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Preface

Dear Reader,
This report was written as a submission towards my Master of Science in Sustainable

Energy Technology (SET) program at the Delft University of Technology. The research was
conducted as part of a larger research on thin-film PV technologies in the Photovoltaic Material
and Devices (PVMD) group at the Department of Electrical Engineering, Mathematics and
Computer Science (EEMCS). I worked under the daily supervision of Dr Paula P. Rodriguez
and was guided by Prof. Arno Smets.

The report presents the steps in depositing and making intrinsic germanium layers for PV
applications. While writing this report, I assume that the reader has basic knowledge of solar
cell physics or has enough curiosity to learn about it. It is organized in such a way that the
reader can follow the problem statement to the results in a step-wise manner. The table of
contents has been added to navigate the reader to the desired part of the report.

Readers who wish to revise their basic knowledge can read chapter-2. Readers interested
in the design and methodology of the experiments can find it in chapter-3. Chapter 4 presents
the findings in detail with reasoning for future researchers to ponder. I hope the findings of this
research will advance the process of realizing the next generation of PV cells. With this moti-
vation, I invite you to appreciate the work done by the academic community working towards
the energy transition.

Devansh Sharma
Delft, June 2023
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Abstract

This thesis aimed to process and characterize hydrogenated germanium (Ge:H) films to use
them as a low-bandgap intrinsic absorber layer. The bandgap of Germanium can go up to 0.67
eV. A p-i-n solar cell consisting of intrinsic germanium film produced using Plasma Enhanced
Chemical Vapour Deposition (PECVD) can be inexpensively paired with crystalline silicon and
other semiconductor materials to produce a multijunction solar cell with high efficiencies. Such
a cell would utilize the lower part of the solar spectrum currently untapped in commercially
available mass-produced solar modules. Previous research had deposited Ge:H films using a
direct PECVD reactor as compared to a showerhead configuration in the reactor used in this
research.

The study consisted of two experiments that explored the properties of the germanium
film deposited. First, the deposition parameters of PECVD were varied to study its effect on
important film properties. Since the material will be used for low-bandgap applications, the
optical bandgap (𝐸04) and activation energy were the most important parameters to monitor
film quality. Secondly, two sets of experiments were performed to understand the degrada-
tion in properties of the intrinsic films when exposed to environmental factors. Two types of
degradation are studied: light-induced degradation and oxidation in air.

Power, pressure, germane to hydrogen flow ratios, deposition time, substrate temperature
and ignition time of the plasma to introduce gases was varied across 30 samples to define an
ideal processing regime. A small processing window was identified where intrinsic amorphous
germanium (a-Ge:H) films were produced. The lowest 𝐸04 achieved for intrinsic films was 0.8
eV with an activation energy of 0.39 eV which lies at the centre of the bandgap.

The degradation experiments showed no sign of oxygen signature from EdX measure-
ments performed after two months and FTIR measurements performed after two weeks. Light-
induced degradation (LID) was performed by exposing the samples for over 80 hours; photo-
conductivity did not degrade below the initial value for the duration of the exposure.

Thus, the results look promising in proving these films as a suitable material for an intrinsic
absorber layer. It also shows that the showerhead PECVD configuration can lead to better
control of reaction mechanics giving films with desired material properties. The layer can be
used as an intrinsic layer in a p-i-n structure device, paving the way for a new generation of
high-efficiency multijunction solar PV devices.
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1
Introduction

Solar power is the most abundant energy source to fulfil humanity’s rising energy needs. The
incident solar energy on the planet is known to be 10000 times the power consumed by
mankind currently. Photovoltaic (PV) devices have been the holy grail of converting solar
power into a secondary energy carrier, i.e. electricity. First-generation devices, consisting of
crystalline silicon (c-Si) solar modules, are mass-produced and are used on a vast scale. One
drawback of using these modules is the thickness which adds to material cost and allows the
production of only rigid modules. Moreover, these devices have a high content of glass and
metal due to the supporting frame, which affects the profitability of recycling these modules at
their end of life. [9]

Thin-film devices are the second generation of PV devices which are lightweight and flex-
ible. In this technology, the absorbing material in the solar cell is typically 100 times thinner
than the c-Si counterparts [45]. This allows much lesser use of material to encapsulate the
solar cell and develop its mounting structure. Over the years, the cost of producing these mod-
ules has been reduced, leading to cheaper modules. However, the efficiency of these devices,
which measures how effectively sunlight is converted to electricity, is relatively low compared
to their first-generation counterparts. Yet, with the possibility of adding multiple layers, the
efficiency can be increased to reach higher values [34].

A multijunction solar cell is a device that consists of multiple layers of semiconductors
stacked on top of each other. The layers are designed to absorb different portions of the solar
spectrum, increasing the overall efficiency of the solar cell. Many approaches have been
explored to develop low-cost high-efficiency devices, some of which that can pair with c-Si,
to utilize the high bandgap region of the solar spectrum and prevent thermalization losses.
Examples of these are perovskites [8], III-IVs [43] and the a-Si:H/nc Si:H micromorph tandem
solar cells [31].

In all these devices, the lower part of solar spectra with energy photons lower than 1.1 eV
is not utilized. This is lost as below bandgap losses. In the spectral range of 0.7eV-1.1eV, the
AM1.5G solar spectrum provides approximately 9.92⋅1020𝑠−1 ⋅𝑚−2 photons. This corresponds
to a current density of 15.9𝑚𝐴 ⋅ 𝑐𝑚−2 [57]. Developing a low bandgap absorber material that
can tap this part of the spectrumwould pave the way for higher efficiencies. The current density
available in this region of the solar spectrum would allow the development of the bottom layer
in a multifunction device which will not be currently limiting.

Germanium is an excellent candidate for this purpose as a group IV element with a low
bandgap. It is scarce but not extremely rare [12]. It has an indirect bandgap of 0.67 eV
and a direct bandgap of 0.8 eV, which places it ideally to utilize the Infrared region of the
solar spectrum. Germanium is recognized for its high charge carrier mobilities, which has

1



1.1. Research objectives and outline 2

allowed for its use in high-speed electronics [60]. Therefore, very thin layers of Ge can be
incorporated into solar cells allowing low material use. Thin films can be used in devices with
a p-i-n structure where the material has an amorphous or micro-crystalline structure. Such
a structure requires the incorporation of hydrogen (forming the :H in Ge:H) to produce alloys
with low defect densities. The hydrogen passivates the dangling bonds in the non-crystalline
structure. Hydrogenated germanium (Ge:H) can be inexpensively processed using a widely
known industrial process, Plasma Enhanced Chemical Vapour Deposition (PECVD).

1.1. Research objectives and outline
To develop germanium-aided high-efficiency thin-film devices, this research focuses on creat-
ing a hydrogenated germanium absorber layer that can be used as an intrinsic layer in a p-i-n
structure device. Previous research in the group has developed films that were processed
using a direct PECVD reactor [57]. It was observed that post-deposition oxidation played a
major role in degrading the material properties. This research uses a showerhead PECVD
reactor that can lead to better control of reaction mechanics and films with desired material
properties.

This study explores the development of hydrogenated amorphous germanium by thor-
oughly characterizing and analyzing various processing conditions. To that end, the following
three research questions are addressed:

1. What are the deposition conditions for obtaining intrinsic germanium films?
2. What is the influence of light and exposure to air on the films?
3. Has the showerhead configuration helped in improving the quality of films?

The report is structured in the following manner. Chapter 2 gives the background informa-
tion followed by Chapter 3 which discusses the methodology of the processing and character-
ization. Results and discussion are covered in Chapter 4. Finally, Chapter 5 concludes the
findings and provides recommendations for future research.



2
Background

This chapter outlines the theoretical foundations required to understand the research con-
ducted. One should start by looking at the solar spectrum to understand the importance of
developing a low-bandgap material. An explanation of solar cell thin-film technologies follows
this. Section 3 explains the manufacturing process used in this research i.e. Plasma En-
hanced Chemical Vapour Deposition (PECVD). The final section investigates the properties
of Germanium and its potential as a low bandgap material.

2.1. Solar energy and the photovoltaic effect
The solar spectrum refers to the range of electromagnetic radiation emitted by the Sun, in-
cluding both visible and non-visible wavelengths. The Sun emits a continuous spectrum of
light, with wavelengths ranging from about 100 nm to over 1 millimeter. This spectrum can
be divided into several regions based on wavelength, including ultraviolet (UV), visible, and
infrared (IR).

The UV portion of the solar spectrum, which includes wavelengths below 400 nm, is largely
absorbed by the Earth’s atmosphere. This is fortunate, as UV radiation can harm human
health and damage living organisms and materials. The IR portion of the solar spectrum,
which includes wavelengths above 700 nm, is largely absorbed by the Earth’s atmosphere as
well. However, some longer-wavelength IR radiation is able to penetrate the atmosphere and
contribute to the Earth’s greenhouse effect, warming the planet’s surface. Thus, the sunlight
that reaches the atmosphere is different from that reaching the earth’s surface. These are
called air mass 0 (AM0) spectrum and AM1.5 spectrum, respectively and are illustrated in
Figure 2.1.

Sunlight is composed of packets of energy called photons. The energy of each photon is
governed by its wavelength and can be described by the following equation:

𝐸 = ℎ𝑐
𝜆 (2.1)

Here, ℎ is the plank’s constant, 𝑐 is the speed of light and 𝜆 is the wavelength of the
photon. There are multiple photons at each wavelength, and the power density or irradiance
in Figure 2.1 is affected by the number and energy of photons of that wavelength. The number
of photons per unit area per second, also known as spectral photon flux can be determined
by dividing the power density per wavelength of light by the energy per photon of light as per
the equation:

Φ(𝜆) = 𝑃(𝜆) 𝜆
ℎ𝑐 (2.2)

3



2.1. Solar energy and the photovoltaic effect 4

Figure 2.1: Solar spectrum: yellow region is AM0, red region is AM1.5 and black line represents the profile of an
ideal blackbody at sun’s surface temperature [7]

2.1.1. Photovoltaic effect
Solar cells absorb only a part of the AM1.5 spectrum based on the bandgap of the absorber
material. Bandgap can be understood by knowing the concept of energy bands. An atom’s
electrons can only occupy a limited number of discrete energy levels, with ”forbidden states”
representing intermediate energy levels that cannot be achieved. At lower energy levels, elec-
trons are bound to the nucleus, while higher energy levels allow electrons to break free. When
atoms bond covalently to form larger structures, new energy states arise that fill the gaps be-
tween the original levels, creating energy bands. Two types of energy bands exist: the valence
band for valence electrons involved in bonding and the conduction band for unbound energy
states where electrons can move freely in a crystal lattice.

