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Abstract

The prospective and current performance of chalcogenide mate-
rials, such as Cu(In,Ga)(S,Se): (CIGSSe) are well known in the thin film pho-
tovoltaics technology. However, CIGSSe material still has a lot of untapped
potential, especially the wide band gap materials with E; = 1.4 eV. Wide
band gap CIGSSe material may offer a material with the ideal band gap for
single junction solar cells or a top cell for multijunction solar cells. Unfor-
tunately, research into the wide band gap materials have yet to result in a
high efficiency device, likely due to the incompatible n-type material for the

heterojunction coupling.

In this work, a numerical study on the n-type layer of a
CIGSSe-based photovoltaics were conducted to understand the contribu-
tion of the n-type materials on the device performance, the physical mech-
anisms, and the design rules for a suitable n-type material. It was found that
a low electron affinity material is crucial to achieve a high Vy. by the im-

provement of interface passivation and contact selectivity.

In addition, a novel n-type material was developed through the
alloying of ZnO and GeQO, resulting in an alternative low electron affinity

material for wide band gap CIGSSe-based photovoltaics. The film was



produced through the MOCVD method, utilizing tetramethoxygermanium
as the Ge-precursor. By characterising the Zn-Ge-O films, it has been veri-
fied that higher [Ge]/([Zn] + [Ge]) lead to lower electron. The crystallog-
raphy of the single films was also affected, resulting in a polycrystalline
structure at lower [Ge]/([Zn] + [Ge]) and the aggregation of nanocrystals at
higher [Ge]/([Zn] + [Ge]) . Initial evaluations of the samples’ electronic
properties and its potential application in chalcogenide solar cells indicate
promising outcomes, suggesting that the Zn-Ge-O thin film could serve as

a viable alternative for the n-type layer in these solar cells in the future.

Keyword: CIGS solar cells; thin-film heterojunction; open-circuit volt-

age; n-type layer; buffer layer; transparent conductive oxide
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Chapter 1  Introduction

1.1 Overview on Climate Change

Ever since the issue of global warming—and the encompassing
climate change—was cemented in the awareness of the global society
through the formation of Intergovernmental Panel on Climate Change
(IPCC) in 1988 [1], the topic has rapidly transformed from a “possible bleak
future” into a “current emergency crisis” that everyone has to live with.
Across the globe, not only people are experiencing the record heatwaves in
decades, but also dealing with the larger implication of such disruption in

a large and sensitive system such as our global weather system.

Some of those detrimental impacts can be directly witnessed by
the ever increasing maximum and minimum annual temperature as shown
in Figure 1-1, or the occurrence and intensity of extreme storms portrayed
in Figure 1-2. These global mapping of weather events illustrated the ten-
dency of those weather events based on historical data up to 2020, and the
projection of future events up to the end of the century based on models
that were ever perfected by those historical records. Based on these data
driven observations, the Working Group 1 (WG1) of IPCC has reached cer-

tain conclusions regarding our climate’s future.



In their 6" Assessment Report (AR6) published in 2021, WG1 was
virtually certain that the intensity, duration, and frequency of extreme high
temperature will increase over most inhabited land areas [2]. They also
claimed with high confidence that although in most regions the change in
magnitude of the high temperature will be in proportion to global warming
(i.e., 1.5° C of annual highest temperature increase for 1.5° C of global mean
temperature increase), in some other places like the middle latitudes and

polar regions the augmentation would be non-linear to the global warming

levels [3].

In the report, IPCC GW1 also identified from the best-track and
homogenized tropical cyclone data, there have been a 6% per decade in-
crease of the global tropical cyclone intensity for the last four decades. In
addition, there is evidence that suggest the intensification rates (i.e., the
manner in which tropical cyclones escalate from lower category storm to
higher category storm) and the frequency of rapid intensification occur-
rences have also increased during the same period[4-6]. They concluded
that it is likely that tropical cyclone instances, intensity, and frequency will

increase in the future, especially in the Pacific northwest[7].
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Figure 1-1 Projected changes in (a—c) annual maximum temperature (TXx) and (d—f) annual
minimum temperature (TNn) at 1.5°C, 2°C, and 4°C of global warming compared to the 1850-1900
baseline. IPCC Sixth Assement Report, Working Group 1, 2021.
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Figure 1-2 Summary schematic of past and projected changes in tropical cyclone, extratropical
cyclone, atmospheric river, and severe convective storm behaviour. IPCC Sixth Assement Report,
Working Group 1, 2021.



