty energy band called the conduction band (CB) can be used to

distinguish between metals, semiconductors and insulators.

The band energies of metals usually overlap such that electrons are able to move freely
in the lattice. This makes for the good conductive qualities of metals. In insulators, the VB
and CB are sufficiently spaced from one another by a forbidden region. This region is defined
as the bandgap energy (E,). As such the resistivity of these materials is very high at low
temperatures. Semiconductors are similar to insulators in the sense that they are defined by
a bandgap energy. What differentiates them is the energy level of E,. In semiconductors the
bandgap is small enough in the range of 0 eV to 3 eV [19], such that an external amount
of thermal/optical energy is able to excite electrons form the VB into the CB. When this
happens an increase in the semiconductor’s conductivity can be measured as a result. These

band structures are depicted in Figure 2.3.

[] Unoccupied states
B Occupied states

Conduction band

Valence band

Metal Insulator Semiconductor

Figure 2.3: Band structure of metal, insulating and semiconducting solids [16].

The appeal of using semiconductors as material for PV technology becomes apparent when

considering their characteristic ;. Using the periodicity of the crystal lattice, it is possible to
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calculate the different possible energy states [20]. This is also the reason why band diagrams
are plotted as a function of k, a space dependent wave function important in crystal vibrations
[20]. Materials where the maximum and minimum of the VB and CB occur at the same value
of k are called direct semiconductors. In direct semiconductors a photon with at least an
energy of I, is able to excite an electron into the CB. In materials where the peaks of the CB
and VB are not aligned with the wave vector k, a change in momentum is needed in addition

to a photon to promote the electron into the CB. See Figure 2.4.

EA Ep
CB
Phonen
r____.-—r
/
hv=E,
(VAW aw™
k k
VB VB
Direct Indirect

Figure 2.4: Direct and indirect VB-CB transitions [21].

This variation in momentum can be provided by a phonon, a collective vibration in the
lattice of the semiconductor [22]. For solar cell technology the main point of interest in the
difference between indirect and direct semiconductor materials is in their absorption of sunlight.
In indirect semiconductors, because of the need for an additional phonon, the probability of
electron excitation becomes much smaller. This leads to a lower portion of the spectrum being
absorbed by the films when compared to direct semiconductor materials (at equal thickness
and Ey). This would usually be overcome by increasing the thickness of the absorber layer
which could be seen as a downside in some solar cell technologies. A larger thickness of the
absorber layers means that the minority charge carriers are required to have a higher diffusion
length [23].

Looking back at Equation 2.2 it becomes possible to connect the solar spectrum in Figure
2.1 the E; of a semiconductor. Since each wavelength corresponds to a certain photon energy
and the semiconductor will only absorb photons with E,, > E,, the bandgap energy now

represents a lower bound for absorption of these photons. Silicon, one of the most widely used
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semiconductors for solar cell technology, is depicted to have a bandgap at 1100 nm making
it apparent that a large part of the spectrum can still be used for excitation of electrons into
the CB. And thus light absorption could be improved in multi junction solar cells through the

implementation of a Ge based bottom cell [24].

A UV visible infrared

| I
1.6 - | |
| I
| I

1.2 F
1100 nm
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Figure 2.5: Solar spectrum showing the lower bound at which Si absorbs energy because of its 1.12 eV
bandgap. Whereas Ge has a much lower bandgap at 0.67 eV [15].

2.2.3. Density of States

The density of states (DOS) and its distribution are of great importance in understanding
the opto-electrical properties of a semiconductor. The conceptual idea behind it is that when
an electron is joined to a perfect lattice, it can be seen as occupying a well-defined finite
energy level. Over a range of energies, the amount of available sites per unit volume for
electrons to occupy at each energy level is referred to as the density of states. For an ideally
structured, intrinsic semiconductor the density of states of the semiconductor is very well
defined. Additionally, no available energy states are present within the bandgap. In amorphous

networks such as a-Ge:H, it becomes extremely difficult to accurately calculate the DOS.

Due to the random long range order of amorphous networks, exponential distributions of
energy states from both the CB and VB spread into the bandgap [25]. These are called band
tails and introduce possible energy states in the bandgap of the semiconductor where these

would normally be forbidden. These tail states are described by:

by —-F
Nro = Neoewp—p——
urc
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NTV = Nvoexpi (24)

Where E,, and E,,. are the characteristic widths of the valence and conduction band tails
respectively. These tail widths are also commonly described by the Urbach energy, a measure
for the inverse slope of the band tails. The Urbach energy becomes a very important measure
for determining the quality and disorder in the material. A low Urbach energy (steep slope)

readily implies less disorder and low tail width E..,, Eyrc.

As mentioned earlier, point defects introducing floating or dangling bonds can also create
new energy states in the region between the CB and VB. These energy states are referred to
as localized states. Because of their placement in the bandgap, it now becomes very difficult
to accurately determine a single accurate bandgap energy for the amorphous material. Figure

2.6 shows the standard model for the DOS in amorphous semiconductors.

E ‘ bt \obility gap ————il
"
-] I Valence band Conduction band |
5 ) tail states tail states | Conduction
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'c band | | Extended
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z states e
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I
|
|
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I
= E
Ey Ep* Ep Ep'e Ee
Electron Energy

Figure 2.6: The standard model for DOS in amorphous semiconductors [26].

The model in Figure 2.6 shows the valence and conduction band tail states introduced
by the random network of the lattice including the localized states around the Fermi level
introduced by dangling bonds in the lattice. The charge state of these localized states depends
on the location of the Fermi level in the energy gap. The dangling bond states are referred
to as negative (D7) or positive (D) depending on if the Fermi level is closer to the CB or
VB respectively. If the Fermi level is in the middle of the energy gap, these defect states are

referred to as neutral (D°)

Both localized states and the tail states play a crucial role in the determination of the
quality of the thin films as they could trap electrons and promote recombination. By tuning
and optimising the growth conditions of the a-Ge:H films, suitable low-defect material can be

produced.
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2.2.4. Staebler-Wronski Effect

A significant challenge in the design and application of amorphous thin film solar cells is
overcoming the light induced degradation (LID) in the opto-electric properties, commonly
known as the Staebler-Wronski Effect (SWE) [27]. It has been widely reported that the dark-
and photo conductivity of a-Si:H decreases after the material has been exposed to sun light
for a prolonged period of time. This happens as a result of an elevated defect density in the
film. The changes in the electrical properties of the films were however found to metastable.

This means that the degradation is (partially) reversible and can be countered by annealing
the material at 150 °C' [28].
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Figure 2.7: Photo conductivity and dark conductivity degradation as a result of light illumnation in a-Si:H [29].

While the exact nature of the SWE is still under discussion, it has been widely accepted
that the defects are generated as a result of the breaking of weak/strained Si-Si bonds or
through the emission of mobile hydrogen from the Si-H bonds. These metastable defects then

act as recombination centers for free carriers, increasing the DOS in the regions between the
VB and CB.



Sample Preparation

In this chapter , all the steps taken to deposit the thin films and prepare them for measuring
are presented. Substrate cleaning, thin film deposition and metal contact annealing all form

integral parts in preparing the sample for characterization.

3.1. Overview

All films are deposited on circular 10 cm, 500 pm thick (100) monocrystalline silicon wafer
which were cut into quarter pieces for Fourier Transform Infrared (FTIR) spectroscopy mea-
surements. Simulataneously, they are grown on 2 cm x 1 ¢cm quartz substrates for Photothermal
Deflection Spectroscopy (PDS) measurements and standard 10 cm x 2.5 cm Corning XG glass
substrates for all remaining measurements. The thickness of the films and electrode distance
in the reactor were kept constant at 80-120 nm and 20 cm respectively. All the other varying
parameters will be mentioned in Section 3.3 and their influence of the growth of Ge:H films

will be extensively treated in Chapter 6.

All of the samples were cleaned and grown in a class 10,000 clean room (ISO class 4) in the
Elsekooij Laboratory (EKL) at the Technical University Delft. Figure 3.1 shows a flow chart

of the several steps involved in preparing the samples for measuring.

3.2. Substrate Cleaning

Prior to growth, the glass substrates were solvent cleaned in the ultrasonic bath. The ultrasonic
bath uses sonic waves to create bubbles in the solvent, thereby removing dust, finger prints

and other contaminants from the surface of the substrates. This way the substrates are free of

13
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Figure 3.1: Flow chart of the sample preparation process for this thesis.

any residual dust or other contaminating particles that might influence the growth of the thin
films [30]. The ultrasonic bath cleaning followed a standard procedure of a 10 minutes bath in
acetone. Nitrogen gas was used to blow-dry the substrates after which they were cleaned for
10 minutes in an isopropanol (IPA) bath. The substrates were again blow-dried with nitrogen
before being placed in the load-lock chamber (LLC).