Conductors have overlapping bands, so electrons can easily transition from bound to un-
bound states with little energy difference, making them highly conductive. In the case of insu-
lators and semiconductors, there are forbidden energy states between the two types of bands
described earlier, forming the bandgap. An electron can make a transition from the conduction
band to the valence band, provided it receives more energy than the bandgap. Bandgap 𝐸𝐺
is calculated as the difference between the conduction band edge 𝐸𝐶 and valence band edge
𝐸𝑉 .

𝐸𝐺 = 𝐸𝐶 − 𝐸𝑉 (2.3)

Bandgap is usually expressed in electron volt (eV). Materials with large bandgaps require
a large amount of energy to excite the electrons, and thus, insulators have these properties.
Bandgaps of different types of materials can be seen in Figure 2.2.

Solar cells operate by absorbing photons emitted by the sun that have higher energy than
the material’s bandgap, causing a valence electron to move to the conduction band. At room
temperature, some covalent bonds break due to thermal energy, promoting electrons to the
conduction band, a process known as generation. Electrons can move freely, leaving behind
a vacancy or hole, which can be filled by another valence electron, resulting in the movement
of the hole. Generation creates an electron-hole pair, and vacancies can also be filled by
electrons from the conduction band, known as recombination. A material is known to be in
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Figure 2.2: Energy bands of insulators, semiconductors and metals

thermal equilibrium when there is no external energy input and recombination and generation
rates even out. The Fermi-Dirac distribution describes the probability of a specific energy state
being occupied by holes or electrons in thermal equilibrium. The average energy of electrons
in the conduction and valence band put together is known as the fermi energy (𝐸𝐹 ).

The value of the Fermi energy level at room temperature depends on the specific material
being considered. In intrinsic semiconductors (pure materials without any doping), the Fermi
level is generally located approximately halfway between the conduction band and valence
band energies at room temperature. However, in doped semiconductors (materials with impu-
rities introduced intentionally to alter their electrical properties), the Fermi level can be shifted
up or down depending on the type and concentration of dopants.

2.1.2. p-i-n junction
The p-i-n junction is a type of structure used in thin-film solar cells to create a built-in electric
field that separates photogenerated electron-hole pairs and drives them to the contacts to
produce electricity. It has three layers described here with an example of an a-Si thin-film
solar cell.

• P-layer: The p-layer, or p-type layer, is made from a semiconductor material that has
an excess of positively charged holes. This is achieved by doping the material with
impurities such as boron, which creates ”holes” in the valence band of the semiconductor,
where electrons are normally absent.

• i-layer: The i-layer, or intrinsic layer, is made from a semiconductor material that is un-
doped or lightly doped, which means it has an equal number of electrons and holes.
When sunlight strikes the i-layer, it generates electron-hole pairs.

• n-layer: The n-layer, or n-type layer, is made from a semiconductor material that has
an excess of negatively charged electrons. This is achieved by doping the material with
impurities such as phosphorus, which creates ”free” electrons in the conduction band of
the semiconductor.
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The p-i-n junction is created by stacking the three layers in the order of p-i-n. The p-layer
and n-layer are typically made thinner than the i-layer. Although some electron-hole pairs will
be created in the p- and n- layers, their main function is to create an electric field to separate
the charges created in the i-layer. Typical materials used are 𝑆𝑖𝑂𝑥 and 𝑆𝑖𝐶, which have a
high bandgap energy and therefore absorb as little light as possible. They also tend to have
more recombination sites because of the doping, so they are as thin as possible. A schematic
and the band diagram of the p-i-n junction can be seen in Figure 2.3.

Figure 2.3: Band diagram of a p-i-n junction [28]

Figure 2.4: Thin-film solar cells in superstrate and substrate configuration [35]
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When the layers are deposited in the order of p-i-n, the solar cell is said to be deposited in
the superstrate configuration. This means that the first layer deposited is also the layer through
which light enters the solar cell. Since glass forms the first layer, a conductive transparent layer
is deposited before the p-layer to collect the holes. This is called the transparent conductive
oxide, and is typically formed of metal oxide with large bandgap that allows it suppress any
parasitic absorption of sunlight. Thin-film solar cells can also be deposited in the n-i-p order,
also known as the substrate configuration. Both configurations are illustrated in Figure 2.4.

2.2. Photovoltaic Technologies
Many technologies capture solar energy using the photovoltaic effect. They differ in the types
of material used and performance under sunlight. This section explains the generations of
solar cells and expands on the properties of multi-junction devices.

2.2.1. Generations of solar cells
Over the years, there have been several generations of solar cells developed, each with its
own set of advantages and disadvantages. Here is a brief explanation of each generation of
solar cells:

1. First Generation Solar Cells (1950s-2000s): First-generation solar cells are made from
crystalline silicon, which is the most common material used for solar cells. These cells
have high efficiencies, with conversion rates of up to 26.81% [4]. However, they are also
expensive to produce and require a lot of energy to manufacture.

2. Second Generation Solar Cells (2000s-2010s): Second-generation solar cells are made
from thin-film materials such as cadmium telluride (CdTe), copper indium gallium se-
lenide (CIGS), or amorphous silicon (a-Si). These materials are cheaper to produce than
silicon, and they can be applied to flexible substrates. However, their efficiency is slightly
lower than that of first-generation cells, with the best efficiency of 23.54% achieved by
CIGS solar cells [54]

3. Third Generation Solar Cells (2010s-Present): Third-generation solar cells are being
developed to improve the efficiency and cost-effectiveness of solar energy. These cells
use advanced materials such as perovskites, which are cheaper to produce than silicon
and have the potential for higher efficiency. However, perovskite solar cells are still in
the early stages of development, and their long-term stability and durability are not yet
fully understood [30].

4. Fourth Generation Solar Cells (Future): Fourth-generation solar cells are still in the re-
search and development phase. These cells aim to address the limitations of previous
generations by using advanced materials such as graphene, metal oxides and technolo-
gies such as nanotechnology and biotechnology [36]. Some potential options for fourth-
generation cells include organic photovoltaics and biohybrid solar cells.

Overall, each generation of solar cells has brought improvements in efficiency, cost, and
flexibility, and the development of new materials and technologies will continue to drive inno-
vation in solar energy.

2.2.2. Structure and properties of multi-junction devices
The new generations of solar cells have a long way to go when it comes to acquiring a higher
market share and gaining popularity as a reliable product. Take the example of thin-film de-
vices that form the second generation of solar cell technology. The promise of the cheap,
lightweight and flexible nature of these devices promoted much research into realising these
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cells. However, crystalline silicon still leads the installed capacity with a market share of
roughly 95% [18]. Two major factors have prevented the large-scale implementation of these
devices. One is the availability of materials used in these solar cells. Cadmium telluride (CdTe)
cells have the element Tellurium which has very low availability. Copper Indium Gallium Se-
lenide (CIGS) solar cells also face the same issue as they use Indium which is a rare element
[47]. The second issue lies with the performance of these cells. The highest reported effi-
ciency for CdTe cells is 21.57% [14], for CIGS is 23.54% [54] whereas, for a-Si, this number
falls to 13.6% [41].

Multi-junction solar cell devices, also known as tandem solar cells, are advanced photo-
voltaic devices that have revolutionized the field of solar energy harvesting. These devices are
capable of achieving significantly higher conversion efficiencies compared to traditional single-
junction solar cells. The key principle behind multi-junction solar cells is the use of multiple
semiconductor layers stacked on top of each other, each with different bandgap energy. Utiliz-
ing multiple layers with different bandgaps can capture a broader range of the solar spectrum,
leading to improved efficiency.

Several technologies have been developed to create multi-junction solar cell devices, each
employing various semiconductor materials and fabrication techniques. Here are some no-
table examples:

III-V Compound Semiconductor Technology: This technology utilizes compound semi-
conductors from the III-V group of the periodic table, such as gallium indium phosphide (GaInP),
gallium indium arsenide (GaInAs), and gallium arsenide (GaAs). These materials offer excel-
lent optoelectronic properties and can absorb different portions of the solar spectrum. III-V
compound semiconductor-based tandem cells can achieve record-breaking efficiencies by
carefully designing the layer thickness and bandgap energies. For instance, in 2022, a re-
search team at the Fraunhofer ISE achieved a new efficiency record of 47.6% for a four-
junction solar cell at a concentration of 665 sun illumination1. This breakthrough utilized a
combination of III-V compound semiconductors, gallium indium phosphide (GaInP) and alu-
minum gallium arsenide (AlGaAs) bonded by Soitec onto a lower tandem solar cell made
of gallium indium arsenide phosphide (GaInAsP) and gallium indium arsenide (GaInAs), to
achieve unprecedented efficiency [20].

Figure 2.5: Solar spectrum utilization achieved by c-Si (left) and III-V multifunction device with Germanium
substrate (right)

1Concentrated Photovoltaics (CPV):CPV systems use lenses or mirrors to concentrate sunlight onto small, high-
efficiency multi-junction solar cells. By concentrating the light, the size and cost of the solar cell can be reduced
while maintaining high conversion efficiencies. CPV systems often employ multi-junction solar cell technologies to
maximize power output



2.2. Photovoltaic Technologies 9

III-V technology has also been combined with Germanium to produce high-efficiency mul-
tijunction devices [15]. This cell uses GaInP/GaInAs/Ge subcells to achieve a device with an
efficiency of 41.1% under concentrated illumination of 454 suns. This efficiency is realised
through current matching and the employment of buffer layers to overcome lattice mismatch-
ing of different materials. The spectral utilization of this device can be seen in Figure 2.5.

Perovskite-Silicon TandemCells: Perovskite solar cells have gained significant attention
due to their low-cost fabrication and high power conversion efficiencies. Researchers have
successfully combined perovskite solar cells with traditional silicon solar cells to create tandem
structures. The perovskite layer absorbs high-energy photons, while the silicon layer captures
lower-energy photons. This combination allows for broader solar spectrum absorption, leading
to impressive efficiency improvements. Furthermore, in recent years, perovskite-silicon tan-
dem cells have garnered attention for their impressive progress. In 2023, a perovskite-silicon
tandem cell produced by KAUST Photovoltaics Laboratory (KPV-Lab) achieved an efficiency
of 33.2%, breaking the previous record for a two-terminal tandem device [21]. This achieve-
ment highlights the potential of combining emerging perovskite technologies with established
silicon-based solar cells.

Micromorph Solar Cells: Micromorph solar cells are a type of tandem solar cell that
combines amorphous silicon (a-Si) and microcrystalline silicon (μc-Si) layers to improve the
efficiency of solar energy conversion. The term ”micromorph” refers to the structure of the
cell, with the thin layers of amorphous and microcrystalline silicon deposited on top of each
other. The crystal structure of these two materials is seen in Figure 2.6. The micromorph
design takes advantage of the complementary properties of a-Si and μc-Si. Amorphous silicon
absorbs higher-energy photons more efficiently, while microcrystalline silicon is better suited
for capturing lower-energy photons. By stacking these two layers, a broader portion of the solar
spectrum can be absorbed, increasing the overall efficiency of the solar cell. Micromorph solar
cells have demonstrated efficiencies of up to 14% [31].