The overall increase of the mean temperature on itself will have
a significant and direct impact to the quality of life of the human race. Cer-
tain regions on earth that are currently densely populated might be inhab-
itable in the future dude to the increase urban heat-island effect. In combi-
nation with the changes of the meteorological conditions, extreme air pol-
lution episodes will also occur in the already highly polluted environments.
In turn, these phenomena will reduce water availability, destabilise build-
ings, and disrupt local and global transportation system. Considering the
human displacement that will inevitably follows, this vicious circle will end

in a catastrophic, if not apocalyptic, result for the human race[8].
1.2 Overview on Energy

In recent time, we have come to understand that the Earth’s cli-
mate system is an enormous and highly complex system, and post-indus-
trial revolution human activities in multiple sectors have unfortunately con-
tributed in the acceleration of the climate change. Therefore, participation
and cooperation across different sectors is requisite in the mitigation efforts.
In order to limit global warming between 1.5°C to 2°C, revolutionary steps
have to be taken in urban planning, transportation, industry, agriculture,
and energy —both in reformation and future development. In the purpose
of this thesis however, we will focus on the mitigation efforts required in

the energy sector.



1.2.1 Global Energy Consumption and Energy Crisis

Energy consumption in the 21t century has witnessed significant
shifts and transformation, both from the supply side and the consumption
side. As our awareness and understanding of the human-influenced climate
change heightened, this first quarter of the century have seen a major in-
crease in renewable sources, such as hydro, wind, and solar power, as
shown in Figure 1-3 [9, 10]. The majority of these sources are converted into
electricity sources and distributed towards industrial, commercial, and res-
idential uses. The traditional energy sources such as coal, oil, and natural
gas, though still dominating the market, are slowly decreasing or stagnating.
From the consumption side, one of the major energy transitions is occurring
in the transportation sector, where electrification of personal, commercial,
and public transportation is gradually phasing out the use of petrol in that
sector. It is a major effort towards a more sustainable future, considering
transportation account for around 27% of total global energy consumption

in 2019 (Figure 1-4).
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The rapid growth of the electric vehicle (EV) market is illustrated
in Figure 1-5. Based on the data from International Energy Agency (IEA) in
the last decade, the market share of EV for the cars and vans has spiked up
from virtually non-existent in 2010 to accounting for approximately 13% of
the sales in 2022. A similar phenomenon was also seen in the two-wheelers
market where the market share has grown more than 15 folds in 2022 com-
pared to 2010. A more moderate growth in the large-vehicles market were
also noted by IEA, specifically for buses and trucks. Since large-vehicles are
responsible for mass transportation and commercial product distribution,
this change would also bring a significant impact in mitigating the environ-
mental impact of human activity. It can also be noted from the figure, that
the majority of the sales is happening in China, followed by Europe for cars

and vans, and India for two-wheelers.

In addition to shifting our energy supply to a more sustainable
option, recognizing the significance of energy security is also crucial. IEA
defines energy security as “uninterrupted availability of energy sources at
an affordable price”[11]. In the short term, energy security pertains to the
capacity of the energy system to swiftly respond to unforeseen shifts in the
balance between energy supply and demand. In the last five years only, nu-
merous global and local human-influenced calamity, both direct and indi-

rect, have brought into picture the fragility of current energy system.
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Figure 1-5 Comparison of the electric vehicles sales share in 2010 and 2012 by vehicle type and
country. Figure is adapted from IEA.

In 2019, massive power loss occurred in the Java and Bali islands
in Indonesia due to a single major transmission line issue, leaving more than
100 million people, major industries, and the capital city, Jakarta, without
power for about 20 hours[12]. Extreme weather as an impact of climate
change caused once-in-a-century grievous drought event in Brazil in 2021.

For a country that relied on hydropower for more than 66% of its electricity



generation[13], the drought brought extremely serious energy crisis that re-
sulted in steep cost for customers, and increase in fossil fuel consumption
to meet the energy demands[14]. Another dire energy crisis in the recent
years was brought by conflict cause by the Russian invasion of Ukraine in
2020. In response to the humanitarian crisis, the international community,
including European Union (EU), imposed international sanctions against
Russia as an effort to discourage the continuation of the war. In response,
Russia, as the third largest petroleum producer and the second largest nat-
ural gas producer in the world [15], had decided to stop supplying its re-
sources to certain countries. As a result, millions face sudden price hike in
their energy cost while also facing food crisis in 2022[16], in the middle of

winter for the norther hemisphere[17, 18].

These examples underlined vulnerability of the global energy
systems on all segments: supply, distribution, and consumption. The future
will likely bring more failures on aging existing energy systems, more se-
vere climate change ramifications such as flood, drought, and extreme
weathers, and more human-to-human conflicts due to the diminishing nat-
ural resources and displacement. Decentralised and diversified energy sys-

tem is required to guarantee energy security for the future society.



1.2.2 Renewable Energy Sources

In recent years, renewable energy has emerged as a pivotal focus
area in global efforts to mitigate climate change and ensure our survival as
a species. With mounting concerns over dwindling fossil fuel reserves, en-
vironmental degradation, and the ever-worsening climate consequences,
researchers, policymakers, and grassroot movements delve into the multi-
faceted aspects of renewable energy to guarantee a smooth and swift tran-

sition for clean energy sources.