In order to remove the native oxide layer on the ¢-Si wafers, they were dipped for 4 minutes
in a 0.5% HF solution. The wafers were subsequently rinsed and dried using the Marangoni
effect [31]. IPA is introduced into the bath on top of DI water in which the wafers are dipped.
The IPA (low surface tension) diffuses into the DI water (high surface tension), creating a
gradient of surface tension throughout the depth of the bath (surface having a low surface
tension due to IPA and bulk having high surface tension due to DI water). As the wafers
are pulled slowly upward through the interface, H20 is pulled away from the surface and the

wafers are dried and cleaned.

3.3. Plasma Enhanced Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a process that relies on chemical reactions between gaseous
or liquid precursors with other reactants [32] in order to grow a film on a substrate. CVD has
a lot of different types classified based on how the chemical reactions are initited but they
all follow the same general set of steps as shown in Figure 3.2. The CVD process starts off
with precursor and carrier gasses being introduced from the inlets into the reactor. These
reactants approach the surface of the substrate and are chemically adsorbed. After that, the
reactants diffuse across the surface of the substrate to a site which is energetically favorable
for the growth of the film. Lastly any volatile by-products of the chemical growth process are

desorbed into the main gas flow region and eventually pumped out of the reactor.

Plasma enhanced chemical vapor deposition (PECVD) is particular type of the CVD tech-

nique and thus also follows the main steps laid out above. A key difference to the general CVD
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Figure 3.2: Schematic representation of transportation and reaction flows in CVD [33].

process is that a glow-discharge plasma (a plasma originating from a gas under low pressure)
is used to stimulate the chemical reactions laid out above. In the majority of the PECVD
processes, the plasma is excited by an external electric field which simultaneously serves as a
path in which the electrons are able to accelerate. The energetic electrons are then able to
induce different electron-impact processes as shown in Figure 3.3. Dissociation and ionization
are the two most important processes in the plasma as they lead to the formation of chemically
highly reactive radicals in the plasma that are able to attach to the substrate and grow the
film. This process in relation to the growth of germanium films is explained in more detail in
Section 3.3.1.

Electron-impacted processes

Neutral processes - Charging processes
Figure 3.3: Electron impact processes in PECVD plasma [33].

One of the main advantages in using PECVD over other CVD techniques is the fact that

PECVD is able to operate at much lower temperatures. This is due to electrons having a much
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higher energy compared to the other molecules in the plasma and as such their temperature
is also much higher [34]. The temperature setting of the heater can be lowered as a result of
this.

Figure 3.4 shows a schematic representation of a typical RF-PECVD system as used in
this thesis. The PECVD system’s main components are the gas inlet, heating chuck, power
generator and housing. As such a number of parameters can be tuned for optimization of film

growth.

e Gas Inlet System: Within the gas system, the available precursor gasses can be selected
along with their flow rates F (sccm). The gasses used for the samples throughout this
thesis are germane (GeH,) and hydrogen (Hg). The ratio in between the precursor
gasses’ flow rates D = F(H3)/F(GeHy) has a significant impact on the defect density
and morphology of the samples. It has already been discussed how hydrogen inclusion can
significantly reduce the localized defect densities for site of Schockley-Read-Hall (SRH)
recombination. In addition it has been shown that the introduction of hydrogen during
film growth can promote crystalline growth. Presumably through a complex process in
which the bond angles and bond lengths are restructured by higher Hy flow rates together

with high chemical etching of weak amorphous bonds near the growing surface[35] [36].

e Pressure: The pressure which the gasses are under in the reactor can also be varied.
Generally a higher pressure will lead to radicals in the gas with a lower average energy
gain and thus the bombardment of the surface with these ions will lead to less structural
damage [37] [38]. The higher pressure is also reported to induce a higher growth rate of
the films [37]. It should be noted that the gas-discharge plasma relies on a low pressure
regime and in the event that high pressure and power are coupled, polymerization of
the gas molecules could happen outside of the substrate surface as will be discussed in

Section 5.

e« Temperature: It has already been discussed how a lower temperature is more favourable
in industrial processes. It has been reported that the average growth rate increases with
an increasing substrate temperatures while simultaneously increasing the grain size of

the films [38] [39).

o Power: Increasing the RF power generally increases the dissociation rates in the plasma

together with increasing the average energy of the ions.

The Ge:H samples that are presented and studied in this thesis have all been deposited in
the RF chamber of the the Cascaded Arc Solar Cell Apparatus Delft Eindhoven (CASCADE)
in the EKL class 10,000 room. The CASCADE PECVD setup can be seen in Figure 3.5.
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Figure 3.4: Schematic representation of an RF-PECVD system [40].

Figure 3.5: The CASCADE RF-PECVD system in EKL.
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3.3.1. Ge:H Growth Chemistry

The growth mechanics of the thin films processed with PECVD, while difficult to observe and
understand, prove to play a major role in the deposition of high quality material. Especially so
in high growth rate depositions [41]. Later in this section a comparison will be drawn between
Si and Ge, making it evident why Ge:H films have higher growth rates and how that affects
their electrical characteristics. Achieving high growth rates with standard PECVD techniques
has resulted in the deposition of films that are more prone to LID, especially in semiconductors
alloyed with germanium [42]. The main cause being the inclusion of a lot of voids in the film.
In PECVD using GeH, as a precursor, the main radical-creating reactions near the substrate
that have been identified and studied are [43]:

e+ GeHy < GeHs + H*
e+ GeHs < GeHy+ H*

HT + GeHy <— GeHs + Hy

Out of these, it is believed that GeHs is the most important and frequent radical (90%).
Should the content of the other radicals in the plasma be high, the surface will be roughened

and many voids will start to appear in the micro structure of the material [43].

As shown in Figure 3.2, the growth of a-Ge:H is propelled mainly by lateral diffusion of
GeHs radicals along the surface until a suitable sight is found for cross-linking. When the
radical finds an open site, the Ge-H bond at the site releases the H atom to attach to the
radical. This was however found to be counter intuitive as the Ge-H bond breaking strength
is equal to 2.99 eV while the Ge-Ge bond strength is lower at 1.9 eV. As such there is no
reason for a radical near to the surface to break open its H bond and engage in cross-linking
with a Ge atom. This model of group IV semiconductor growth proposed by the authors in
[44] was then improved in [42] where not diffusion of radicals along the surface necessarily
dictated the growth but rather the removal of the hydrogen bonded to the surface Ge atoms
through extraction of the H atoms. After which the radicals can readily bond to the open
sites. Following this logic, a high Hs flow will lead to a large concentration of H™ ions that
are disturbing the Ge-H surface bonds and thereby also breaking them.The hydrogen ions are
even shown to affect the bulk and removing H bonds from the surface, freeing up space for
re-ordering of the now dangling Ge bonds. Leading to the behavior explained in the previous
section where a high Hy could increase the grain sizes/crystallinity in the Ge:H films. Should
the surface hydrogen not be removed during the growth of the germanium films, new material
will continue to grow around it instead of bonding to it, leading to a significant void count in

the bulk of the sample.ies.

Comparing the bond breaking strength of Si-H (3.35 eV) to Ge-H (2.99 eV) and applying
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the theories laid out in the paragraph above, it becomes apparent that Ge:H growth will
happen more rapidly than well-studied Si:H films. This should be kept in mind when exploring
the processing window for good quality Ge:H films as a high growth rate could impede the
tunability of the film properties. Most experiments performed in the growth of a-SiGe:H have
shown that limitation on the growth speed is essential (especially since Ge alloying highly
increases the rate of growth) in making good quality material. The basic techniques that have
been used so far in limiting the growth rate are hydrogen dilution, substrate biasing (E-field
can lower ion bombardment) and basic PECVD control such as pressure and temperature

variation [45].

3.4. Metal Evaporation and Contact Annealing

In order to perform electrical measurements on the films, metal contacts are deposited on
the Ge:H samples. To this end, the metal evaporation technique was used. A high intensity
electron beam is aimed at a piece of metal that is present in a crucible. The metal inside the
crucible heats up and evaporates when the melting point is reached. Masks are used to make
sure the contacts are deposited with the correct dimensions onto the samples. A schematic
of the metal evaporation process is shown in Figure 3.6. For this thesis, all Al contacts have
been deposited in the PROVAC 500 at a thickness of 500 nm. As a last step in the sample
preparation process, all films with contacts are annealed in an oven at 130 °C to ensure a good

ohmic connection between the contacts and film.