Figure 2.6: 2D representation of Crystalline silicon (left) and amorphous silicon (right) [13]

Currently, the micromorph solar cell, along with the perovskite and c-Si tandem solar cell,
does not use the infrared region of the solar spectrum. Germanium has shown potential as a
low-bandgap material in III-V solar cells. If another bottom layer of germanium with a lower
bandgap can be added to these devices, the efficiency is expected to go higher. These devices
can, thus, become more competitive in multijunction PV technology.
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2.3. Properties of Germanium and potential as a low-bandgap ma-
terial

Germanium is a semiconductor material with properties intermediate between a metal and
an insulator. In the crystalline form, it has a structure similar to diamond and silicon, with four
valence electrons forming covalent bonds with neighbouring atoms. However, it can also have
an amorphous structure, just like silicon.

One of the key properties of germanium as a semiconductor material is its small bandgap
of around 0.67 eV in the crystalline form. This bandgap is indirect. This means that the
minimum energy point of the conduction band and the maximum energy point of the valence
band occur at different momentum values in the reciprocal lattice. In other words, the electron
transitions between the valence band and the conduction band involve a change inmomentum,
making the process less likely to occur compared to direct bandgap materials. It requires
relatively low energy to excite an electron from the valence band to the conduction band. This
makes germanium less efficient than silicon for some applications. Still, it also means that
it can be used for applications with low-energy photons, such as in infrared detectors [44].
Germanium has a direct bandgap state of 0.8 eV. Both the bandgaps can be seen in the band
structure (Figure 2.7), showing the energy levels with the wavevector. The wave vector, often
represented by the symbol ”k,” is a mathematical quantity that characterizes the momentum
of a particle, such as an electron, in the crystal lattice of the material.

Figure 2.7: Schematic of germanium band structure showing different types of energy transitions [11]

Another important property of germanium is its electron mobility, which is the ability of elec-
trons to move through the crystal lattice. Germanium has a high electron mobility compared to
many other semiconductors, meaning electrons can move quickly through the material. Ger-
manium has, thus, become a good choice for applications requiring high-speed electronics,
such as in some transistors [60].

These properties make germanium an ideal candidate as a bottom cell for PV applications.
Germanium has been used in high-efficiency multijunction solar cells where Ge is used as the
substrate [53]. However, the use of germanium as a low bandgap material for solar cells is
limited by its high cost and difficulty growing high-quality germanium crystals. Therefore, ger-
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manium is typically used only in high-efficiency, niche applications, such as in space-based
solar panels, where its superior performance justifies the higher cost [10]. The best configura-
tion cell using GaInP/InGaAs/Ge structure has obtained an efficiency of 31.7% under one sun
AM0 illumination [24].

To use germanium in large-scale PV applications, one must use techniques that are cheap
and use germanium in very low quantity. Thin-film devices manufactured using PECVD offer
the advantage of industry-proven techniques and low material use. Such a solar cell consist-
ing of hydrogenated germanium alloys would be an inexpensive addition as a bottom layer
for applications in silicon devices such as the micromorph cell described in subsection 2.2.2.
German Aerospace Center (DLR) has demonstrated a-Ge:H cells with an efficiency of 4% with
this method [3]. This research used an ultrathin n-i-p configuration in their devices.

2.4. PECVD
Germanium thin films can be produced using various deposition techniques depending on the
specific requirements and application. These include Chemical Vapor Deposition [32], Molec-
ular Beam Epitaxy [19], Physical Vapor Deposition methods, such as magnetron sputtering
[38] and evaporation [50] and electrochemical deposition [16]. Films deposited using Physi-
cal Vapor Deposition techniques were done on silicon substrates, where contamination at the
silicon-germanium interface affects the crystal growth [16]. Molecule Beam Epitaxy is per-
formed under extreme vacuum conditions (10−8 𝑡𝑜𝑟𝑟), slowing down the deposition process
compared to other techniques. The films produced are of high quality, but the manufacturing
cost can be high. Moreover, electrochemical deposition produced contaminated films with
signatures of N, C and O with a low reaction current efficiency, leading to high energy con-
sumption [16].

Plasma Enhanced Chemical Vapor Deposition (PECVD) is a thin-film deposition process
that uses plasma to enhance the chemical reaction between gases and substrate material,
creating a thin film on the surface of the substrate. PECVD is commonly used in semicon-
ductors to deposit thin films of various materials, including silicon dioxide, silicon nitride, and
amorphous silicon. In PECVD, a vacuum chamber is filled with a mixture of gases, typically
consisting of a precursor gas and a reactive gas. An electric field is applied to the gas mixture,
creating a plasma that dissociates the precursor gas molecules into reactive species, which
then react with the reactive gas to form a solid thin film on the surface of the substrate.

PECVD has several advantages over other thin-film deposition techniques, including low
substrate temperatures, which allow deposition onto temperature-sensitive materials, and high
deposition rates, which can increase production efficiency. Additionally, the use of plasma can
enhance the chemical reactivity of the gas mixture, allowing for the deposition of high-quality
thin films with excellent uniformity and conformity [58].

PECVD is widely used in the production of microelectronic devices, such as integrated
circuits, flat panel displays, and solar cells, where the ability to deposit high-quality thin films
is critical to the performance and reliability of the device. Due to its wide use and advantages
over other manufacturing techniques, PECVD is a suitable process to deposit Ge thin films for
large-scale solar PV applications.



3
Methodology

The first step to producing a good thin-film solar cell is to develop an intrinsic absorber layer
with the required properties. The first section describes previous attempts at producing hydro-
genated germanium alloys and experiments conducted in this research to improve the material
further. One can characterize such a film using various techniques described in the second
section.

3.1. Depositing the germanium intrinsic layer
This section describes the steps followed to deposit the intrinsic germanium layer. Important
parameters of the Plasma Enhanced Chemical Vapor Deposition process that can affect the
materials are described. This is followed by previous research findings describing the potential
conditions that can produce a good film. Finally, the design of experiments followed in this
research is described.

3.1.1. Ge:H Deposition
Germanium thin films are deposited on 1.1 mm thick corning gorilla glass for most measure-
ments, except for (100) silicon wafers used for FTIR measurement (refer 3.2), using the
AMIGO machine (see Figure 3.1) that performs PECVD deposition. There are seven main
parameters that can affect the material properties:

1. Germane (GeH4) flow: This is the germanium precursor gas that dissociates when added
to the plasma. Germanium atoms then combine with each other to form the layer on
the glass substrate. In some cases, the gas may not dissociate completely resulting in
radicals such GeH3 which also form a part of the layer.

2. Hydrogen (H2) flow: Apart from hydrogen originating from GeH4, hydrogen flow helps
in passivating the dangling germanium bonds at the edge of crystals forming the Ge:H
alloy.

3. Forward Power: This is the RF power that is applied to the plasma through the electrodes
4. Pressure: This is the pressure in the chamber where the deposition takes place.
5. Deposition Time: It is the time that the plasma stays on. The deposition is performed

during this time and can affect the thickness of the material.
6. Temperature: This is the temperature of the substrate.
7. Electrode Distance: This is the gap between the two electrodes in the deposition cham-

ber. The capacitance is affected by this parameter resulting in variation in the intensity
of the electric field.

12
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Figure 3.1: The AMIGO machine used to perform the PECVD depostions

3.1.2. Previous research and obtaining initial conditions for deposition
Hydrogenated germanium has been deposited by using several manufacturing techniques in
the past, such as RF [6] and DC magnetron sputtering [42], thermal evaporation [49] and glow
discharge chemical vapour deposition [26]. The first research [6] characterized the density of
the films albeit the densest films produced were really thick (∼40 𝜇m) for thin-film PV applica-
tions as the defect density would limit the output current. The second research showed that
incorporating oxygen into the samples reduces their activation energy, rendering them more
n-type. [42]. The last two research [49] [26] show a dependence of substrate temperature
on the crystal quality of the deposited films. Amorphous films are produced at low substrate
temperatures (∼200∘C), whereas high temperatures (∼ 400-500∘C) produce highly crystalline
films.

Some work has also been performed on RF PECVD processing of thin film germanium
[37] [57]. This research also corroborates the dependence of temperature on material prop-
erties such as density and crystallinity. Moreover, it was found that as the electrode spacing
increases, the photoelectronic properties of the material tend to decline.

3.1.3. Design of experiments
The initial temperature and electrode distance value were obtained from previous research
[57]. It was observed that samples processed at 275 °C and the smallest electrode gap possi-
ble for the reactor showed a refractive index (𝑛@600𝑛𝑚) above 4.65 irrespective of changes in
other parameters. 𝑛@600𝑛𝑚 has been used as an indication of material density in a variety of
materials such as thin evaporated glass films [33] and hydrogenated silicon [39]. The param-
eters were then varied to optimize the layer based on the refractive index, activation energy
and bandgap of the material obtained. All the seven parameters affecting the film properties,
except electrode distance, are varied in this research.

Previous research in the group [57] used a PECVD reactor with background gas injection.
This research uses showerhead PECVD configuration instead of background gas injection.
The showerhead typically comprises a gas distribution plate facing the substrate and an elec-
trode. The gas distribution plate has a series of evenly distributed gas holes or nozzles through
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Figure 3.2: Schematic of background gas injection (left) [25] and showerhead PECVD configuration (right) [17]

which process gases are introduced into the reaction chamber. These holes are strategically
designed to ensure a uniform gas flow and distribution over the substrate surface. A uniform
plasma generation should ensure consistent and controlled film deposition onto the substrate.
This is illustrated in Figure 3.2

The values of each parameter used are described in chapter 4 along with the observations
of the experiment. The series of experiments conducted varied the following parameters:

1. Pressure
2. Power
3. Germane to hydrogen flow ratios
4. Time of deposition
5. Substrate Temperature
6. Time of ignition of the plasma with respect to the introduction of the gases

It is important to expand on the last parameter. Typically, the plasma is ignited when the
deposition chamber is completely occupied with the reactant gases, i.e., an earlier injection
(valves are opened 15 mins before ignition). In some depositions, the plasma was ignited
right (10 s) after the gases entering the chamber, hence the earlier ignition. This experiment
explored the effect where background gases are not present in the chamber. Thus, no gases
are ”sucked into” the plasma regime when plasma is ignited.

3.2. Intrinsic Layer Characterization
Intrinsic layer characterization refers to the analysis and evaluation of the properties and perfor-
mance of the intrinsic layer within a solar cell. The intrinsic layer, also known as the absorber
layer or active layer, is a key component of a solar cell that absorbs sunlight and generates
electron-hole pairs, which are then used to generate electricity. The important properties of
the intrinsic layer are measured using seven different techniques as described in this section.