As the examples in Section 1.1 have demonstrated, climate
change threatens both short-term and long-term energy security of our so-
ciety. In terms of the short-term security, unlike fossil fuels, which are vul-
nerable to price volatility and geopolitical risks, renewable energy resources
are inherently domestic and widely distributed, reducing dependence on
imported fuels. It also allows for decentralization of energy supply, allow-
ing local generation and reducing the vulnerability of the supply and dis-
tribution system. Renewable energy sources are also more versatile and
scalable in their operation compared to large fossil fuel plants currently in
operation, thus very responsive to fluctuation of supply and demand. In
addition, for the long-term security, renewable energy resources are virtu-
ally inexhaustible, widely available, providing a stable and enduring en-
ergy supply. Diversification of energy mix and curtailment on fossil fuel

dependence to reduce environmental impacts are inherent long-term
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benefit of the transition to renewable energy. Moreover, renewable energy
technologies have witnessed significant advancements, leading to im-
proved efficiency, cost reductions, and scalability, making them increas-

ingly competitive with conventional energy sources.

In 2021, renewable sources account for 28.7% of global electricity
generation according to IEA. The rapid acceleration of wind and solar PV
capacity shown in Figure 1-6 is responsible for the notable growth in renew-
able energy share for the past decade. The transition towards bioenergy
source is also steadily growing. Despite the potential, the growth of geo-

thermal and ocean source is still stalling[19].
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Figure 1-6 Growth of renewable energy power generation by technology 2010-2021. Figure is
adapted from IEA.

Our primary emphasis will be on the application of photovoltaic

cells for harnessing solar power among various renewable resources. The

11



utilization of solar energy through photovoltaic cells encompasses a broad
spectrum of applications, spanning from terrestrial to extra-terrestrial set-
tings, as well as encompassing both small and large-scale power generation.
The generation of electricity through this method is environmentally
friendly, as it is carbon-free and operates through a distinct mechanism in

contrast to traditional mechanical-to-electrical processes.
1.3 Current Status of Photovoltaics
1.3.1 Theoretical Efficiency Limit of Photovoltaic cell

The efficiency of photovoltaic cells is constrained by the band
gap, which is a fundamental property of the semiconductor material used.
The band gap represents the energy difference between the valence band
(where electrons are bound) and the conduction band (where electrons are
free to move). If the band gap is too large, photons with lower energy cannot
generate electron-hole pairs, leading to a loss of potential energy conversion.
On the other hand, if the band gap is too small, higher energy photons are
absorbed, but excess energy is wasted as heat rather than being converted
into electricity. Therefore, finding the optimal band gap for a photovoltaic
cell is crucial to maximize its efficiency by efficiently harvesting photons
across a broad range of energies and minimizing energy losses due to ther-

malization.

12



The Shockley Quisser limit, also referred to as the SQ limit or de-
tailed balance limit, represents the maximum theoretical efficiency achiev-
able by photovoltaic cell of an ideal band gap. It was initially computed in
1961 by William Shockley and Hans J. Queisser for silicon-based photovol-
taic cells operating at 1.1 eV with an efficiency of 30% [20]. Subsequent re-
finements to this value considered additional factors such as the globally
measured solar spectra (A.M 1.5G), reflective back surfaces, and materials
with band gaps that offer improved spectrum matching. For a photovoltaic
cell utilizing a 1.34 eV band gap, the maximum theoretical efficiency could

be enhanced to 33.7% [21].

Currently, based on the data compiled by the National Renewa-
ble Energy Laboratory (NREL) mapped in Figure 1-7, the latest highest ef-
ficiency record for a single-junction photovoltaic cell without concentrator
is GaAs with 27.8% conversion efficiency[22]. GaAs has the band gap of
1.42 eV, which is close to the ideal band gap for a photovoltaic cell derived
by Shockley and Queisser. Figure 1-8 showed the SQ limit of different pho-
tovoltaic cell materials, and their recent efficiency record[23]. As can be un-
derstood from the figure, the development in several photovoltaic cell ma-
terials have almost caught up with the aforementioned theoretical efficiency
(blue circles). Several others however, still have a lot of room for develop-
ment (green and red circles), either through material engineering or photo-

voltaic cell device structure engineering.
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Some of the prospective ternary or quaternary compound semi-

conductor materials in Figure 1-8 also possess a unique characteristic that
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allows for tuning or modification of its band gap energy. adjusting the band
gap, the material can be tailored to match the solar spectrum, maximizing
the absorption of photons across a wide range of energies. This flexibility
enables more efficient utilization of solar radiation, as it allows for the cus-
tomization of the band gap to better match the incident light source. There-
fore, materials such as Cu(In,Ga)(5,Se): (CIGSSe), Cu2ZnSnSs (CZTS), or
perovskite arguably have the untapped potential of an ideal band gap pho-

tovoltaic cell.