Vacuum chamber

\¢ Substrate holder

——— Substrate

—— Vapor flux

Crucible —b—'—-i:

containing —_
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To pumping system

Figure 3.6: Metal evaporation for the deposition of contacts [46].






Thin Film Characterization Techniques

The main characterization methods used in the thesis and their uses are described in this thesis.
For each method, the fundamental physics behind the characterization technique is explained
following a detailed breakdown of paramater extraction and their interpretation. For clarity,
the characterization methods have been split up into two categories, optical (no metal contacts

need) and electrical (metal contacts needed).

4.1. Optical Characterization

4.1.1. Spectroscopic Ellipsometry

Spectroscopic Ellipsometry (SE) was chosen as the main method to measure the optical prop-
erties of the processed films. A J.A. Woollam variable angle M-2000D Ellipsometry system
was used to do the measurements. SE is a fast, non-destructive method for characterizing thin
films and multi-layered semiconductors. The basic working principle of SE is that the change
in polarization state of light that has been reflected from a sample is measured. One of the
many advantages of using SE is that the film does not have to be highly reflective to do the

measurement. Figure 4.1 shows two ways in which light can be polarized.

Light can be parallel polarized (p-plane) or perpendicular polarized (s-plane). The ellip-
sometry setup measures the change in polarization of the light through the ratio of the p- and
s- components in the reflected light (denoted 1) and the difference in phase between the two

different components (denoted A). Thee parameters are interrelated through:

21
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Figure 4.1: Interaction of polarized light with a sample being measured [21].
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With r, and r, the reflectivity of the respective polarized light components. An optical
model is then built in the software in order to generate the optical data of the material.
Different optical functions/oscillators can be added to the model such as the Tauc-Lorentz
oscillator in order to accurately model the absorption in the Ge:H films. The accuracy of the
fit produced by the software is expressed through the mean square error (MSE) which signifies
the overall error in the data to the fitted model. A lower MSE means a better agreement with

the fit and more accurate results.

Thickness and Refractive Index

As mentioned earlier, the thickness of the films was kept constant at 80-120 nm. SE gives
a very accurate reading of the actual thickness of the films. With the thickness d of the film
known, the growth rate can be calculated and can be plotted against various other deposition

parameters to see their influence on the growth process of Ge:H.

The complex refractive index of a material is denoted as (n+ix) with n the real part and
k the imaginary part. By reporting the real part of the refractive index n in the absorption
range (E < Ey), a great insight into the comparative densities of the films can be gained [47].
With a higher refractive index implying a generally more dense material has been process. The

refractive index is also hugely important in its relation to the absorption coefficient of the film:

a(\) = 47”;“) (4.2)

With A\ the wavelength of the measured light. The absorption coefficient can be used to
readily see how absorbing films compare at different wavelengths. An important parameter

that reflects this is the Eys optical bandgap. It is the wavelength (or corresponding energy)
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at which the absorption coefficient of the film equals 10000 e¢m™'. From Figure 4.2, the
importance and practicality of this parameter can be seen. On a log plot, for most of the Ge:H
samples, the absorption coefficient starts to drop sharply in value. This shows that the Fy,4
is a reasonable approximation to the mobility gap of the material as in an ideal structure the
absorption coefficient would drop sharply to zero around this Ey4 ’knee’. For materials where
the slope in the absorption coefficient is flatter, the Ey3 can be specified in a similar manner

to the Fy4 gap.
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Figure 4.2: Derivation of the Ey4 optical bandgap from the absorption coefficient.

Tauc Gap

As mentioned earlier in Section 2.2.3, due to the random nature of the lattice structure
in amorphous samples, a clear bandgap energy cannot be determined. To approximate the
bandgap in amorphous structures, many different methods have been proposed. For this
thesis, an approximation of the mobility gap is given through the Tauc gap Fiqye derived from

the absorption data.

Fiaue is derived by restructuring the absorption data as:

Eraue = (ahv)2 (4.3)
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And plotting it as a function of the energy. With « the absorption coefficient, h Planck’s
constant and v the frequency of light. By fitting a line through the straight part of curve,
Fiaue can be extracted as the point of intersection of the fitted curve with the x-axis.

4.1.2. Photothermal Deflection Spectroscopy

Photothermal Deflection Spectroscopy (PDS) is an optical characterization tool based on de-
tecting the deflection of a laser beam aimed directly past the sample surface when the sample
is heated periodically. The Ge:H samples deposited on quartz substrates are dipped in a non-
absorbing liquid Perfluorohexane Fluorinert (FC-72). When the incident laser is absorbed in
the sample, the built up heat is transferred to the FC-72 liquid and the resulting thermal
waves induce a change in the refractive index of the area near the sample, thereby deflecting
the probing laser beam. The amplitude of the oscillating laser beam is detected with the help
of a position detector and measured through a lock-in amplifier. The lock-in amplifier is refer-
enced to the frequency of the incident light beam and hence its measurement is proportional
to the amount of light that is absorbed in the sample. Highly absorbing Carbon nanotubes
(CNT) layers aremeasured prior to the thin film simple for use as a reference layer in normal-
izing the PDS spectra [48]. PDS allows for the determination of the optical absorption of the
films at energy levels close to and below the bandgap where SE measurements and generally
less sensitive. PDS measurements thus serve as a complementary measurement to SE where
the same parameters such as Fiqu and Egq can be extracted. The PDS setup used for this is
shown in Figure 4.3. Here K1-K5 denote the positioning screws for the sample (placed in S)
and DR/DT/DB/DA are the detectors that measure the R-, T-, B- and A-spectra respectively.

Figure 4.3: PDS measurement setup in the TU Delft PVMD group.
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4.1.3. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) measures the absorption at different wave-
lengths of light in the infrared region on of the spectrum (400-4000 em~—'). When the frequency
of the infrared light is equal to the resonance frequency of a bond or group vibrating in the
material, the light is absorbed. As such by looking at the transmittance/absorption of the IR
light, the atomic bonds in the film can be detected and quantified. The biggest consideration
in FTIR spectroscopy is that the only bonds that are detectable (FTIR active) are those that

create a dipole moment when vibrating.

The FTIR spectra of the Ge:H films were corrected for the absorption of the c-Si wafers
by measuring the substrate with no deposition. The absorption spectra from the FTIR were
baseline corrected and subsequently the absorption peaks in Table 4.1 were fitted with multiple
gaussian functions in Fityk freeware. An example of the fitting of the absorbance spectra can

be seen in Figure 4.4.
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Figure 4.4: Example of the fitted FTIR absorbance spectrum of a typical oxidated Ge:H film.

The bonds in the low-wavenumber range (400-2000 cm~!) were of particular interest in
quantifying both the hydrogen concentration in the bulk of the films as well as the comparative
level of contamination in the samples, the main parameters extracted from the FTIR study. As
mentioned before, hydrogen inclusion in the film plays an important role in both passivating
the Ge- dangling bonds and restructuring the large voids in the bulk to lower the defect density
of the Ge:H films. The wagging vibration mode of GeH at w ~ 560 cm ™! is used to study
the level of hydrogen concentration in the bulk (Cg). The bonds in the range of 800-1050
em™!, attributed to different Ge-O bonding configuration have been studied to uncover the
oxidation level (ageos), origin and impact on the electric properties of the films. A complete
recapitulation of the atomic bonds in the processed Ge:H films along with their respective

sources and vibrational modes can be found in Table 4.1
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Table 4.1: FTIR active bonds in Ge:H and their corresponding center frequencies.

Center Frequency (cm™1) Bond Mode Source
400 GeHs rocking B1 [49] [50]
512 Ge— 0 — Ge bending, Oy during deposition [51]
565 Ge— H wagging [52]
610 Ge—C 53]
660 Gex04 surface oxidation of Ge [49] [50]
670 Ge — O — Ge — H | only for samples with Oz source | [49] [50]

760-765 GeOx oxidation on nec-Ge surface [53]
820 Ge — CHs3 rocking [54]
820-830 GeOx bending, unstable material [55]
1100 Si—0 —Si stretching [53] [56]
1640 H,O bending [55]
1870-1875 Ge—H stretching [49] [50]
1975 Ge — Hy stretching, associated with voids | [49] [50]
2025,/2055 0,GeH stretching [55]
2800-3000 C—-H, associated with unstable material [54]

Hydrogen Concentration and Ozygen Contamination

L is used to calculate

As mentioned earlier, the area of the absorption peak at w =~ 560 cm™
the hydrogen concentration Ci in the film. The density of the chemical bonds in N, is
calculated through a constant A,. A, is a proportionality constant empirically extracted in
other studies. For the purpose of calculating the Cp, a value of 1.3-10em ™2 is used for Asg

as determined by [57].