3.2.1. Spectroscopic Ellipsometry
Spectroscopic ellipsometry (SE) is a sophisticated scientific technique used to investigate the
optical properties of materials. It involves shining polarized light onto a sample and analyz-
ing how the light’s polarization changes upon interacting with the material. Valuable informa-
tion about the material’s composition, structure, and behaviour can be obtained by measur-
ing the changes in the amplitude and phase of the reflected or transmitted light. ESM-300
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spectroscopy ellipsometer manufactured by J.A. Woollam Co., Inc. was used to make the
measurements (Figure 3.3).

Figure 3.3: Spectroscopy Ellipsometer

The following properties are determined using this technique:

Refractive Index
The refractive index describes how much the material bends light. This can affect the path
length of light and therefore, a higher refractive index material would slow down the propaga-
tion of light. The refractive index is commonly denoted by the symbol n. This value is essential
in characterizing the optical parameters of the film and can often be used as a rough indication
of the density of the film [29].

The refractive index changes depending on the wavelength of light. [Born2000] This
means certain materials may allow red light to travel faster than blue light. As a result, dif-
ferent materials exhibit varying levels of reflection across other parts of the electromagnetic
spectrum. Thus, choosing one wavelength to consider for the measurements is essential. A
wavelength of 600 nm is used in this research.

Thickness and Bandgap
Moreover, spectroscopic ellipsometry can be used to analyze complex, multi-layered struc-
tures. By carefully modelling the interaction of light with each layer, one can extract informa-
tion about the thickness and optical bandgap of individual layers within the structure. The
bandgap, thus obtained called the optical bandgap 𝐸04, is the energy at which the absorption
coefficient reaches a value of 104 cm−1. The modelling is done using Cody-Lorentz fitting.

By measuring these values at different points of the thin film, one can also determine the
uniformity of the properties with the position of deposition. This is important when assessing
the homogeneity and reproducibility of the deposition.
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3.2.2. Reflectance and Transmittance measurements
Reflectance, transmittance, and absorptance refer to the optical properties of the films that
determine how it interacts with light. These properties are crucial for the efficiency of a solar
cell made using these films in converting sunlight into electricity.

1. Reflectance: Reflectance (%R), also known as reflection or reflectivity, measures the
amount of incident light reflected off the surface of a solar cell. It represents the percentage of
light that is not absorbed and transmitted by the cell but instead bounces back or is scattered
away. A lower reflectance value is desirable, as it indicates that more light passes through the
absorber layer and is utilized for energy conversion.

2. Transmittance: Transmittance (%T) refers to the ability of the film to allow light to pass
through it without being absorbed or reflected. It is the percentage of incident light that is
transmitted through the layer.

3. Absorbance: Absorptance (%A) measures the portion of incident light absorbed by the
layer. A higher absorptance value indicates that the layer effectively absorbs a larger portion
of the incident light and converts it into usable energy. A simple equation can be used to obtain
this value.

%𝐴 = 100 − %𝑅 − %𝑇 (3.1)

All these values vary with the wavelength of light. These measurements are performed
using the Lambda 1050+ UV/VIS/NIR spectrometer (Figure 3.4). UV-Vis-NIR spectroscopy is
an analytical technique that measures the percentage of discrete wavelengths of UV or visible
light absorbed by or transmitted through a sample compared to a reference or blank sample.

Figure 3.4: Lambda 1050+ UV/VIS/NIR spectrometer

3.2.3. Activation Energy and Conductivity
The activation energy (𝐸𝑎𝑐𝑡) refers to the minimum energy required to liberate an electron
from its bound state and allow it to move freely within the material. To be an effective absorber
material, the activation energy should be within a specific range. If the activation energy is too
high, only high-energy photons can generate electron-hole pairs, resulting in limited efficiency
and poor utilization of lower-energy photons. On the other hand, if the activation energy is too
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low, thermal energy alone may be sufficient to liberate electrons, causing excessive leakage
currents and decreased efficiency.

In the case of intrinsic materials, this value should be as close to half of the bandgap of
the material (𝐸𝑔𝑎𝑝). To this end, a parameter named intrinsicity is defined to characterise the
material. If this value is close to 0.5, the material is considered to be highly intrinsic. Bandgap
used for this calculation is the one obtained from SE measurements.

𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝑖𝑡𝑦 = 𝐸𝑎𝑐𝑡
𝐸𝑔𝑎𝑝

(3.2)

The activation energy can be influenced by various factors, such as the material’s band
structure, impurities, and defects. It is typically determined experimentally by analyzing the
temperature dependence of the material’s electrical conductivity or by studying the behaviour
of photocurrent under different illumination conditions.

To measure the dark conductivity, 300nm-thick parallel electrodes made of aluminium were
evaporated onto the germanium thin films. Samples were annealed at 130𝑜C for 45 mins to
fix the contacts. Dark conductivity (𝜎𝑑) was then obtained by current measured at different
temperatures descending from 130𝑜C to 60𝑜C in intervals of 5𝑜C. Voltage was fixed at 10 V
throughout the measurement, and samples were placed in a dark environment. Activation en-
ergy at 25 °C and pre-exponential factor 𝜎0 can then be calculated by the Arrhenius equation:

𝜎𝑑 = 𝜎0𝑒𝑥𝑝(−𝐸𝑎𝑐𝑡
𝑘𝑏𝑇

) (3.3)

Photoconductivity (𝜎𝑝ℎ) was also measured for a few samples to understand the perfor-
mance of the material under illumination. It is obtained by measuring the current through the
electrodes using four-point probes by varying the voltage from -1 V to 1 V under AM1.5 illu-
mination of 100 mW/cm2 and a controlled stage temperature of 25𝑜C. Resistance (R) of the
sample, thus, obtained can be used to calculate the photoconductivity using the equation:

𝜎𝑝ℎ = 𝑙
𝑅.𝐴 (3.4)

where 𝑙 is the distance between the electrodes and A is the area of the region of the cell
illuminated, i.e., the area between the electrodes.

3.2.4. Raman Spectroscopy
Raman Spectroscopy is a technique used to analyze the molecular composition and structure
of materials by studying the scattering of light. It involves illuminating a sample with a laser and
detecting and analyzing the scattered light. The scattered light carries information about the
vibrational modes of the molecules in the sample, providing insights into their chemical compo-
sition and molecular bonding. By examining the shifts in energy and intensity of the scattered
light, scientists can identify the types of molecules present and gain valuable information about
their structural characteristics, such as chemical bonds and crystal symmetry.

Renishaw InVia confocal Raman microscope was used in this research to obtain the mea-
surements with an Argon green laser operating at a wavelength of 514.5 nm. The spectra are
fitted with Gaussian distributions at Raman shifts of 177 cm−1, 230 cm−1 and 278 cm−1 corre-
sponding to amorphous germanium stretching modes [27] and another Gaussian at 300 cm−1

for crystalline germanium peak at 300 cm−1 [2]. The Gaussians are fit using Fityk freeware
[59]. Crystallinity (X𝐶) can then be calculated as

𝑋𝐶 = 𝐼𝑐−𝐺𝑒
𝐼𝑐−𝐺𝑒 + 𝛾.𝐼𝑎−𝐺𝑒

(3.5)
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Figure 3.5: RAMAN Microscope

Where I𝑐−𝐺𝑒 is the integrated area of Gaussian of crystalline germanium and I𝑎−𝐺𝑒 is the
area of Gaussian of a-Ge TO mode, the largest of a-Ge stretching modes. 𝛾 corresponds to a
correction factor for the difference in phonon excitation of c-Ge concerning a-Ge. A value of
0.85 is used. This method is reused from previous research [57].

3.2.5. X-Ray Diffraction (XRD)
X-ray diffraction (XRD) is a powerful analytical technique used to study crystal structure and
properties of materials. It involves shining X-rays onto a sample and analyzing the resulting
diffraction pattern to obtain information about the arrangement of atoms within the material.
Information about the crystal lattice parameters, such as unit cell dimensions, symmetry, and
atomic positions within the crystal, can be obtained by analysing the diffraction pattern, which
consists of characteristic peaks. A typical XRD pattern of nano-crystalline and amorphous
germanium is shown in Figure 3.6 for reference. Diffraction peaks at 27.15º, 45.30º and 53.65º
can be observed if the material is polycrystalline and no peaks are seen if the material is
amorphous [55].

Figure 3.6: X-Ray Diffraction Pattern of nanocrystalline (top 3 curves) and amorphous germanium (bottom two
curves) [55]. The bump observed around 22° comes from the glass substrate.
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3.2.6. Fourier Transform Infrared Spectroscopy (FTIR)
Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique used for material
characterization. It involves analyzing the interaction of the material with infrared light to under-
stand its composition and structural properties. FTIR can provide detailed information about
the chemical bonds and functional groups by subjecting the material to a broad range of in-
frared wavelengths and applying a mathematical technique called the Fourier transform. This
information is crucial for evaluating the performance and efficiency of solar cells, as it helps
identify impurities, defects, and degradation mechanisms that may affect their overall function-
ality.

To prepare the samples for this measurement, germanium is deposited on (100) oriented
crystalline silicon wafers. These wafers are then compared with a sample crystalline silicon
wafer from the same batch to remove the background spectrum. This measurement is used to
identify the presence of oxygen caused by the oxidation of germanium, indicating the chemical
stability of the material. One can also identify Ge:H stretching modes located at 560 cm−1,
1875 cm−1 and 1980 cm−1. A typical FTIR spectrum seen for an oxidized germanium film can
be seen in Figure 3.7.

Figure 3.7: Fitted FTIR spectrum of a typical Ge:H film after oxidation [57]

3.2.7. Energy Dispersive X-ray Spectroscopy (EDX)
Energy Dispersive X-ray Spectroscopy (EDX) is a technique used to analyze the elemental
composition of a material by detecting characteristic X-rays emitted when the material is ex-
posed to high-energy X-ray radiation. In this research, it is used to detect oxidation in the
thin-film material. Oxygen has characteristic X-ray emission lines that are distinct from the
other elements in the film. The degree of oxidation can be assessed by measuring the inten-
sity and distribution of these oxygen X-rays. The typical sensitivity of EDX measurements is
1% atomic weight.



4
Results

This section presents the results obtained from experiments described in subsection 3.1.1 per
characterization techniques described in section 3.2. They are explained in five sections. The
first section covers the homogeneity of the films, second section describes the crystal structure
of the material, third section covers the experimental results of varying different parameters
and the fourth section explores the stability of the material. Lastly, the results are discussed
to answer the three research questions described in the introduction.

4.1. Homogeneity of films
In the initial set of experiments, germanium films were deposited on 10cm x 10cm corning
gorilla glass. This size of sample would cover the full area of the substrate holder in the
PECVD chamber. It was done to determine whether the films have uniform material properties
throughout the deposition area. After the films were deposited, SE measurements were taken
for 9 points spread uniformly across the sample as illustrated in Figure 4.1.