Another pathway to maximising the energy conversion of pho-
tons through the photovoltaic device is through the multijunction photo-
voltaic cell design. A multijunction photovoltaic cell is a specialized type of
photovoltaic cell composed of multiple single junction photovoltaic cells,
each with a different band gap. The band gap of each junction is optimized
to absorb specific ranges of wavelengths effectively as shown in Figure 1-9.
Typically, in the structure of a multijunction photovoltaic cell, the junction
with the widest band gap is placed on top to capture higher energy photons
from shorter wavelengths. The subsequent junctions in the stack have pro-
gressively narrower band gaps, with the photovoltaic cell with the narrow-
est band gap positioned at the bottom. This arrangement reduces thermali-
zation losses for higher energy photons and transmission losses for lower

energy photons.

15
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Figure 1-9 An illustration of multijunction photovoltaic cell design and the optimisation of photons
absorption for specific wavelength range at each junction

The theoretical efficiency of a multijunction photovoltaic cell, as-
suming an infinite number of cells, can reach up to 68.2% under 1 sun con-
ditions [24]. In practical applications, such as tandem photovoltaic cells
with two cells of different band gaps or triple junction photovoltaic cells,
the maximum theoretical efficiencies under 1 sun are around 50% and 56%,
respectively [25]. Empirical evidence supports these theoretical estimates,
demonstrating that multijunction photovoltaic cells outperform single junc-

tion cells, with some already surpassing the Shockley Quisser limit.

16



One of the common methods for integrating the junctions in mul-
tijunction photovoltaic cells is called mechanical stacking. In mechanical
stacking, individual photovoltaic cells are stacked on top of each other with
external electrical connections. Each junction operates independently, con-
verting photons into electrical charges, which are then transported through
individual contacts. This method is technically simpler and easier to fabri-
cate, as it does not require current matching and allows for more flexible
combinations of band gaps for each junction. However, a challenge of this
method is the need for a transparent back contact to allow longer wave-
length photons to pass through to the next junction. While Transparent
Conductive Oxide (TCO) is commonly used as the front contact, further re-
search is necessary to develop novel materials for the transparent back con-

tact.

An alternative method for integrating the junctions in multijunc-
tion photovoltaic cells is monolithic integration. Unlike mechanical stacking,
monolithic integration involves series-connecting the junctions through the
bulk of the cell, similar to a single junction photovoltaic cell. This integra-
tion method requires only one front contact and one back contact. It is cru-
cial to achieve current matching between the junctions to prevent carrier
recombination between the layers. The quality of the interfaces between the
top, middle, and bottom cells is also critical to minimize recombination

caused by defects at the interfaces. However, the utilization of rare metals

17



and the need for high precision manufacturing contribute to the high pro-

duction cost of this type of photovoltaic cell.
1.3.2 Photovoltaic Technologies

Broadly speaking, the materials used in photovoltaic technology
can be divided into five categories: crystalline Si (c-Si), thin-film, organic,

dye-sensitized, and perovskite.

Crystalline Si can be further divided into monocrystalline and
multicrystalline technologies. Monocrystalline Si has the longest research
and development history compared to any other materials, going back to
1955 for the first reasonably operating photovoltaic cell[26]. Answering the
challenge of lowering the production cost, multicrystalline Si wafer was be-
gan to be used in 1980 by Solarex [27]. In 2018, panels made of c-Si photo-
voltaic technology still dominated the market with 75% share[28]. However,
his was a decrease from 2014 where they made up 92% of the photovoltaic
panels in the market [29]. The current efficiency record for c-Si photovoltaic

technology is 26.8% by LONGi [30].

Due to the absorption coefficient material limitation, c-Si unfor-
tunately has to be bulky and rigid, which limits the application potentials.
Thin-film photovoltaic cells, on the other hand, took advantage of materials
with high absorption coefficient, and thus enabling very thin layers to form

a pn-junction device. Some of those materials are Cu(In,Ga)(5,Se): (CIGSSe),
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CdTe, and amorphous Si (a-Si). Although not as high as c-Si yet, the effi-
ciency of thin-film technologies is slowly catching up with 23.35% for
CIGSSe by Solar Frontier [31], 22.1% for CdTe by First Solar[32], and 10.2%
for a-Si by AIST[33]. The thin-film technology is crucial in the development

of multijunction solar cell.

Organic semiconductor solar cells, also referred to as organic
photovoltaics (OPVs) or organic solar cells, are a specific kind of solar cell
that employs organic materials as the active layer. These organic materials
are typically composed of conjugated polymers or small molecules pos-
sessing semiconducting characteristics. Current efficiency record for OPV
is 18.1% [34]. One of the advantages of organic semiconductor solar cells is
their potential for low-cost production. However, the stability and the du-
rability of OPVs are still underperformed compared to inorganic semicon-

ductor.