Ny = Al = A, / alw) 4, (4.4)
w

In Equation 4.4, a(w) is the absorption coefficient calculated through the absorbance A(w)
by:

a(w) = ln(lO)AElw) (4.5)

With d the film thickness. Lastly, by assuming all of the hydrogen is single-bonded in Ge-H

wagging bonds, the hydrogen concentration is calculated as:

~ Nsgo

Cy =
" NGe

(4.6)

With Ng. being the atomic density of pure germanium, assumed to be around 4.22 - 10%2

[57].
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For lack of an Ageo, proportionality constant value, a new parameter ageo,) has been in-
troduced to quantitatively analyse the amount of oxidation in the proccesed films. Because the
the bond between germanium and oxygen is identified to have multiple different configurations
at roughly w, = 846 cm™!, 860 cm™', 930 em~! and 1000 ¢m ™!, their summed absorption

peak areas ageo, are used as a thickness independent metric:

AGeOr = (Z(AGer,n(W) . ln(lO) -w;l)) (4.7)

Note that in Equation 4.7 Ageo.,n denotes the integrated gaussian absorbance area and

not the proportionality constant for Ge-Ox chemical bonds in Ge:H films.
4.1.4. Raman Spectroscopy

Raman spectroscopy (RS) measures a shift in the wavelength (Raman Shift) of light occuring
when the light interacts with the molecules inside of a material. This is called the Raman effect
[58]. The raman shift A7 (cm™!) is actually equal to the difference in vibrational/rotational

energy levels and the virtual energy states in crystals [59] and is calculated as:

5 1 1
Ar=(3-=3) (4.8)

With Ag the excitation wavelength and A; the raman spectrum wavelength. The shift in
wavelength can be classified into two categories: Stokes and Anti-Stokes based on whether

shift in wavelength is up or down.
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Figure 4.5: Possible inelastic light interactions with a crystal [60].
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For this thesis, all RS measurements were done with a Renishaw inVia Raman Microscope,
using an Argon laser with an operation wavelength of 514.5 nm. In Ge:H films, RS is able to
detect the different Ge-Ge bonds (phonons) and through their respective ratios the crystallinity
of the film can be calculated. The RS spectra were normalized to account for variations in
laser intensity and then fitted with a constant baseline and 8 different gaussians related to the

phonon modes in Table 4.2.

The phonon modes transverse/longitudinal acoustic/optical refer to the movement of the
phonon in the lattice. Two optically moving atoms will move in opposite directions (atom 1
moves left, atom 2 moves right and vice versa) while acoustic movement is characterized by the
atoms moving in the same direction. Transverse and and longitudinal denote how the phonon

moves as a wave through the lattice.

Table 4.2: Raman active phonons in Ge:H and their corresponding center frequencies.

Center Frequency (cm~!) | Bond Phonon Mode Source
80 a-Ge TA [transverse acoustic | [61]
177 a-Ge LA [logitudinal acoustic] [61]
230 a-Ge LO [transverse optic] [61]
278 a-Ge TO [transverse optic] [62] [63]
297-300 nc-Ge | localized optical phonons in Ge nanocrystals | [64] [65]
295 c-Ge single crytal Ge, non-symmetric [66]
300.7 c-Ge single crystal Ge [67] [62]

Raman Crystallinity

As briefly mentioned, the most important parameter extracted from RS is the Specific

Raman Crystallinity X,.. X, is calculated as:

[

I300 + 1295

 I300 + Ioos + YIors

(4.9)

With I, the area of the gaussian fit at center frequency x. It should be noted that in

specifying X., the TO phonon is assumed to characterize all amorphous phonon vibrations in
the lattice [68]. Analogous to how only the Ge-H wagging bonds were used to specify hydrogen

concentration in Section 4.1.3 The correction factor v is chosen to be equal to 0.85. A value
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in between v = 0.8 commonly used for a-Si:H films and v = 1 used for a-Ge:H films in [69)].

4.2. Electrical Characterization

4.2.1. Conductivity

The conductivity of a semiconductor is characterized by the concentration, mobility and type

of free charge carriers given by:

o = e(pen + finp) (4.10)
With pe/pp, the electron/hole mobilities and n/p the electron/hole concentrations respec-

tively. When no external energy is provided to the semiconductor, the charge carrier densities

at thermal equilibrium ng and py are given by:

ng = Neexp(Er — Ec)/kET (4.11)

po = Nyexp(Ev — Ep)/kT (4.12)

Where T is absolute temperature and k is the Boltzmann constant. N, and N, denote the
effective DOS in the CB and VB respectively. On their own, N. and N, again are dependent

on the temperature through:

N o T3/ (4.13)

Considering an n-type material with n > p, Equation 4.10 can be simplified to :

T = eflen (4.14)

When the temperature is increased, the exponential part of Equation 4.10 is reduced while
the DOS near the band edges increases and the conductivity is increased. Using Equations 4.11
and 4.14 the relation between the activation energy E, = (Ec — Er) and dark conductivity

can be expressed as:

o4(T) = aoexp(TTA) (4.15)
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Commonly known as the Arrhenius equation [70]. The dark conductivity at room temper-
ature (o4) was determined using a Keithley 617 electrometer and measuring the current at a
fixed bias voltage of 10 V in a temperature range of 130°C to 60°C' in decrements of 5°C. oy

is then calculated as:

1

> (4.16)

Oq =

<I~

Where b is a parameter specifying the ratio of the contact length and the gap between the
contacts. For this thesis, contact masks with a b value of 40 were used. E 4 is found as the slope
of In(oq(T)) in Equation 4.15. The photo conductivity (op) of the samples was calculated
by measuring the current at a fixed voltage of 10V, using an AM1.5 solar simulator at an
illumination of 100mW - ¢m ™2 under a controlled temperature of 25 o C, again using Equation
4.16.

The dark conductivity can be used in conjunction with previously mentioned methods to
compare the defect density in the samples that have been deposited [71]. With a higher dark
conductivity generally implying a higher density of defects within the film. The photo-over-
dark conductivity op,/04 specifies the photo-response of the films and gives an invaluable
insight into how the films will compare when used as an absorber in devices. The last figure
of merit derived from the conductivity measurements, .., shows where the Fermi level is
positioned in the bandgap relative to either the CB or VB. Ideally the activation energy equals
half the width of the bandgap such that the semiconductor is intrinsic for integration in PIN

solar cells.

4.2.2. Hall Effect

The Hall effect occurs when a semiconductor is placed in a magnetic field (B) and a current
(I) is flowing through the material, thereby creating a Lorentz force Fy, on the charge carriers

in the semiconductor:

Fr, = quB (4.17)

Where q is the electric charge of the particle and v its velocity. In the semiconductor, the

velocity of the charge carriers can be further specified as:

v=——o (4.18)

With n the charge carrier density and A the cross-section of the film. When the magnetic
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field B is positioned perpendicular to the current flow in the semiconductor, the Lorentz force

on charge carriers is:

_IB

==
L=ha

(4.19)

Leading to positive and negative charge carriers being separated from each other, inducing
an electric field that is positioned perpendicular to the flow of the current. This electric
field and the resulting potential difference over the film make it possible to identify the type
and concentration of the majority charge carriers in the film. For this thesis, Hall effect

measurements have been done to identify the type of the majority charge carriers in the film
to deduce if the Fermi level is CB or VB sided.






Deposition Window

In this chapter, the deposition window for Ge:H films will be characterized. This process is
necessary prior to the deposition and optimization of Ge:H in order to properly understand the
boundaries between which Ge:H processing is both feasible and reproducible in the CASCADE

reactor.

5.1. Deposition Parameters

In Section 3.3, the PECVD process and different deposition parameters have been laid out.
Those same parameters are used throughout this chapter to identify a desirable processing
window for Ge:H films. The work done in [72] has provided a point around which to vary the
deposition parameters. The full range for which the deposition window of Ge:H in CASCADE

has been assessed can be found in Table 5.1.

Table 5.1: Deposition parameters for obtaining a Ge:H processing window.