Figure 4.1: Points of measurement on the germanium film

Thickness was used as the parameter to understand the homogeneity of films. It was
calculated for each point with respect to the centre of the film (point 5). Table 4.1 shows the
values for one of the samples. The values were obtained from the following simple relation:

𝐻𝑜𝑚𝑜𝑔𝑒𝑛𝑒𝑖𝑡𝑦 = 𝑇 ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑝𝑜𝑖𝑛𝑡
𝑇 ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠𝑐𝑒𝑛𝑡𝑟𝑒

(4.1)

To understand the homogeneity across samples, average homogeneity was calculated
from the nine measurements from one sample, which was then compiled for other samples.

20
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Table 4.1: Homogeneity of one of the samples

Sample point Thickness Homogeneity
1 215.4 0.939
2 217.5 0.948
3 215.5 0.94
4 226.9 0.989
5 229.3 1
6 227.5 0.992
7 219.5 0.957
8 222 0.968
9 218.9 0.954

The centre point of the sample was used to normalize other values as it was the thickest point
in most cases. For example, the sample shown in Figure 4.1 had an average homogeneity
of 0.965. The process was repeated for 20 films, out of which 16 films showed an average
homogeneity greater than 90%. The samples below this level were either processed at higher
pressure (6 or 8 mbar) or higher power (30 W). Therefore, controlling the deposition homo-
geneity in these processing regimes is harder. The list of values for all films can be found in
Appendix A. The depositions are, thus, considered homogenous and other measurements
such as Raman and activation energy were done for only one point on the sample.

4.2. Crystallinity of films
The crystal structure of thin films in thin-film solar cells is crucial in determining their perfor-
mance and efficiency. The crystal structure refers to the arrangement and orientation of atoms
or molecules within the thin film material. The crystal structure affects the movement of charge
carriers (electrons and holes) within the thin film. A well-ordered crystal structure with fewer
defects and higher crystallinity facilitates efficient charge carrier transport, reducing losses
due to recombination. Amorphous films are, thus, designed to be thinner when integrated into
solar cells.

Figure 4.2: Fitted Raman spectrum for one of the samples showing the Gaussian peaks at various stretching
modes
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The structure has been identified using two different measurement techniques. Raman
spectroscopy was performed for all samples to identify the intensity of vibration modes de-
scribed in subsection 3.2.4. Figure 4.2 shows a typical spectrum obtained for amorphous
samples. All the amorphous germanium stretching modes at 177 cm−1, 230 cm−1 and 278
cm−1 are visible in the sample. The c-Ge peak at 300 cm−1 was not seen in any of the samples
suggesting that the material is amorphous. The absence of this peak would also mean that
the crystallinity value cannot be obtained for any of the samples. The amorphous nature of
the material was also confirmed by the XRD measurement of one of the samples. Figure 4.3
shows no peaks corresponding to Ge crystal orientations at 27.15º, 45.30º and 53.65º were
detected. Other samples have a similar Raman profile shape, leading to the assumption that
all films are amorphous.

Figure 4.3: XRD measurement of one of the samples showing the absence of Ge crystal peaks

4.3. Bandgap approximation from RT measurements
The bandgaps presented later in this section have been extracted from the SE measurements.
However, RT measurements can also determine the optical bandgap described as 𝐸𝑜𝑝𝑡. The
absorption spectrum of the material is calculated from reflection and transmission spectra.
The bandgap corresponds to the minimum energy required for an electron to transition from
the valence band to the conduction band, leading to an absorption edge in the spectrum. By
analyzing the onset of absorption, the bandgap energy can be determined. This method has
been used to cross-verify the bandgap values obtained from SE measurements.

The analysis performed for one of the samples is seen in Figure 4.4. The optical bandgap
(𝐸𝑜𝑝𝑡) has been calculated using a MATLAB code shared in Appendix B. It interpolates data to
obtain the point where the absorption is 0%. For this sample, the bandgap obtained from the
absorption profile was 0.81 eV which was very close to the value obtained from SE measure-
ments, i.e., 0.84 eV. Some samples did not reach the value of 0% absorption for the range of
wavelengths measured. A linear fitting was performed for these samples to approximate the
bandgap as shown in Figure 4.5. This approximation gave a value of 0.84 eV compared to
0.86 eV obtained from SE measurements for one of the samples.
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Figure 4.4: Absorption profile and approximation of bandgap at the onset of absorption
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Figure 4.5: Absorption profile and extrapolation of bandgap by linear fitting

The percentage difference between the values for all samples can also be seen in Fig-
ure 4.6. This difference is calculated as:

%𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 𝐸𝑜𝑝𝑡 − 𝐸04
𝐸𝑜𝑝𝑡

(4.2)

Please note that the absolute value of the difference is plotted. 22 out of all 30 samples
produced have a value of less than 6%. Accordingly, it can be argued that the bandgap of the
material is indeed in the range measured by both RT and SE measurements.
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Figure 4.6: Histogram showing the distribution of % difference between 𝐸𝑜𝑝𝑡 and 𝐸04

4.4. What are the suitable deposition conditions for intrinsic films?
As mentioned in subsection 3.1.1, several deposition parameters were varied to evaluate their
effect on the film properties. The variations in key parameters such as refractive index, acti-
vation energy, the bandgap of materials etc, are covered. Deposition conditions that give the
ideal film properties are covered. Finally, an ideal refractive index is discussed to corroborate
some findings.

4.4.1. Effect of Power and Pressure
In the first series of deposition, both pressure and power were varied across nine samples.
Other important parameters such as temperature, germane and hydrogen flows and deposi-
tion time were held constant. The substrate temperature was kept at 275 °C, and electrode
distance was set at the lowest value possible by the equipment (13 mm), per findings from
[57]. It was important to vary the pressure and power again to understand the effect of the
showerhead configuration during PECVD. The values are listed in Table 4.2

Table 4.2: Deposition conditions for Pressure and Power variation series

Input Parameter Value
Electrode gap 13 mm

Deposition Pressure (p) 4, 6 ,8 mbar
RF Power (P) 10, 20, 30 W

Germane flow Rate 2 sccm
H2 flow rate 200 sccm

Substrate temperature 275 °C
Time 2000s
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(a) Deposition Rate (b) Refractive index @ 600nm

(c) Bandgap (𝐸04) (d) Activation Energy (𝐸𝑎𝑐𝑡)

(e) Dark Conductivity (f) Intrinsicity

Figure 4.7: Results showing the effect of power and pressure on material properties
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Deposition rate has been presented instead of thickness to compare samples with different
deposition times. The results shown in Figure 4.7a are inconclusive regarding the variation of
the deposition rate (𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 ) with power, but it was observed that all the films pro-
duced are over a micron thick under these conditions. More thickness-related data is covered
in Appendix C. Moreover, pressure and power are observed to correlate positively with de-
position rate, which agrees with literature [40]. As seen in Figure 4.7b, the refractive index is
above 4.9 for all samples except one processed at a pressure of 8 mbar. Another important
observation is the low activation energy seen in Figure 4.7d for samples processed at 8 mbar
at higher power.

The other results presented in Figure 4.7 show that low pressure of 4 mbar gives more
stable results regardless of power. Higher activation energy and lower dark conductivity are
seen for all samples processed at a power of 10 W, resulting in high intrinsicity as seen in
Figure 4.7f. It should also be noted that the intrinsicity seems to go below the ideal value
of 0.5 for samples processed at higher power. This can be attributed to a lower deposition
rate, leading to denser films with low defect density. Thus, the next batches of samples were
processed at a power of 10W. At lower pressures, the intrinsicity seems to be higher, and the
material is also denser, with the trends more consistent. The pressure of 8 mbar was, thus,
discontinued in the next depositions.

4.4.2. Effect of Pressure and Germane content
Based on the observations from the previous run, the next series of depositions fixed the
power at 10 W. A pressure of 8 mbar is also not conducive to producing good films. Thus, the
pressure was varied as 4 mbar, 5 mbar and 6 mbar. The deposition time was reduced from
2000 s to 500 s to obtain thinner films that were more representative of the films that would be
used for the solar cell. Moreover, germane and hydrogen flow rates varied per values shown
in Table 4.3. Higher germane content was explored in this series as it can affect the density
and porosity of the material. An ideal germane content level with suitable material properties
can, thus, be identified. With these settings, a total of 12 samples were produced. The rest of
the conditions are the same as Table 4.2. Here, the germane content is calculated as:

𝐺𝑒𝐻4 𝐶𝑜𝑛𝑡𝑒𝑛𝑡(%) = 𝐺𝑒𝐻4 𝑓𝑙𝑜𝑤 ∗ 100
𝐺𝑒𝐻4 𝑓𝑙𝑜𝑤 + 𝐻2 𝑓𝑙𝑜𝑤 (4.3)

Table 4.3: Deposition conditions for Pressure and Germane Content series

GeH4 Flow (sccm) H2 Flow (sccm) GeH4 Content (%)
200 2 0.99 (∼1)
100 2 1.96 (∼2)
100 8 7.41 (∼8)
0 8 100

A clear relationship exists between germane content and deposition rate as seen in Fig-
ure 4.8a. With an exception for samples processed at a pressure of 5 mbar, the deposition
rate increases with germane content. This could be attributed to the higher availability of ger-
mane radicals in the plasma or lower hydrogen etching in the film [57]. A higher deposition
rate is undesirable as it allows for less control over the growth mechanisms of the films, im-
pacting their reproducibility. Reproducibility is important if the material is used as a solar cell
absorber layer in mass-produced solar cells. As seen in Figure 4.8b, the refractive index is
lower for samples processed at high germane content of ∼8% and 100%. It is relatively stable
for samples processed at a pressure of 4 mbar. These observations point toward using low
germane content for better films. This was also seen by Vrijer et al. [57]
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(a) Deposition Rate (b) Refractive index @ 600nm

(c) Bandgap (𝐸04) (d) Activation Energy (𝐸𝑎𝑐𝑡)

(e) Dark Conductivity (f) Intrinsicity

Figure 4.8: Results showing the effect of germane content and pressure on material properties. The deposition
time was reduced from 2000s to 500s
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As for the effect of pressure, samples processed at a pressure of 6 mbar show a higher
bandgap than other samples at low germane content, as seen in Figure 4.8c. Moreover, these
samples do not achieve intrinsicity (Figure 4.8f) above 0.4, unlike the samples processed
at lower pressures. Combining this with declining intrincisity seen at higher power from the
previous batch makes this pressure an undesirable processing regime. Samples processed
at a pressure of 4 mbar and 5 mbar show lesser variation in their bandgap when compared
to samples processed at 6 mbar. The highest intrinsicity and activation energy (Figure 4.8d)
is still seen for samples processed at 4 mbar, albeit with higher germane content. Samples
processed at 5 mbar seem to perform better than samples at 4 mbar in terms of 𝐸𝑎𝑐𝑡 and
dark conductivity but lose this advantage at higher germane content values. Further research
could be done to fine-tune the optimum pressure in the 5 mbar or lower range. Moreover,
more research into the optimum germane content was performed in this study. However, with
the present results, the pressure of 4 mbar is a sensible design choice for intrinsic material.