Dye-sensitized solar cells (DSSCs), also referred to as Gratzel
cells, are a specific kind of solar cell that employs a semiconductor material
sensitized by a dye to convert sunlight into electrical energy. Typically, the
dye consists of an organic molecule capable of absorbing light, commonly
derived from ruthenium complexes or organic dyes. The dye was adsorbed
by a wide-band gap semiconductor to form a transparent conducting sub-
strate. One of the advantages of DSSCs is their ability to capture a wide

range of sunlight wavelengths, including both visible and infrared light.
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This makes them effective in low-light conditions and enables their use in
indoor or cloudy environments. Currently, the efficiency record of DSSC is
at 15.2%[35]. One of the main research focuses is stability, as the organic

dyes tend to degrade over a period of time.
1.4 Overview of CIGSSe-based Photovoltaic

CIGSSe photovoltaic technology is a type of thin-film solar cell
that has gained significant attention since its first development in the
1970s [36, 37]. In the last 50 years, the technology has progressed very far
from a plain CulnSe:/CdS pn-heterojunction [36] to a more complex
Mo/Cu(In,Ga)(S,Se)/CdS/ZnO/ZnO:Al/Al structure[31]. From the commer-
cial perspective, CIGSSe photovoltaics can be manufactured using low-cost
and scalable processes, such as sputtering or evaporation, making them eco-
nomically attractive. Additionally, CIGSSe solar cells can be deposited on
flexible substrates, enabling the production of lightweight and flexible solar
panels suitable for various applications. In this section, some key points on
recent CIGSSe photovoltaics development will be briefly mentioned. These

topics will be further expounded in Chapter 2.

The recapitulation of CIGSSe photovoltaics development can be
seen in Figure 1-10. There are some of the significant checkpoints in the
journey of CIGSSe research and development. These checkpoints have be-

come the foundation of current high efficiency CIGSSe photovoltaics, but
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also presented future challenges for other CIGSSe applications such tandem

solar cell technology.
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Figure 1-10 Progression of laboratory scale CIGS solar cell efficiency record.

For example, molybdenum (Mo) has been practically established
as CIGSSe back contact material by the virtues of being chemically and me-
chanically stable throughout the CIGSSe photovoltaic device growth pro-
cess [38]. The interfacial layer formed between Mo and CIGSSe, and the vol-
ume morphology have made this material irreplaceable [39, 40]. However,
the low light transmission of Mo makes it unsuitable back contact material

in the case of top cell application in tandem photovoltaics.

In regards of CIGSSe absorber, band gap grading and post dep-
osition treatment have dramatically improved the open circuit voltage V.

and the efficiency of CIGSSe photovoltaics. Through three-stage
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co-evaporation method developed by NREL, the ratio of [Ga]/[Ga+In]
across the absorber’s bulk could be controlled, resulting in variety of energy
band gap level at different depth of the absorber[41]. The introduction of
various alkali elements from the surface of CIGSSe have also been noted to
affect the electrical properties of the absorber and the pn-junction inter-

face[42-45].

As a heterojunction solar cell, CIGSSe photovoltaics presented a
unique challenge in regards of material coupling. Up until recently,
CdS/ZnO double n-type layers had been the preferred combination to pro-
duce high performing CIGSSe photovoltaics[46]. However, considering the
environmental impacts, the development of Cd-free CIGSSe has been at the
forefront of research interest in the recent years[31, 47]. In addition, the pn-
junction interface of heterojunction solar cells has also been found to have
a significant impact on the solar cell performance. Therefore, interface engi-
neering and alternative n-type materials for CIGSSe absorber are the cur-

rent focal point of the field[48-50].
1.5 Overview of Transparent Conductive Oxide

Transparent conductive oxide (TCO) is an essential component
that has revolutionised the modern electronics part. From our personal de-
vices to multifunctional facades, biochemical/environmental sensors to

photovoltaic panels, and wearable electronics to transparent heaters, TCOs
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play a big role in implementing and improving these electronic devices[51].
TCOs are a class of semiconductor materials that inhibit wide optical band
gap around the ultraviolet range (E; > 3.2 eV). Therefore, these materials
have high transparency on the visible light wavelength with transmit-
tance > 80%. TCO materials also have conductivity close to that of metals,
which can be induced by doping[52]. In addition, they also reflect near in-

frared and infrared wavelengths[53].