Deposition Parameter | Range | Unit
Hydrogen Dilution Ratio | 50-400 -

Deposition Pressure 0.3-7 | mbar
Deposition Temperature 200 °C
RF-Power 5-50 W
Electrode distance 20 min

33
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5.2. Deposition Window Characterization

As mentioned earlier in Section 3.3, the combination of pressure and power could have a
big impact on the unformity and formation of the plasma in the reactor and possible polymer
formation of the dissociated germane molecules [52]. As such, prior to any film characterization,

the plasma during deposition is categorized as follows:

e No Plasma: The plasma failed to ignite. Most commonly occurring because the power
density between the electrodes is too low. No growth is possible in a plasma-less envi-

ronment,

e Stable Plasma: The plasma during deposition is stable meaning that the reproducibility

of the films in this regime is greatly increased

e Unstable Plasma: The plasma is flickering during the deposition. The reproducibility

of the samples is lowered and confident depositions cannot be done in this regime.

After deposition and before characterization, the samples can be further categorized through

a visual inspection of the films as:

¢ No Deposition: No growth is visible on the substrates at this regime. Possibly due to a
number of reasons. (Dirty substrates, structure of the substrates, unfavorable deposition

conditions, no plasma etc.)

¢ Clear Deposition: A clear deposition is visible on the substrates, either uniform or non-
uniform. Deposition of both clear and uniform samples is preferred as the reproducibility
in this regime is highest and thus proves best for future integration in devices or further

studies.

o Dusty Deposition: As explained before, a deposition regime with a very high RF-
power and pressure is susceptible to producing films where the radicals in the plasma do
not develop on the substrates but rather form polymers/dust particles that settle on the
substrates. The sample can be visualized as dusty/cloudy with a non-uniform peelable
film. With no confidence in the reproducibility of these depositions, they are not studied

in this thesis.

An overview of the explored deposition window as specified can be seen in Figure 5.1.
For the purpose of studying the growth and properties of Ge:H films, only clear depositions
under a stable plasma have been studied (white area). This area encompasses most depositions
done between 5-30 W and 0.5-5 mbar. The shaded area denotes a dust forming regime within
CASCADE and specifies the boundaries of the deposition window. It should be noted that for
depositions with an RF-power below 5W and a pressure below 0.5 mbar no plasma could be

ignited, indicating the lower bounds of the deposition under the conditions in Table 5.1. The
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crystallinity of the processed films is indicated the size and color of the markers. A crystalline
phase in the samples was mostly observed at a high hydrogen dilution ratio D = 400, as was
expected. A transition from a-Ge:H and nc-Ge:H with a high crystallinity can be seen in the
window ranging from 20-25 W and 3-4 mbar.
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Figure 5.1: Pressure-Power plot for all Ge:H films. The white area denotes a window where clear depositions
were made with a stable plasma. The crystallinity of the films is depicted by the size and color of the markers.
The shaded area indicates the boundary of the processing window (dusty deposition).

Concluding, a deposition window for clear, stable-plasma depositions has been charted. In
addition to that a smaller window for the optimization of nc-Ge:H films has been identified. It
has been widely accepted that the material made at the amorphous-to-nc-Si transition yields
the best performance in Si solar cells [73] [74]. If the same logic is found to be applicable
in germanium processing, the nc-Ge:H processing window should give good insights into the

required deposition parameters.






Characterization of a-/nc-Ge:H Films

In the previous chapter a deposition window for Ge:H films has been identified over a large
range in the deposition parameters. As a result, a good understanding has been developed of
the boundaries in Ge:H processing. This chapter splits up the interaction between the different
deposition parameters in the hopes of understanding their individual influence on the growth
and properties of the films. In Section 6.1 the effect of a varying deposition temperature will
be studied. In Section 6.2 the effect of the hydrogen dilution on both the structure of the
films and the electrical properties will be discussed. Due to the intricate relation between the
pressure and RF power in the formation of the plasma, these two parameters will be studied
together in Section 6.3. Lastly, an effort is made in Section 6.4 to understand the extent in

which the oxidation of the films affects their opto-electrical properties.

6.1. Effect of Varying Deposition Temperature

The deposition window of Ge:H films has initially been characterized around 200 °C', a tem-
perature at which doped silicon layers are processed. The deposition temperature’s further
effect on film properties should however be studied for germanium films specifically. With
germanium having a higher inherent defect density compared to silicon, giving the PECVD
process more degrees of freedom when it comes to deposition tunability can potentially result

in a much better and complete understanding of the Ge:H films.

To that end, one nc-Ge:H film (3.5mbar 25W) and one a-Ge:H film (4.5mbar 15W) have
been processed under varying temperature settings in CASCADE. Both pressure-power com-
binations are situated in the amorphous-to-crystalline transition regime. Their high o, /04

ratio’s relative to other Ge:H samples make them the better candidates for integration in de-
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vices. A complete list of the deposition conditions of the two samples can be found in Table
6.1

Table 6.1: Deposition parameters for one nc-Ge:H and one a-Ge:H film for studying the effect of a varying
deposition temperature.

Parameter Value/Range Unit
Pressure-power 3.5-25, 4.5-15 mbar-W
Deposition Temperature | 150-200-250-300-350 °C
Electrode Distance 20 mm
Thickness 100 nm
F(H2)/F(GeHy) 400,350 -

The variation of different film properties with the deposition temperature is visualised
in Figure 6.1. The first point of note is the high deposition rate regardless of deposition
temperature T's. The deposition rate has a lower bound of 6 nm/s and reaches a maximum
value of 11 nm/s for the nc-Ge:H sample (blue circle). In earlier chapters, it has already been
discussed how the dissociation rate of germane molecules is higher than that of silane, with a
higher flux of radicals that are incident on the substrate surface as a result. When compared to
a-Si:H growth experiments done within the TU Delft PVMD group, the Ge:H samples show a
growth rate that is 1-2 orders of magnitude greater. A higher growth rate may be the cause of
large voids in the film. With regards to the temperature, it could be theorised how an elevated
substrate temperature may facilitate both dissociation of the germane molecules and surface
reactivity of the created radicals[75]. Much like is necessary in thermal CVD processes. While
the deposition rate does show a slight increase with increase in temperature for the a-Ge:H
samples (black), no clear correlation can be seen for the nc-Ge:H samples (blue). An earlier
study on the growth of amorphous germanium has however shown a more conclusive increasing
relation between the growth rate and deposition temperature Tg [55]. A further comparison
between the growth rate and the refractive index (nagoonm) can be drawn to figure out the
influence of a very high growth rate of the films. The refractive index can be used a reliable
metric in comparing relative porosity of the films. While the nc-Ge:H samples (blue) don’t show
any intercorrelation with the a-Ge:H samples (black) in deposition rate, both samples show
an upwards trend in refractive index with temperature. The a-Ge:H samples show a slightly
elevated deposition rate and thus it could be expected that with increasing Ts the films become
more porous but the refractive index indicates otherwise. A change in the microstructure of
the films through in-situ annealing of the films at higher deposition temperatures could in this
case be the process that is counteracting the expected higher porosity of the films at higher
deposition temperatures [76]. Weakly bonded hydrogen atoms are defused from the lattice,

opening up possibilities for the lattice to restructure.

When looking at the hydrogen concentration Cy as a function of the deposition temper-
ature, a downward trend can be seen for both amorphous and nanocrystalline material. The

hydrogen concentration for a-Ge:H has a maximum value of 8% at T's = 150 °C' and decreases
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to 2% at T's = 350 °C. In addition, the optical bandgap Fy4 of the materials is also decreasing
with an increase in the deposition temperature. Ranging from 1.35 eV to 1.15 eV for the amor-
phous samples. When looking at nagoonm, Cr and Eys simultaneously, it can be seen how the
both the hydrogen concentration and the Fy4 linearly decrease as a function of the refractive
index and this is fully in line with the theory laid out in Chapter 2. With a presumed elevated
rate at which the weak bulk Ge-H bonds are broken up when the temperature is increased,
the lattice can be re-ordened and a denser material (nagoonm is increased) can be grown. As
hydrogen has been defused from the bulk of material, the hydrogen concentration is expected
to decrease. As a result of both a reduced hydrogen concentration and the restructuring of the
lattice, the Ey4 is reduced. However when comparing these results to the crystalline fraction of
the films shown in Figure 6.2, there seems to be no clear correlation. While the previous results
do suggest that the number of voids per unit volume decrease with an increase in temperature,

the trends in the crystalline fractions don’t follow.

Crystallinity (%)

. ; . r .
100 200 300 400
Temperature (°C)

Figure 6.2: Effect of varying substrate temperature on film crystallinity Xc. Blue circles denote nc-Ge:H films
at a dilution ratio of 400 and black squares denote a-Ge:H films processed at a dilution ratio of 350.