4.4.3. Effect of Temperature and Early Ignition
With the observations from the second series, a pressure of 4 mbar was considered suitable
for film properties. Nine samples were made in three sets in the last series of intrinsic depo-
sitions. The germane content was reduced further as a higher hydrogen concentration would
reduce the defect density by passivating more dangling bonds, and it might be possible to
hit the nano-crystalline regime, which would have a lower bandgap. A slow deposition rate
should give more time for the crystals to develop. 𝐺𝑒𝐻4 at ignition might lower the deposition
rate even further and make it possible to control the growth and potential crystallization better.
Lower temperatures were also explored in this experiment. Even though the literature shows
that higher temperature gets better films, the application within a solar cell might be complex.
The doped layers might be destroyed when exposed to high temperatures. The samples and
deposition conditions are listed in Table 4.4. Pressure, Power and electrode distance were
fixed at 4 mbar, 10 W and 13 mm, respectively.

Samples were deposited on two substrates: 10 cm x 2.5 cm corning gorilla glass slices and
(100) oriented crystalline silicon half-wafers. Germanium was deposited on crystalline silicon
wafers for FTIR characterization. FTIR characterization was done to look for the presence of
oxygen.

Table 4.4: Deposition conditions for temperature and early ignition series. Germane content was also varied for
these samples

H2 Flow (sccm) GeH4 flow (sccm) GeH4 Content (%) Temperature (°C)
200 1 0.49 (∼0.5)

225200 2 0.99 (∼1)
200 3 1.48 (∼1.5)
200 1 0.49 (∼0.5)

275200 2 0.99 (∼1)
200 3 1.48 (∼1.5)
200 1 0.49 (∼0.5)

275 - early ignition200 2 0.99 (∼1)
200 3 1.48 (∼1.5)
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(a) Deposition Rate (b) Refractive index @ 600nm

(c) Bandgap (𝐸04) (d) Activation Energy (𝐸𝑎𝑐𝑡)

(e) Dark Conductivity (f) Intrinsicity

Figure 4.9: Results showing the effect of germane content, temperature and early ignition on material properties.
Ignition was done after 10s of gas injection instead of 30 minutes.
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As expected, samples with germane content of∼1.5% show the highest deposition rates as
seen in Figure 4.9a. Yet these samples have the lowest bandgaps, high activation energy, low-
est dark conductivity and highest intrinsicity among all three categories. Samples deposited
with ∼1% germane content showed an unusual decline in deposition rate compared to ones
deposited at ∼0.5%. It may be due to instability in the plasma conditions, as this rate is much
lower than seen in the previous samples. A lower deposition rate also leads to a higher den-
sity at both temperatures ignoring the effect of early ignition for samples processed at ∼1%
germane content as seen in Figure 4.9b.

To look at the effect of temperature, samples deposited at 225 °C have a lower refractive
index than those at 275 °C, ignoring the effect of early ignition. This is in line with results seen
by Vrijer et al. ([57]), where it is argued that a higher substrate temperature facilitates denser
films. Also, these samples perform better in activation energy, dark conductivity and intrinsicity.
The effect on bandgap is inconclusive.

As for the effect of early ignition, the sample processed at ∼1.5% germane content has
shown better material properties in terms of bandgap, activation energy and intrinsicity. A
higher deposition rate is seen for ∼1.5% and ∼0.5% germane content. The density from re-
fractive index measurements does not reflect the expected decreasing density pattern as the
sample processed with ∼0.5% germane content shows a rise in refractive index. Other prop-
erties, such as activation energy and dark conductivity, also show inconclusive trends. The
inconsistency in results can be attributed to instability in plasma conditions at low germane
concentrations. 𝐺𝑒𝐻4 dissociates faster than what is fed into the chamber, and the role of 𝐻2
dilution is to prevent gas phase polymerization [46]. Low germane content assists in achiev-
ing a uniform plasma with lesser polymerized groups such as 𝐺𝑒2𝐻6 and 𝐺𝑒3𝐻8. Still, early
ignition can lead to poor intermixing of gases, resulting in an unstable plasma. It is possible
to achieve good films with this setting, but more depositions are required to confirm the repro-
ducibility of films. Since the bandgap and intrinsicity improve for all samples, germane content
of 1-1.5% can be explored in depositing cells.

4.4.4. Ideal Density of films
The refractive index has been used as a metric to understand the density of the amorphous
tissue. The plots of other parameters with the refractive index can be used to identify the ideal
material properties to watch for when depositing intrinsic films. Since the film is to be used as
a low bandgap material, the plots of bandgap (𝐸04), activation energy (𝐸𝑎𝑐𝑡) and intrinsicity
can be observed in the figures.

The effect of pressure on both the refractive index and the bandgap of the films is seen in
Figure 4.10. The bandgap decreases with the refractive index for films processed at the same
deposition pressure. So, the bandgap goes down if the films have a higher density at the same
deposition pressure. At the same time, the bandgap goes up with decreasing pressure which
explains the overall rising trend. The rise of bandgap with decreasing pressure may come
from the decreasing size of the individual amorphous structures as the material becomes more
dense [1]. As these structures reach a nanosize, it can lead to quantum confinement that can
increase the band energy of each structure. More analysis needs to be performed to confirm
if this is the case. Density Function Theory calculations with Hybrid Functional (HSE06), as
performed by Abdullah in [1], can be repeated for germanium to confirm if this is the case.
It requires determining the dislocation density and size of the nanostructures, which can be
obtained from Transmission Electron Microscope (TEM) measurements.
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Figure 4.10: Plot showing the bandgap (𝐸04) varying with refractive index

Figure 4.11: Plot showing the bandgap (𝐸𝑎𝑐𝑡) varying with refractive index
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Figure 4.12: Plot showing the intrinsicity (𝐸04) varying with refractive index

The activation energy (Figure 4.11) also increases with pressure. The effect of the re-
fractive index on the activation energy is inconclusive, but a higher variation is seen at the
refractive index higher than 5. Moreover, intrinsicity (Figure 4.12) increases with the refractive
index. This means that denser materials can achieve higher activation energy and intrinsicity,
which is probably because denser materials are closer to the crystalline phase and can have
fewer defects such as voids in the lattice. In such a case, one can find a sweet spot of refrac-
tive index between 4.7-4.9 where the bandgap is not too high and intrinsicity and activation
energy is not too low. These values are obtained when the pressure is between 4-5 mbar,
germane content is between 1-2%, and power is 10W. The temperature range from 225 °C to
275 °C was also observed to give these results.

4.5. Stability expermients
These sets of experiments were performed to understand the degradation in properties of the
intrinsic films when exposed to environmental factors. Two types of degradation are studied:
light-induced degradation and oxidation in air. The results for each are presented as follows.

4.5.1. Oxidation in air
As soon as the films are deposited, they are kept in a vacuum chamber to prevent post-
deposition oxidation. Oxidation can lead to the growth of the 𝐺𝑒𝑂𝑥 layer as Ge dangling
bonds react with oxygen molecules in the air. Oxidation induces defect states in the lattice
with energy close to the conduction band [57]. Thus, it can result in the degradation of activa-
tion energy. Oxidation has been monitored for two sets of samples in separate experiments
using two different techniques. Both techniques look for oxygen signatures.

Seven samples were selected for the first study. These samples were taken from the
first and second series of depositions and were all processed at a pressure of 4 mbar. The
pressure of 4 mbar was chosen for these films as it was identified as an ideal processing
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regime. Samples from the first series were processed with different RF power settings, i.e. 10
W, 20 W and 30 W. Samples from the second series were processed with germane content of
0.5%, 1%, 1.5% and 8%. No samples were selected from the third series, as the study was
performed before these depositions.

(a) Sample before exposure

(b) Sample measured after two months

Figure 4.13: Results of EDX testing for one of the samples. This sample was processed at a power of 10 W and
germane content of 0.99%

EDX measurements for these samples were performed right after removing them from the
vacuum chamber to understand the initial elemental composition. Samples were then exposed
to air in an indoor environment for two months, following which EDX measurement was done
again to see any change in composition. The result for one of the samples can be seen in
Figure 4.13. The spectrum shows absolutely no change in elemental composition. The ratio of
large Ge peak to small peak was ten initially (18K/1.8K) and stayed the same after two months
(7.2K/0.72). Four more samples were similarly exposed and measured and showed a similar
trend where no significant rise in oxygen signature was detected. Results for these samples
can be found in Appendix D.

The second set of samples was picked from the last run of depositions, where the films
were deposited on crystalline silicon substrates. FTIR measurements were performed on the
films after deposition and after two weeks of indoor air exposure. The fitted FTIR spectra



4.5. Stability expermients 34

for three samples are shown in Figure 4.14. Samples are chosen from each of the three
temperature settings, i.e., 225 °C, 275 °C, and 275 °C but with early ignition.

(a) Sample processed at 225 °C after deposition (b) Sample processed at 225 °C measured after two weeks

(c) Sample processed at 275 °C after deposition (d) Sample processed at 275 °C measured after two weeks

(e) Sample processed at 275 °C with early ignition after
deposition

(f) Sample processed at 275 °C with early ignition measured
after two weeks

Figure 4.14: Results of FTIR measurements for selected samples deposition and after two weeks exposure

FTIR spectrum of sample processed at 225 °C shows the presence of Ge:H stretching
modes located at 560 cm−1, 1875 cm−1 and 1980 cm−1. The high stretching mode (HSM)
located at 1980 cm−1 is missing for the other two samples deposited at 275 °C. These samples
are less porous since HSM occurs at GeH bonds present at nanosized pores [56]. The peak
visible around 1100 cm−1 refers to the SiO𝑥 stretching mode coming from the substrate. This
peak shows an additional SiO𝑥 stretching mode for the Sample processed at 275 °C with early
ignition, which was only 96 nm thick. It was deposited at the lowest germane content of 0.5%.
No sign of GeO𝑥 peaks seen in Figure 3.7 at 860 cm−1 is observed in any of the samples.
Also, the difference in the relative size of peaks for the sample processed at 275 °C may be
attributed to the weak FTIR signature of the sample in its first measurement.
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4.5.2. Light-Induced Degradation
It is commonly known that light affects the performance of solar cells. Light-Induced Degrada-
tion (LID) in hydrogenated a-Si, also known as the Staebler-Wronski effect, was discovered in
1977 [52]. The efficiency of solar cells degrades within the first few hours of light exposure due
to the creation of metastable defects on the a-Si layer. Although this effect is studied in cells,
observing its effect on hydrogenated germanium thin films deposited in this research can give
important insights into its use as an absorber material. Samples for this study were the same
as the ones used for the oxidation study via EDX.