TCO was first studied by Badeker in 1907 in his work on CdO
thin films prepared by sputtering and thermal oxidation, in which the trans-
parent films showed to possess electrical conducting property[54]. This
ground-breaking research paved the path to further discoveries of other
TCO materials, dominated by p-block heavy metals such as SnO2, In20, ZnO,
Gaz0s, TLOs, etc.[55]. Innovations through novel ternary and quaternary
transition metals oxide compounds such as Zn-SnOs, GaInOs, Zn2In20s, etc.
were also shown to have potentials in the variety of TCO application[56].
Considering the massive impact TCO has to modern electronic devices, ef-
forts were made to boost the durability, lower the manufacturing cost, and

improve the environmental impact of TCOs[57].

ZnO is one of the attractive TCOs for numerous applications, es-
pecially because of the low-cost material source and non-toxicity. ZnO is
direct band gap semiconductor with relatively wide band gap and huge ex-

citon binding energy[58]. The peculiarity of ZnO has been attributed to the
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high ionization energy of oxygen, the highest among the elements in group
VI. This high ionization energy was claimed to result in a strong interaction
between the Zn (3d) and O (2p) orbitals in ZnO [59]. In regards to doping,
efficient doping with group III elements dopant could decrease the film re-

sistivity dramatically [60].
1.6 Research Objectives

The current efficiency of single junction CIGSSe solar cells with
a band gap of approximately 1.0-1.2 eV is approaching 25%, which repre-
sents the current record. In order to achieve even higher efficiency with a
single junction solar cell, it is necessary to utilize materials with wider band
gaps, around 1.4 eV, to achieve better spectral matching. Additionally, the
development of all CIGSSe tandem solar cells for increased yield requires a
chalcopyrite top cell with an efficiency surpassing 20%. CIGS: material
shows promise in fulfilling both requirements. However, while significant
progress has been made in the research of CIGSe: solar cells, there has been
limited investigation into pure sulfide CIGS: solar cells in comparison.
Therefore, we aim to elucidate the fundamental mechanisms within the n-
type layers of thin film heterojunction solar cell such as CIGSSe in regards
to the carrier generation and transport. Such research is crucial to achieve

high-efficiency solar cells with wider band gaps.

24



In addition, a novel n-type layer material will be explored in this
study, focusing on ZnGeO thin film transparent conductive oxide as an al-
ternative n-type layers for CIGSSe-based photovoltaics. The research will
involve the synthesis of ZnGeO thin films using metal-organic chemical va-
pour deposition (MOCVD), followed by characterisation and thorough in-
vestigation of their optoelectronic properties and crystallography of the
novel material. Up to date, there has been no fundamental research done on
ZnGeO transparent conductive oxide for thin-film heterojunction photovol-

taics.
1.7 Thesis Outline

The thesis will be organized into four main chapters that pro-
gressively delve into different aspects of photovoltaic technology and ma-

terials.

Chapter 1 serves as the introduction to the thesis and covers var-
ious important topics. It begins by providing an overview of climate change,
emphasizing the need for sustainable solutions to address the environmen-
tal challenges we face. Following that, a discussion on energy takes place,
including an exploration of global energy consumption and the energy cri-
sis. The significance of renewable energy sources is highlighted, showcas-
ing their potential to mitigate climate change and promote a sustainable fu-

ture. The chapter then delves into the current status of photovoltaics,
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offering insights into the theoretical efficiency limit of photovoltaic cells and
examining different photovoltaic technologies. Additionally, an overview
of CIGSSe-based photovoltaic technology is provided, focusing on its struc-
ture and key components. The role of transparent conductive oxide (TCO)
in enhancing photovoltaic cell performance is also discussed. Finally, the
research objectives of the thesis are outlined, clarifying the goals, address-
ing knowledge gaps, and describing the methodology that will be em-

ployed throughout the study.

Chapter 2 focuses specifically on CIGSSe-based photovoltaics.
The chapter begins with an introduction to the topic, providing background
information and setting the context for further discussions. It then proceeds
to discuss the device structure of CIGSSe-based photovoltaics, highlighting
key components such as the substrate, back contact, Cu(In,Ga)(S,Se)2 p-type
absorber layer, and buffer and window layers. The chapter explores the
technological advancements in CIGSSe photovoltaics, starting with the de-
velopment of CIGSSe tandem solar cells, which have the potential to en-
hance efficiency through the combination of multiple absorber layers. Ad-
ditionally, alternative n-type buffer layer materials will be investigated as
potential alternatives to improve device performance. The chapter also in-
troduces the concept of buffer-free CIGSSe solar cells, which offer a novel

approach in the field. Overall, this chapter aims to provide a comprehensive
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understanding of CIGSSe-based photovoltaics and the advancements that

have been made in this area.