With less porous films being created at higher temperatures, the expectation is that the
films are more resistant to contamination. With less large voids present in the material, the
chance in encountering a defect state is assumed to also decrease. It is important to note that
the oxidation of films happens post-deposition as opposed to being an in-situ process. This can
be backed up by the fact that a large fraction of the Ge:H samples processed did not show any
presence of GeOx bonds through infrared measurements right after deposition. Suggesting that
oxidation happens in the ambient. To characterize the oxidation of the films as a function of the
temperature, Figure 6.1 depicts the summed absorption coefficient of the different GeOx bonds

(ageos) in the films. ageor seems to steadily increase up until it reaches a maximum between
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a deposition temperature of 250 °C' and 300 °C'. After which ageo, rapidly decreases towards a
minimum value. When comparing this result to the hydrogen concentration, the initial increase
in ageor can be correlated with a decreasing Cpy. Since hydrogen is effusing from the film, a
larger fraction of the Ge dangling bonds is left unpassivated. Open bonds in a-Si:H processing
have been shown through FTIR and ESR (electron spin resonance) measurements to be the
cause for oxidation of the films when exposed to the ambient [77], and it has been shown that
this tendency for oxidation is carried over and amplified for Ge:H processing due to its larger
defect density [78]. Past the maximum of ageos, its rapid decrease can be correlated with an
increase in the material density past a certain threshold value for the oxidation of the films.
As is backed up in the previous paragraph through a continuous increase in the refractive
index and decrease in the Fy4. It is believed that the underlying cause of the decrease in
the void density is not due to a decrease in the dissociation of larger plasma phase polymers
(GeaHg, GesHg) as is suggested in [52]. But rather due to an increased mobility of the radicals
as they diffuse along the substrate surface. It has been stated in Section 3.3.1 how the Ge
radicals have a higher reactivity when compared to Si. As such their mobility is reduced
when moving along the surface of the sample and they attach to the sample more quickly,
leading to a higher void density of the film. With more sites ambient oxygen inclusion as a
result. This process is reinforced through a high flux (when compared to silicon processing)
of germanium radicals incident on the substrate during the deposition due to the Ge-H bonds
dissociating easier than Si-H bonds. An increase in temperature seems to increase the mobility
of the Ge-radicals moving along the surface, producing denser films. It is mentioned in [79]
how the growth-through-surface-diffusion-model and the incorporation of voids is a function
of the growth flux. This readily explains the difference in threshold temperature values for
the two different samples as they’ve been deposited at different pressure-power combinations,

influencing the flux of Ge radicals.

When looking at the electrical properties of the Ge:H samples in Figure 6.1, the first point
of note is the low activation energy of the samples. E,. steadily increases from 50 meV to 100
meV after which it rapidly goes up at a temperature of 250 °C' for the amorphous samples and
at 300 °C' for the nanocrystalline samples. With the Fy4 varying around 1.3 eV, the Fermi level
is found to have shifted from the mid gap (0.5-0.7 eV) by a relatively large margin. To first
highlight the accuracy of using Fy4 as an approximation to the mobility gap of the samples
as opposed to another metric such as Epapyc or Eyg, Figure 6.3 has been added. It is readily
seen how the Tauc gap and the Fy4 optical bandgap share a linear relation, vertically shifted
by about 0.2 eV. This makes both metrics good options for approximating and highlighting
the trends in the mobility gap of the samples. For this thesis, use of Fy4 has taken preference

over the other options.
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Figure 6.3: Comparison between the relation in Fo4, Eravc and FEps. Eos is denoted by the size and color of
the markers.

With such a low activation energy, the germanium samples seem to have a dominant defect
type with an energy level close to either the valence or conduction band. There is a strong
correlation in the level of oxidation in the films and their corresponding activation energies.
The threshold temperatures where FE,. increases rapidly (250 °C for a-Ge and 300 °C for
nc-Ge) match the threshold temperature values for rapid decline in ageo,. The work done in
[80] has suggested that oxidation of a-Ge films introduces defects close to the conduction band.
This has been verified with the help of Hall measurements and all of the samples prepared for
this thesis have been found to be behaving as n-type. It should be noted however that films
with no Ge-O bonds have been measured to have a maximum FE,. of 260 meV. This is still well
below the mid gap, suggesting that the influence of other defect types with energy states below
the mid gap play a significant role in reducing the activation energy. Even in the absence of

oxygen [81].

The dark conductivity ogqrr is shown to increase with an increasing Tg, reaching a max-
imum between 250 °C and 300 °C. As would be expected, the amorphous samples show an
overall higher dark conductivity (about factor 2) when compared to the nanocrystalline sam-
ples. The random nature of the lattice and subsequent emergence of band tails in the mobility
gap make it much more likely for electrons to be randomly excited into the conduction under
the absence of sunlight. The average dark conductivity of the samples is orders of magnitude
higher when compared to general values for a-Si:H [82] [71]. While this was already expected,
it also means that the photo response of Ge:H films in devices will be much lower than Si:H

alternatives. Much like it is the case with the activation energy, the dark conductivity seems
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to be strongly influenced by the films’ respective levels of oxidation. og4.; is highest for the
samples showing a strong oxidation. Because of the high 44,1, the films show very poor

Ophoto/ Tdark Tatio’s, inhibiting their use for device quality purposes.

6.2. Effect of Varying Hydrogen Dilution

From Section 6.1 it has become apparent how the introduced defect states (not necessarily
oxygen-induced) are at the forefront of the causes for a low activation energy and deterioration
of the films when it comes to their other opto-electrical properties. As we suspect hydrogen
may play a leading role in the passivation of any dangling bonds, in this section the influence

of hydrogen dilution of the plasma is investigated.

To that end, four samples have been deposited at varying hydrogen dilution ratio’s D. Two
low pressure samples have been chosen at both a high (20 W) and low (5 W) power to explore a
possible regime where the deposition rate can be lowered in order to better control the growth
and void inclusion of the films. In addition two high pressure, porous samples have been added
close to the a/nc-Ge:H transition regime to explore the effect of hydrogen dilution. A complete
list of the deposition parameters can be found in Table 6.2. The variation of the different film

properties is visualised in Figure 6.4.

Table 6.2: Deposition parameters for four different Ge:H films for studying the effect of a varying hydrogen
dilution ratio’s.

Parameter Value/Range Unit
Pressure-Power 1-5, 1-20, 4.5-15, 4-20 mbar-W
Deposition Temperature 200 °C
Electrode Distance 20 mm
Thickness 100 nm
F(Hy)/F(GeHy) 50-100-150-200-250-300-350-400 -

The deposition rate of the films is still very high. The high pressure films show growth
rates ranging from 15 nm/s to 6 nm/s while the low pressure films grow at a reduced rate of
about 10 nm/s to 2 nm/s. As a function of the hydrogen dilution, the growth rate is reduced
by a factor of 3 over the range. The reduction in growth rate could be a result of the atomic
hydrogen etching rate increasing respective to the germanium growth of the film. Alternatively,
the growth rate could be simply reduced as a result of there being less germane per unit volume
available in the plasma, likely resulting in a lower flux. In the high pressure samples, a slight
deviation from the trend is visible around D = 200 and 250. This can be explained through
the absolute values of the flow ratio’s of the precursors. At D = 200/250, the Hy/GeH, flows
are changed from 200/1 sccm to 125/0.5 sccm resulting in a sizeable difference in the absolute

values of the amount of precursor molecules present in the reactor.

To look at how the structure of the film changes as a function of the hydrogen dilution,

Figure 6.5 is added. It is known that the addition of hydrogen to the plasma may help in
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restructuring the film to deposit material with a higher crystalline fraction [35]. Looking

at the figure, the films are shown to be very amorphous up until the maximum dilution of
400. Especially the 4mbar 20W sample shows a large jump in the crystalline fraction at this
point, estimated at around 25%. While it is generally favourable to create material with a
higher crystallinity, mainly for the fact that the lattice is more ideal and thus has less voids
incorporated into it. This is backed up by the slight increase in the refractive index at the
highest dilution ratio. An increased average grain size in the films would normally also point
to an improved photo-response of the films [83], though that is not apparent in Figure 6.4.
This suggests that there is at least one other growth process influenced by a varying hydrogen

dilution that is counteracting the effect a higher crystallinity has on film properties .
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Figure 6.5: Effect of varying hydrogen dilution on crystallinity X¢. Deposition pressure and power are
highlighted in the legend.