Figure 4.15: Plot showing the photoresponse of films with time

The thin films were exposed to a light source of 700𝑊/𝑚2 that mimicked the AM1.5 spec-
trum at a stage temperature setting of 50 °C for multiple time intervals, namely 0 hr (no light
soaking), 1 hr, 18.5 hrs and 83 hrs. Dark conductivity, activation energy and photoconductivity
were measured at each interval per the procedure described in subsection 3.2.3. The ratio
of 𝜎𝑝ℎ and 𝜎𝑑, also known as the photoresponse, is also calculated to understand the effect
on photoconductivity irrespective of changes in dark conductivity. The plot showing the evo-
lution of photoresponse with time can be seen in Figure 4.15. For the labelling of samples, P
denotes power, and G denotes the germane content, followed by the value of the condition.
All samples from the power (P) series were processed at a germane content of ∼1%, and all
from the germane (G) content series were processed at a power of 10 W. Sample G1 showed
outlier values. In contrast, all other samples were observed to have values between 1% and
2.4%.
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(a) % Change in Dark Conductivity for power series (b) % Change in Dark Conductivity for germane series

(c) % Change in 𝐸𝑎𝑐𝑡 for power series (d) % Change in 𝐸𝑎𝑐𝑡 for germane series

Figure 4.16: Evolution of dark conductivity and activation energy after LID testing for selected samples (Note
that the results are plotted from a value of 0.1 instead 0h on the x-axis due to a logarithmic scale)

To compare the changes over time, % change in each value is plotted in Figure 4.16 and
Figure 4.17. The samples from power series and germane series samples are plotted side-
by-side. Figure 4.16 shows that all samples, except one, deviate less than 3% from their
initial values of dark conductivity and activation energy. This extra shift can be attributed
to measurement error and may not reflect any physical phenomenon affecting the thin films.
Moreover, most samples show an improvement in these properties where dark conductivity de-
creases and activation energy increases. This decrease in dark conductivity can be attributed
to several factors. It typically indicates a decrease in the mobility of electrons or holes or a
modification in the distribution of defect densities within the bandgap [22].
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(a) % Change in photoconductivity for power series (b) % Change in photoconductivity for germane series

(c) % Change in Photoresponse for power series (d) % Change in Photoresponse for germane series

Figure 4.17: Evolution of photoconductivity and photoresponse after LID testing for selected samples (Note that
the results are plotted from a value of 0.1 instead 0h on the x-axis due to a logarithmic scale)

The photoconductivity of all films increases after the first hour of light soaking. So the
decrease in mobility of charge carriers can be ruled out. However, this effect is reduced with
time. Perhaps, there is an initial rearrangement of defect states caused by fast switching
between thermal/light generation and recombination of charge carriers. The reason can be
attributed to the low bandgap and the high absorption coefficient of germanium compared to
amorphous silicon, where this effect is not observed. Photoresponse also follows 𝜎𝑝ℎ as there
is limited change in 𝜎𝑑. The results show very little degradation in the photoresponse of the
films for the duration of soaking. If there is an initial rearrangement of defect states due to
annealing, the samples are seen to degrade with time. If this experiment is continued for a
longer period, degradation from initial values may be observed.
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4.6. Discussion
4.6.1. How intrinsic is the material?
The material is considered intrinsic if the activation energy lies in the middle of the bandgap.
Thus, the value of intrinsicity should be close to 0.5. Figure 4.18 shows the variation of acti-
vation energy with bandgap with a trendline denoting the target value for the films. 7 of the
16 samples processed at 4 mbar lie close to the trendline. Other pressure conditions do not
show this consistency, thus, supporting the processing condition chosen for the depositions.
The list of bandgap, activation energy and intrinsicity values for all samples can be found in
Appendix E.

Figure 4.18: Plot showing the Activation energy (𝐸𝑎𝑐𝑡) varying with Bandgap (𝐸04)

4.6.2. What was the effect of using the showerhead configuration?
Previous research in the group [57] had produced numerous films which were deposited in a
direct PECVD reactor. This research started with the hypothesis that a showerhead PECVD
configuration can improve the properties of the deposited films. To verify the hypothesis, the
samples are compared to previous results and are presented in the following figures.

Figure 4.19 shows the distribution of activation energy with the bandgap of the material
along with the trendline representing the target intrinsicity of the samples. The green dots are
the new Ge films developed during this research. These films are observed to have a much
lower bandgap and higher activation energy than the Ge films deposited previously (black
dots). The dots are also closer to the trendline showing that the samples are more intrinsic.
The average bandgap of the samples from one set to the other goes down by roughly 36%.
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Figure 4.19: Plot showing the Activation energy (𝐸𝑎𝑐𝑡) varying with Bandgap (𝐸04). Data is obtained from this
research and [57]

The increase in average activation energy from the previous Ge batch is roughly 50%. An
improvement in activation energy can be attributed to the absence of an oxygen signature
that can introduce defect states which are more n-type [57].

This suggests that the showerhead configuration has led to lower porosity in the samples as
oxygen occupies the sites with larger pores. The showerhead configuration may have affected
the reactivity of Ge-radicals and the consequent growth of the film. Since germane dissociates
more freely and has a higher reactivity when compared to silane [46], the surface mobility of
germane is expected to be lower [5]. Vrijer et al. [57] had argued that void integration in the
film might be surface diffusion controlled similar to that observed in amorphous silicon [48].
Thus, the surface mobility of Ge-radicals must have increased due to showerhead injection
as gases are injected close to the substrate with a higher speed due to distributed flow from
showerhead pinholes. Ge-radicals can travel more freely and require lesser activation energy
to reach a site which would otherwise be void. The threshold temperature observed by Vrijer
et al. [57] above which films were dense enough to prevent post-deposition oxidation could
have come down as seen from the FTIR results of temperature in subsection 4.5.1
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Figure 4.20: Plot showing the Dark conductivity (𝜎𝑑) varying with activation energy (𝐸𝑎𝑐𝑡). Data is obtained
from this research and [57]

Variation of dark conductivity with activation energy is seen for all the samples in Fig-
ure 4.20. Dark conductivity is known to go down with rising activation energy for various
semiconductors [51] [23]. This is also seen in the new Ge films (green dots) deposited in this
research compared to previously deposited germanium films (black dots) [57]. Lower dark
conductivity confirms the fact that the activation energy of the samples is higher than before.
The two figures also show that intrinsic Ge films can be obtained without Sn precursor. This
simplifies the development of a low-bandgapmaterial that can be processed without a complex
amalgamation of raw materials and fewer variables to keep track of.



5
Conclusion

The aim of this research was to process and characterize hydrogenated germanium films to
use them as a low bandgap intrinsic absorber layer for p-i-n structure solar cells. The films
were deposited using PECVD. Three research questions were defined at the beginning of this
research. These are answered one by one.

What are the deposition conditions for obtaining intrinsic germanium films?

Investigation of parameter space for PECVD depositions was done by depositing 30 films to
find the optimum conditions for obtaining intrinsic films. All the films produced were amorphous
in nature. The conditions varied were power, pressure, germane to hydrogen flow ratios, depo-
sition time, substrate temperature and ignition time of the plasma to the introduction of gases.
It was found that dense intrinsic films are obtained at a pressure of 4 mbar, power of 10W and
germane to hydrogen flow ratio of 1-1.5%. Higher pressure and power resulted in inconsistent
or poor activation energy and bandgap results. Refractive index in the range of 4.7-4.9 was
observed for most films deposited at these conditions.

What is the influence of exposure to air and light on the films?

When the samples are exposed to air, films could develop an oxide layer which is detrimental
to material properties such as activation energy. EdX measurements were performed on films
after two months of exposure following which no oxygen signature was detected. Moreover,
some films were also monitored using FTIR which can detect any Ge-O vibration. No sign of
oxygen was detected for these samples after two weeks of air exposure.

The film was also exposed to light for a total of over 80 hours. Dark conductivity was
observed to reduce with exposure and photoresponse showed an initial rise followed by a
declining trend. The initial jump in the first hour could be due to the rearrangement of defect
states due to annealing. For the duration of exposure, photoconductivity did not degrade
below the initial value. Since degradtion observed under Staebler-Wronski effect is generally
highest in the first 10 hours of lightsoaking, material is not expected degrade significantly if
this duration is further increased.
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Has the showerhead PECVD configuration helped in improving film quality?

Previous research had deposited Ge:H films using a direct PECVD reactor. It was hypoth-
esized that a showerhead configuration in the reactor can lead to better control of reaction
mechanics giving films with desired material properties. After comparing the films with the pre-
vious depositions, it was found that some of the new films were indeed intrinsic. The films are
observed to have a lower bandgap and higher activation energy than the previous Ge films.
An improvement in activation energy can be attributed to the absence of an oxygen signature
that can introduce defect states which are more n-type.

The research has, thus, proven its objective of producing intrinsic hydrogenated germa-
nium films. The layer can be used as an intrinsic layer in a p-i-n structure device, paving the
way for a new generation of high-efficiency solar PV devices.



6
Recommendations

The research has demonstrated the procedure to produce and characterize intrinsic hydro-
genated germanium films. However, several steps in the process could be improved for better
characterization and processing of films, making them suitable as low bandgap material. The
recommendations for future research are covered in this chapter.

Firstly, some parameters in the processing could be explored further to optimize the film
properties. Samples processed at a pressure of 5 mbar also showed the potential to be a low
bandgap material. These samples had a lower bandgap, albeit with higher activation energy.
The pressure range can be explored between 4-5 mbar in future research. Another parameter
that can be explored is the germane content. Low germane content levels of 1% resulted in
an unstable plasma in the last series. To obtain reproducible results, it is recommended that
more samples could be made with germane content in the range of 1-2%. The effect of early
ignition of plasma on the film properties shows potential, but more samples should be made
to understand the effect with certainty.

Secondly, the photoconductivity of the films was found to improve and then degrade under
exposure to light. Although the films were not found to degrade below the initial levels, the
effect of long-term exposure cannot be ruled out. Future studies should expose the films for
more than 100 hours to understand the effect completely. Regarding the oxidation experiment,
samples can be exposed to DI water which has a stronger chance of oxidizing the films.

Thirdly, there were some issues in determining the crystallinity of the samples using Ra-
man spectroscopy. Using XRD for the samples confirmed the structure of the material. More
in-depth analysis can be performed on crystallinity at different conditions of depositions and
exposure to environmental conditions.