Chapter 3 focuses on the utilization of low electron affinity ma-
terials in thin-film heterojunction photovoltaics. The chapter begins with an
introduction, providing an overview of the topic and its significance in the
field of photovoltaics. It then introduces the SCAPS 1D simulation software,
which will be utilized for the analysis and modeling in this chapter. The
chapter explores the window/absorber structure with ideal interface condi-
tions, discussing the simulation modeling, parameters, and the analysis of
solar cell characteristics. Furthermore, the energy level shifts in the band
diagram will be analyzed, shedding light on the mechanisms governing
charge transport and recombination in thin-film heterojunction photovolta-
ics. The chapter then proceeds to examine the window/absorber structure
with interface defects, including simulation modeling, parameters, and the
analysis of solar cell characteristics in such conditions. Additionally, the
roles of the N-type layer in realistic design conditions will be discussed.
This includes exploring the N-type layer's function as interface passivation,
where it plays a crucial role in reducing interface recombination and im-
proving device performance. Furthermore, the N-type layer will be ex-
plored in terms of its function as a selective electron contact, enabling effi-
cient charge extraction from the absorber layer. Overall, Chapter 3 aims to

provide in-depth analysis and insights into the utilization of low electron
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affinity materials and their impact on thin-film heterojunction photovolta-

ics.

Chapter 4 focuses specifically on the investigation of Zn-Ge-O
thin film as a low electron affinity material in photovoltaic applications. The
chapter begins with an introduction, providing an overview of the topic and
its relevance in the context of photovoltaic devices. It then delves into the
concept of transparent conductive oxide (TCO), exploring its properties and
highlighting its importance in enhancing the performance of photovoltaic
devices. The chapter further examines the dependence of the N-type layer
on the Ga- and S-content in the CIG(SSe)2 absorber layer, investigating the
relationship between these components and the N-type layer's performance.
Additionally, the chapter explores the band gap engineering and alloy cou-
pling of ZnO, discussing strategies to modify its properties for optimal de-
vice performance. The experimental set-up is described, encompassing the
epitaxial film growth and film characterization processes. The analysis of a
single layer Zn-Ge-O thin film follows, including an assessment of its opti-
cal, mechanical, and electrical properties. The chapter concludes by exam-
ining the utilization of the Zn-Ge-O film in a photovoltaic device, highlight-
ing its potential as a low electron affinity material for enhancing device per-
formance and efficiency. This provides valuable insights into its practical

applications in the field of photovoltaics.
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Chapter 2 CIGSSe-based Photovoltaics

2.1 Introduction

Chalcogenide solar cells are a type of photovoltaic device that
utilizes chalcogenide materials, such as sulfides (S), selenides (Se), and tel-
lurides (Te), as the p-type absorber layer. These materials have unique
properties that make them suitable for solar cell applications. Chalcogenide
solar cells can be categorized into different types based on the specific chal-
cogenide material used, such as Cu(In,Ga)(S,Se): (CIGSSe) solar cells, CdTe
solar cells, and Cu2Zn25nSs (CZTS) solar cells. In particular, these materials
are suitable as thin-film photovoltaics owing to their high absorption coef-
ficient [1-4]. It results in lower material usage to fabricate a lightweight
panel with comparable efficiency, thus reducing the cost from both manu-
facturing and installation perspectives [2, 5]. In addition, chalcogenide-
based photovoltaics also benefitted from another aspect of thin-film tech-
nology: flexible substrate. Chalcogenide absorber has been deposited on
various type of flexible substrates such as polyimide (PI), polyether sulfone

(PES), stainless steel, or molybdenum foil [6-9].

Among the different types of chalcogenide absorbers, only two
materials have been commercialised: CIGSSe and CdTe [10, 11]. The current

record efficiency these two materials are 23.35% [12] and 22.1% [13] for
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CIGSSe and CdTe respectively. In this study, I will focus on CIGSSe-based
photovoltaics in particular as the intended p-type absorber material. In this
chapter, a general review of CIGSSe-based photovoltaics technology will be
discussed. At the end, several emerging research on CIGSSe-based solar cell

would be summarised.
2.2 CIGSSe-based Photovoltaics Device Structure

Figure 2-1 illustrates a common structure for heterojunction solar
cells using a CIGSSe absorber. The multiple layers are grown upwards, and
thus require a substrate. Depending on the intended application, the sub-
strate may either be a rigid glass substrate or a flexible substrate. On the
next layer a back contact material coats the substrate and serves as the elec-
trical contact for the absorber layer. In addition to good conductivity, this
layer shall also adhere well to the specific absorber deposited onto it. Next,
the main part of the photovoltaic devices in the p-type absorber layer, in
this case a CIGSSe-based material. This layer serves as the energy converter
which will capture photons and transform them into electron-hole pairs
that will be utilised in the electrical energy generation. The top 2 layers are
the n-type materials which collects and transport the charge carriers onto to
the front contact. It is crucial for these layers to be both transparent to allow
the maximum amount of photon to reach the absorber, and highly conduc-