With a varying dilution of the precursor gasses, the C'y in the films can be expected
to change drastically. When looking at Figure 6.4, the hydrogen concentration seems to be
decreasing up to a dilution ratio D = 250 for the low pressure samples and D = 300 for the
high pressure samples. As such the effect of the dilution ratio can be split up and analysed
in two different regimes. A low dilution regime D < 250-300 and a high dilution regime D

> 250-300. In the high dilution regime, Cy is increasing drastically for the low pressure-
high power sample (blue) while the low pressure-low power sample (red) shows a much more
moderate increase in the C'y. This implies that the RF power plays an important role in the
incorporation of hydrogen in the films, independent of the hydrogen dilution. The lower power

effectively reduces the growth rate which in turn increases the density of the films and thereby
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reducing the amount of available bonds for hydrogen atoms to latch onto. This conclusion can
be further strengthened by looking at the refractive index of the low pressure samples. The
low pressure-low power sample (red) shows a lower porosity compared to the low pressure-high
power sample (blue), agreeing with he previous statements. The interaction between power

and pressure in regards to the film properties is further treated in Section 6.3.

The nagoonm starts to converge to the same value for both blue-red and and black-green
sample pairs, where they differ slightly in the lower dilution regime. This suggests that as more
and more hydrogen is added to the plasma relative to germane, H atoms in Ge-H bonds in the
bulk (only occurring in voids) are extracted and the area around the voids in the lattice can
be restructured, resulting in the deposition of denser films. This can also be seen in the E,.
and Epg (both reflective of the defect density in the film) of the samples where they converge

to the same value in the high dilution ratio regime. Especially so for the denser films.

The effect of a higher defect density (high porosity, low nagoonm) is reflected in the acti-
vation energy where the high pressure samples (green and black) show a significantly lower
activation energy when compared to the other samples. The difference in activation energies
can once again be explained through the oxidation of the films. When looking at age.ox, the
low pressure samples seemingly show no signs of oxygen contamination at any dilution while
the high pressure samples show a very large absorption coefficient for IR light in GeOX bonds.
As to the underlying reason for the large difference in oxygen contamination of the films,
presumably the complex interaction between the increased atomic hydrogen etching, reduced
(fractional) availablity of Ge-radicals and less energetic ion bombardement of the film creates
favourable growth conditions for growing less porous material, creating fewer sites for the ab-
sorption of ambient oxygen into the film. Following that, less oxygen-induced defects with
energy levels close to the conduction band are introduced in the mobility gap [68] resulting in
a higher activation energy. To further visualize how ageo, influences the activation energy,
note that the 4.5mbar-15W sample at D = 100 shows an ageos of 100 cm ™! which may seem
comparatively low. It is however still a large value in absolute terms as the relation between
ageor and FEge is not necessarily linear. Comparing this data point at D = 200 with the
4mbar-20W sample (black) shows that a difference between ageor = 100 em™! and ageor =
450 ¢m ™! only increases the activation energy by about 50 meV, which is still nowhere near
enough to bring .. to the center of the mobility gap. An further in depth discussion on
the relation between the oxidation of the films and other film properties will be presented in
Section 6.4.

When looking at the electrical properties of the film, the main point of note is the dark
conductivity. og.-, increases slightly with an increase in the hydrogen dilution for the low
pressure samples while decreasing for the high pressure samples. Comparing this result to the
refractive index, it stands out that the denser films actually exhibit a higher dark conductivity
in Figure 6.4. With a lower activation energy, the higher pressure films (black and green) are

expected to show a higher dark conductivity but the results contradict these expectations.
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Consequently, because of the lowered 044k, the ophoto/Tdark Tatio is higher for the porous
material. It is thought that the oxidation of the films plays a complex role in the electrical
behaviour of the films whereby it can both enhance or deteriorate the electrical characteristics
of the films.

6.3. Effect of Varying RF Power and Pressure

In the previous section it has been highlighted how a difference in the deposition power and
pressure could affect the growth rate substantially and subsequently the void density and
tendency to react with the ambient. In order to further characterize how the Ge:H films
are deposited under different pressure and power combinations, several samples have been
deposited and studied. With an aim of further reducing the rate of growth, and simultaneously
optimizing the electrical properties of the films, the films have been processed at a maximum
dilution ratio F'(Hz)/F(GeHy) of 400. A complete list of the different deposition parameters
of the samples that will be studied in this section can be found in Table 6.3. The properties
of the different samples are shown in Figure 6.6

Table 6.3: Deposition parameters for five different Ge:H films in studying the effect of a varying the RF power
and pressure.

Parameter Value/Range Unit
RF power 5-10-15-20-25 AW
Pressure 1-2-3-35-4-45 | mbar
Deposition Temperature 200 °C
Electrode Distance 20 mm
Thickness 100 nm
F(Hy)/F(GeHy) 400 -

When looking at Figure 6.6, it becomes apparent that the growth rate increases as a function
of the deposition pressure. With a larger flux of Ge radicals at the substrate surface, the films
starts growing much faster. Increasing by a factor of four when the pressure is increased to
4.5 mbar from 1 mbar. When looking at the influence of the RF power in the dissociation of
the germane molecules, the figure shows that the deposition pressure is leading for the growth
rate. This is true up until point where the RF power density in the reactor is no longer large
enough to sustain the dissociation of the germane molecules. Especially at a low RF power
setting of 5 W, the growth rate starts to taper off and deviate from its linear trend as the extra

germane molecules in the reactor are no longer dissociating at a similar rate.

Seeing how the deposition rate increases with an increase in pressure, and taking into
account the results from previous sections, a low pressure regime would be beneficial for the
purpose of depositing denser films. This assumption seems to be supported by refractive index
data. At a low pressure, independent of the RF power, dense films with a refractive index of 4.8

are created. As the pressure is increased, the refractive index and therefore the void density
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in the films becomes much more dependent on both RF power and pressure. An increase
in the deposition pressure drastically increases the porosity of the films with the slope being
determined by the RF power. To further explore the assumptions made, Figure 6.7 is shown.
Over a large number of samples, the nagoonm has been depicted as a function of both power
and pressure. It is readily seen how a low deposition pressure around 1 mbar produces films
with the highest density (dark red). Deposition condition around a pressure of 1 mbar and an
RF power of 10 W seem to be optimal for producing films with the highest refractive index.
Figure 6.7 seems to corroborate the statement about how a low pressure is typically leading in
producing denser films as opposed to to the RF power. Lastly, a combined high pressure and
RF power have led to the deposition of the most porous material. It is noteworthy however
that from Figure 5.1 it is apparent that this low density regime coincides with the deposition

region for nanocrystalline material.

Power

Figure 6.7: Effect of varying the pressure and RF power on the refractive index @ 600 nm over a large sample
set. The refractive index is depicted through the size and color of the markers.

With an idea of the influence of the deposition power and pressure on the void density
of the films, a correlation can be drawn with the oxidation of the films. ageo, is shown to
be increasing rapidly between a pressure of 2-3 mbar for the samples deposited at an RF
power higher than 5 W. This in line with the trends seen in the nagoonm and can thus be
contributed to the increased void density of the films at higher pressure-power conditions.
What is of particular interest is the tendency of the film deposited at 5 W to stay void of
any oxidation for any pressure setting. If the aim of a PECVD process would be to deposit

films that are resistant to any oxidation, this would suggest that it is possible to do so even
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at higher pressures, as long as the RF power is adjusted to a low value. As was observed in
Section 6.1, the linear relation between ageo., Cg and Ey4 can also be observed in Figure 6.6.
As the volume density of GeOx bonds increases in the lattice, so does the volume density of
defect states promoting sub bandgap absorption. In turn increasing the Fyy (more absorption)

together with the hydrogen concentration (increase in open bonds for hydrogen to bond with).

When looking at the electrical properties of the films, the F,. seems to be once again
varying according to the trend in the oxidation of the films. As such as higher seems deposition
power and pressure may seem unfavourable in producing intrinsic Ge:H films. When comparing
this to the conductivities of the films however, the same points can be raised as in Section
6.2. The films with a higher ageo., contrary to the expectations, exhibit an improved photo
response over the samples with no oxidation. To confirm this and possibly find more favourable
deposition conditions, the ophoto/Tdark ratio’s for a wide range of Ge:H samples have been
plotted against the deposition power and pressure. Comparing the results in Figure 6.7 to
those in Figure 6.8, it becomes clear that mostly porous films (deposited at a high pressure)
show an improved ophoto/Tdark- A deeper discussion into the mechanics of how Ge:H oxidation

is affecting the electrical properties of the films is laid out in the next section.
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6.4. Post-Deposition Oxidation and Film Properties

From the results in the previous sections, a clear confliction within the growth of Ge:H has
surfaced. On the one hand films with a low ag.o, can be produced at lowered growth rates, but
the resulting films are show a very low ophoto/0darr making them unsuitable for integration in
PV devices. On the other hand a higher opnoto/0dark, is paired with an increase in the oxidation
of the samples. An increase photo-response is very appealing but the increased defect density
and subsequently the increase in the Ey4 are undesirable when it comes to depositing a low
bandgap material. To demonstrate this correlation over a large sample set, Figure 6.9 is shown.
As can be seen, no films have been deposited showing both a low ageo, (green circle) and a
high ophoto/Tdark- This would suggest that the opto-electrical of the films (that have been
studied until now) is actually dominated through the oxidation as no outliers are present that
would indicate a stronger influence of other deposition parameters over the opnoto/dar than

the ageoy-
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Figure 6.9: Effect of film oxidation on the Eos and the ophoto/Tdark ratio. ageos is depicted through the size
and color of the markers.