Lastly, the bandgap of the films has been characterized optically, but the real application
of the films lies in their integration in cells. Thus, future research should integrate the cells into
p-i-n devices to test the performance in a single junction a-Ge solar cell. External Quantum
Efficiency and Current-Voltage characteristics of the cell could quantify the electrical bandgap
and potential collection of charge carriers.
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A
Homogeneity of Samples

The thickness homogeneity of the samples was an important parameter to gauge the uniformity
of depositions and can be used to predict the stability of the plasma. The thickness of the
samples was normalized with respect to the centre. The values are listed for the initial 20
samples. Notes have been added for points with homogeneity of less than 90% to elicit the
deposition condition that could have affected the plasma.

Table A.1: Homogeneity data

Sample Sample point Homogeneity Average Homogeneity (%) Notes

M18198

1 0.912

96.55

2 0.95
3 0.914
4 0.95
5 1
6 0.966
7 0.917
8 0.924
9 0.927

M18199

1 0.92

91.9

2 0.92
3 0.87
4 0.94
5 1
6 0.94
7 0.88
8 0.93
9 0.87

M18200

1 0.418

71.98 Power - 30 W

2 0.425
3 0.407
4 0.704
5 1
6 0.656
7 0.974
8 0.985
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9 0.91

M18201

1 0.974

97.24

2 0.983
3 0.951
4 0.979
5 1
6 0.962
7 0.962
8 0.998
9 0.94

M18202

1 0.918

97.27

2 0.96
3 0.958
4 0.995
5 1
6 0.995
7 0.979
8 0.993
9 0.955

M18203

1 0.896

93.88

2 0.935
3 0.995
4 1.075
5 1
6 1.031
7 0.997
8 0.786
9 0.734

M18204

1 0.847

87.23 Pressure - 8mbar

2 0.85
3 0.841
4 0.855
5 1
6 0.9
7 0.862
8 0.856
9 0.84

M18205

1 0.835

94.49

2 0.825
3 0.828
4 0.926
5 1
6 0.938
7 1.055
8 1.068
9 1.066

M18206

1 1.046

101.13

2 0.991
3 0.973
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4 1.034
5 1
6 1.043
7 1.014
8 0.994
9 1.006

M18303

1 0.939

96.55

2 0.948
3 0.94
4 0.989
5 1
6 0.992
7 0.957
8 0.968
9 0.954

M18304

1 0.942

96.52

2 0.966
3 0.938
4 0.968
5 1
6 0.968
7 0.961
8 0.99
9 0.953

M18305

1 0.980

98.92

2 1.013
3 0.950
4 1.008
5 1
6 0.978
7 0.999
8 1.005
9 0.969

M18306

1 0.85

92.70

2 0.947
3 0.909
4 0.942
5 1
6 0.964
7 0.885
8 0.938
9 0.908

M18307

1 0.931

94.93

2 0.955
3 0.928
4 0.969
5 1
6 0.949
7 0.934
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8 0.977
9 0.916

M18308

1 0.913

94.61

2 0.940
3 0.909
4 0.976
5 1
6 0.95
7 0.934
8 0.977
9 0.916

M18309

1 0.886

93.39

2 0.939
3 0.920
4 0.969
5 1
6 0.953
7 0.915
8 0.945
9 0.88

M18310

1 0.735

77.14

2 0.89
3 0.71
4 0.746 Pressure - 6 mbar
5 1
6 0.783 Germane content - 0.5%
7 0.656
8 0.770
9 0.654

M18311

1 0.869

96.77

2 0.908
3 0.874
4 0.975
5 1
6 0.975
7 1.034
8 1.057
9 1.017

M18312

1 0.797

90.04

2 0.922
3 0.938
4 0.836
5 1
6 0.987
7 0.789
8 0.908
9 0.926

M18313

1 0.83

86.85

2 0.874
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3 0.805
4 0.895
5 1
6 0.878
7 0.854
8 0.866
9 0.815



B
Optical Bandgap Analysis

TheRTmeasurements of the sample were used to estimate the optical bandgap of thematerial.
The following Matlab code first calculates the absorbance, and then plots it against photon
energy. It calculates the intercept of the plot with the x-axis to give this value. If no intercept
is found, the user can fit a manual line using the figure window to find a rough intercept.

1 %This program roughly estimates the optical bandgap of the material from
2 %the absorbance profile.
3 %Inputs are the reflectance and transmission profiles
4

5 %Import data
6 filename = 'M18198';
7 ref_file = strcat('M:\ewi\ee\pvmd\pvmd-shared\Measurements\Hyet\Tasks\Tasks J - 

GeSn\Task J68 - reproduce GeH\First Deposition\Reflectance Data\',filename, '.
Sample.raw.csv');

8 rf = readtable(ref_file);
9 tra_file = strcat('M:\ewi\ee\pvmd\pvmd-shared\Measurements\Hyet\Tasks\Tasks J - 

GeSn\Task J68 - reproduce GeH\First Deposition\Transmittance Data\',filename, '
.Sample.raw.csv');

10 t = readtable(tra_file);
11 rf = renamevars(rf,["nm","x_R"],["Wavelength (nm)","R"]);
12 t = renamevars(t,["nm","x_T"],["Wavelength (nm)","T"]);
13

14 %Calculate absorbance and visualise
15 Absorbance = join(rf,t);
16 Absorbance.A = 100 - Absorbance.R - Absorbance.T;
17

18 plot(Absorbance.("Wavelength (nm)"),Absorbance.A);
19

20 %Plotting with photon energy and calculating intercept if exists, if not
21 %then manual line can be fit to find the intercept
22 h_nu = 1239.7./rf.("Wavelength (nm)");
23 Eopt = interp1(Absorbance.A,h_nu,0)
24

25 plot(h_nu, Absorbance.A);
26 xlim([0 4])
27 xticks(0:0.1:4)
28 ylim([-10 100])
29 xlabel("Photon energy (eV)")
30 ylabel("%A")
31 hold on
32 plot(Eopt, 0, 'm*', 'MarkerSize', 10);
33 yline(0)
34 hold off
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C
Thickness Data

Data presented earlier in the report showed the deposition rate values. The following table
gives the thickness values for all samples.

Table C.1: Thickness of all samples

Sample No. Thickness (nm) Deposition Conditions

M18198 1006
M18199 1404
M18200 1393 Pressure - 4,6,8 mbar
M18201 1216 Power - 10,20,30 W
M18202 1469 Germane Content - 1%
M18203 1609 Substrate Tempurature - 275 °C
M18204 1283 Deposition Time - 2000 s
M18205 1265
M18206 1573

M18303 229.3
M18304 264
M18305 652.3
M18306 1012 Pressure - 4,5,6 mbar
M18307 249 Power - 10 W
M18308 287.4 Germane Content - ∼1%,
M18309 1716 ∼2%, ∼8%, 100%
M18311 1071.2 Substrate Temperature - 275 °C
M18310 127 Deposition Time - 500 s
M18312 193.4
M18313 564
M18314 1408

M18503 86.2
M18504 76.6
M18505 156 Pressure - 4 mbar, Power - 10 W
M18506 78.7 Germane Content - 0.5%, 1%, 1.5%
M18507 41.8 Substrate Temperature - 225 °C
M18508 184.4 275 °C, 275 °C (with early ignition)
M18509 97.6 Deposition Time - 500 s
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M18510 29.9
M18511 336.5



D
EdX Data

EdX measurements were performed to detect the signature of oxygen after 2 months of air
exposure. 5 samples were measured for signature. One of them was shown in chapter 4. The
results for the rest of the samples are covered here.

(a) M18199 measured before exposure

(b) M18199 measured after two months

Figure D.1: Results of EDX testing for M18199 measured initially and after two months exposure

M18199 (Figure D.1) was taken from the first series, where the samples were over a micron
thick due to a high deposition time of 2000 s. No oxygen signature was detected.
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(a) M18303 measured before exposure

(b) M18303 measured after two months

Figure D.2: Results of EDX testing for M18303 measured initially and after two months exposure

M18303 (Figure D.2) was picked from the second series of depositions where the deposi-
tion time was 500s. This led to a thinner film deposition and thus, there is a silicon and oxygen
signature observed from the substrate. The relative peak of Ge to Oxygen is still found to not
change after 2 months. Although Si signature is observed to rise, it is possible that Silicon
may have diffused into the sample over this time period. The presence of Al and Ca can be
attributed to contamination from surroundings or impurities in the substrate.
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(a) M18304 measured before exposure

(b) M18304 measured after two months

Figure D.3: Results of EDX testing for M18304 measured initially and after two months exposure

A similar pattern is seen for M18304 (Figure D.3), another one of the thinner samples with
no extra oxygen signature.
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(a) M18306 measured before exposure

(b) M18306 measured after two months

Figure D.4: Results of EDX testing for M18306 measured initially and after two months exposure

M18306 (Figure D.4) was also picked from the second series. This sample was deposited
with germane flow only and was found to be over a micron thick. Thus, no Si or oxygen
signature was seen from the substrate.



E
Intrinsicity

Data related to the bandgap, activation energy and intrinsicity are the most important param-
eters when characterizing a low-bandgap material. This data is presented here. Samples are
divided as per their deposition condition series. Intrinsicity is calculated as follows

𝐼𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐𝑖𝑡𝑦 = 𝐸𝑎𝑐𝑡
𝐸04

(E.1)

Table E.1: Bandgap, activation energy and intrinsicity data for all samples

Sample No. 𝐸04 (eV) 𝐸𝑜𝑝𝑡 (eV) 𝐸𝑎𝑐𝑡 Intrinsicity

M18198 0.84 0.805 0.454 0.54
M18199 0.83 0.895 0.428 0.516
M18200 0.8 0.778 0.39 0.487
M18201 0.86 0.84 0.454 0.54
M18202 0.81 0.81 0.311 0.385
M18203 0.73 0.72 0.137 0.188
M18204 0.89 0.86 0.425 0.477
M18205 0.84 0.86 0.228 0.272
M18206 0.74 0.69 0.224 0.303

M18303 0.895 0.938 0.259 0.29
M18304 0.88 0.94 0.262 0.297
M18305 0.924 0.922 0.413 0.447
M18306 0.92 0.819 0.402 0.437
M18307 0.88 0.906 0.336 0.382
M18308 0.93 0.918 0.384 0.413
M18309 0.88 0.885 0.33 0.375
M18312 0.93 0.784 0.249 0.268
M18310 0.95 0.829 0.241 0.254
M18311 1 1.026 0.296 0.296
M18313 0.875 0.903 0.276 0.315
M18314 0.89 0.8 0.341 0.383

M18503 1.014 0.91 0.36 0.355
M18504 1.03 1.01 0.375 0.364
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M18505 0.994 1.05 0.412 0.414
M18506 1.027 0.99 0.34 0.331
M18507 0.993 0.97 0.208 0.209
M18508 0.97 0.96 0.347 0.358
M18509 0.847 0.88 0.38 0.448
M18510 0.986 0.95 0.215 0.218
M18511 0.85 0.88 0.462 0.543
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