Figure 6.9 also suggests that the Fy4 increases linearly with ageo,. To further understand
how the inclusion of oxygen in the films leads to an increase in the optical bandgap, Figure
6.10 depicts the ophoto/Tdark and Eps as a function of the nagoonm. As has been mentioned
in previous section, the Eys and nagoonm show a strong correlation with the Egy4 increasing
when the refractive index is lowered. Comparing this to the oxidation of the films, it seems

that only films with a low refractive index are prone to oxidizing. This is possibly due to
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the decreased material density indicating an increase in the void density. The appearing void
defects seem to be close in their energy level to the energy level required for the formation
of GeOx bonds. This would insinuate that with an increasing void density (lower nagoonm ),
the oxidation rate should increase along with ageo., as a result. However, in this case a more
continuous increase in the ageo, would be expected with a decrease in nagoonm compared to
the results in Figure 6.10. It is therefore theorized that the agent causing the oxidation in the
Ge:H films (presumably H20O) cannot diffuse into the lattice to react with the available energy
sites in the bulk. The diameter of an HoO molecule is larger than the average lattice constant
in denser a-Ge:H films [84] supporting the notion that the water molecules cannot diffuse into
high density films to oxidize the bulk. The interplay and causality in the relation between
Qaeoz and Nagoonm are difficult to comment on. A comparison with the Ge:H results to those
of an experiment done on the influence of the C'Os concentration in the precursor gasses for
a-SiOx:H (depicted in the inset) is drawn. Here a stronger decrease in the refractive is visible
with an increasing CO» flow. This difference when compared to the ageo: results suggest that
it might be a combination of a porous Ge:H film inducing the oxidation and simultaneously

the oxidation inducing a higher porosity.

In trying to investigate how the photo response of the films is increased through an increase
in the ageo, Figure 6.12 is added. From left to right, the Eq¢ (semi-log), oo (log-log), oy
(log-log) and o,y /04 (semi-log) as a function of the o4 are plotted. Euq, 09 and o4 are related
according to Equation 4.15. When looking at the difference between the oxidized (yellow-red
markers) and the non-oxidized (green markers) samples in the figure, three big observations
can be made: firstly, the o,,/04 increases by a factor 5-6 as the samples oxidize, together with
a large decrease in the E, and og. Secondly, the relation of the E,. and o¢ to the o4 seem to
change drastically as the samples move from an non-oxidized to and oxidized regime. Lastly,
independent of the ageos, the seems to reach maximum value of about 260 meV. A level far

below the mid gap energy.
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Figure 6.11: Simplified density of states diagram in samples that show both oxidation and no oxidation.

To first explain the increase in the o, /04 through the decrease in the E,. and o9, Equation
4.15 is necessary. When looking at Equation 4.15 it can be seen that when the oy remains
constant, a slight decrease in the F,. should result in an increased o4. This happens as a result
of electron needing less energy to be promoted to a conductive state. This trend however is
only seen in the samples showing no oxidation (green markers) with an F,. in the range of
150-250 meV. This increase in the dark conductivity for the non-oxidized samples is however
counteracted by an equal increase in the o,, with a constant value of ophoto/0dark = 1 as a
result. As the ageos is further increased, the E . is seen to decrease all the way to 40 meV.
The dark conductivity is however not further increased with this decrease in F,.;. This can be
explained by looking at the og. According to Equation 4.15, the influence of oy on the oy is
much higher than that of the activation energy. As oo actually decreases by about 5 orders of
magnitude as ageo, increases, a significantly reduced dark conductivity is measured despite
the decrease in E,.. The oy, is shown to be actually decreasing with an increase in ageos
and as such the increase large increase in the o, /04 can be attributed to a very low o, rather
than a high o,,. Secondly, the question is raised how the oxidation of the Ge:H films is able
to influence both the oy and the F,., with a reduced o4 as a result. The lowered oy and
o4 suggest that the incorporation of oxygen into the films actually passivate the Ge-dangling
bonds within the lattice, decreasing the density of localized defect states. The newly formed
GeOx complexes have an energy level much closer to the CB, subsequently shifting the Fermi
level closer to the CB as well and decreasing the F,.. Figure 6.11 visualizes this phenomenon
where a larger defect density is replaced by a smaller defect density positioned closer to the
CB. Lastly, a reason for the low F,. irrespective of the oxidation in the films is also given. As
can be seen in Figure 6.11, without oxidation the DOS diagram is still shown to include a high

defect density due to the many unpassivated Ge-dangling bonds, lowering the E,.; as a result.
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Conclusion and Recommendations

7.1. Conclusion

The goal and aim of this project is to find a deposition regime for Ge:H thin films where device
quality films can be deposited. Since no prior data of Ge:H growth within the CASCADE
reactor was available, the first research objective within this thesis was to identify a growth
window where a stable plasma could be ignited and consequently reproducible Ge:H thin
films could be deposited. Secondly, Ge:H films were grown and characterized under a varying
temperature, hydrogen dilution and pressure-power setting to investigate their effect on the

optical and electrical properties of the films.

A processing window was identified in the range of 1-5 mbar and and 5-30 W RF power at
a fixed electrode distance of 20 mm. It was shown that at the boundaries of this processing
window the germane precursor starts to polymerize and form larger particles that settle down
on the substrate as film rather than breaking up and growing on its surface. The films were
found to transition from an amorphous regime to a nanocrystalline regime in the range of 15-25
W at 3-4 mbar, under the highest dilution ratio F'(Hg)/F(GeHs) = 400. A crystallinity as
high as 54% was reported.

A large fraction of the produced films have shown oxidate post-deposition. The presence
and level of oxidation was related back to the refractive index of the films. Low naggonm indicate
porous growth of the Ge:H films. The inclusion and size of voids within the lattice structure
of Ge:H make it possible for water within the ambient to diffuse into the material. There the
water molecules react with open germanium bonds, increasing the ageox. The presence of
Ge-O bonds was seen to impact the opto-electrical properties of the films significantly. The Eyy

increases as ageox increases, impeding the development of a low bandgap absorber. It was

o7
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also found that the development of intrinsic Ge:H films is hindered by oxidation of the films.
The relation between ageox and the activation energy shows that the activation is reduced
as more Ge-O bonds are present in the lattice. Films with an activation energy as low as 30
meV have been reported. og is decreased by 4-5 orders of magnitude. As a result, despite
a reduced Fy,q¢, the dark conductivity is decreased 1-3 orders of magnitude. The underlying
mechanism is the increased passivation of Ge-dangling bonds with oxygen atoms. In turn,
through a decrease in o4 rather than an increase in oy, the oy, /04 is increased to a maximum

of 5-6 for samples with a high agecox-

7.2. Recommendations

While this thesis has provided a good first step in explaining the insights and knowledge needed
to deposit device quality Ge:H films, a lot of improvements and investigations need to be done

before germanium can be properly integrated as a low bandgap absorber.

One of the major points in this thesis has been the deposition of porous films through the
easier dissociation of germane when compared to silane. An unstable plasma starts to form in
the reactor when the RF power density in the reactor is dropped below a certain threshold. By
further decreasing the electrode distance, the power and pressure can be reduced to decrease

the growth rate and possibly observe a further increase in the density of the films.

Germanium has traditionally been alloyed with silicon when used as a absorber in solar cells
(1.2-1.7 eV). By alloying germanium with tin (0 eV semiconductor) however, the bandgap can
be reduced to an energy level below that of c-Ge. The applications and benefits of GeSn alloys
have been demonstrated in the field of photodetectors [85] making the material attractive for

further exploration in the field of solar cells.

Lastly, the development of single junction cells with a germanium absorber could be inter-
esting. By analysing the performance of germanium in solar cells more insight can be gained

into the necessary points of improvement for the material.
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