tive to effectively transfer the generated charged carrier.
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In this structure, the CIGSSe absorber layer is typically directly
deposited onto a soda lime glass (SLG) substrate coated with a rear contact
material. Various metals, including Au, Ti, Mo, Ni, Ag, Al, and Cu, have
been explored as potential rear contact materials. Among them, Au, Ti, Mo,
and Ni have shown consistent and low-resistivity contacts with CIGS[14].
However, it should be noted that Au and Ti tend to diffuse into the CIGSSe
film at high temperatures, such as during the deposition process[15, 16].
Additionally, combining Mo with SLG offers the advantage of facilitating
the diffusion of sodium (Na) through Mo via thermal activation during ab-

sorber growth, which can enhance cell efficiency [17].
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Figure 2-1 A typical device structure of thin-film heterojunction CIGSSe Solar Cell
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2.2.1 Substrate

The choice of substrate in CIGSSe photovoltaics has a crucial role
in the device’s manufacturing line by limiting the high process temperature
required for the crystallisation of the absorber. While the common rigid sub-
strate for CIGSSe, soda lime glass (SLG), have long shown the ability to
withstand CIGSSe deposition temperature [18], flexible substrate such pol-
yimide (PI) would degrade when exposed to temperature higher than
500°C [19, 20]. Other flexible substrates such as stainless steel have also been

examined in other studies [21].

In addition to being mechanically suitable, SLG substrate also
possess an additional benefit of sodium (Na). The effect of Na diffusion
from the glass substrate into the absorber layer during the high temperature
process on CIGSSe deposition has been attributed to the improvement of

cell improvement, especially V. [22, 23].
222 Back Contact

Coating the substrate, the back contact primarily serves as a car-
rier collector to transport the separated holes from electron-hole pairs to ex-
ternal circuit. In addition, back contact may also function as an optical re-

flector optimising the photon absorption in the absorber bulk.
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Up to date, molybdenum (Mo) is the preferred material for
CIGSSe photovoltaics” back contact. The advantages of Mo compared to
other metals are the ability to withstand the high process temperature dur-
ing CIGSSe deposition [24, 25], the formation of MoSe: at the Mo/CIGSSe
junction which has an excellent ohmic contact property [26, 27], and the
chemical stability or low chemical reaction between Mo and CIGSSe [28-30].
Moreover, the Mo layer and its unique structural characteristics enable the
movement of sodium ions from the glass substrate to the CIGS absorber
layer [31]. Several other materials have been tested as alternative back con-

tacts for CIGSSe solar cells and so far none have come close to surpass

Mo [27, 32-34].

Generally, high quality thin film Mo back contacts were fabri-
cated by magnetron sputtering method. The microstructure of Mo thin film
is crucial for the formation of MoSe: at the interface, Na diffusion from glass
substrate to absorber, and the layer-to-layer adhesion [26, 29, 35, 36]. As an
example, low deposition pressure tends to result in low electrical resistivity
but poor adhesion, while high deposition pressure has been found to pro-
duce porous film with good adhesion albeit higher electrical resistivity [29,

30, 37].
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2.2.3 Cu(In,Ga)(S,Se): p-type Absorber Layer

The I-1II-VI: ternary compounds like Cu(In,Ga)(S,Se): are exten-
sions of the II-IV compound semiconductors. They formed a chalcopyrite
crystal structure (Figure 2-2 (a)), which can be regarded as a superposition
of the zinc blend or the sphalerite structure (Figure 2-2 (b)) [38]. The ternary
compound can be further modified by atom substitution of cation and anion
with another element in the same group. The substitution of elements with
another affect the lattice constant; S replacement of Se atom will shorten the
a lattice parameter, while Ga replacement of In atom will shorten both the a
and c lattice constants [39]. Therefore, the addition of Ga and S will result

in the widening of the CIGSSe band gap as illustrated in Figure 2-3.
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Figure 2-2 Schematic diagrams of (a) chalcopyrite and (b) sphalerite structure.
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Figure 2-3 Lattice constants and band gap of Cu(In,Ga)(Se,S)2 system.

Maeda et al. in [40] empirically investigated the effect of Ga- and
S-content in CIGSSe absorber onto the conduction band minimum (CBM)
and the valence band maximum (VBM) from a film prepared by a mecha-
nochemical process of elemental powders and post-annealing at 550 °C for
30 min in a N2 atmosphere. The CBM of each sample was estimated from
the diffuse reflectance R% spectrum while the VMBs were measured by
photoelectron yield spectroscopy (PYS). The authors found that the band-
gap energy of the CIGSSe system increased with higher Ga and S contents.
The VBM level did not significantly change with increasing Ga content but
became deeper with increasing S content. Additionally, the CBM level in-

creased with higher Ga and S content. By controlling the GGI and SSSe
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ratios, the researchers were able to design depth profiles for the VBM and
CBM energy levels in the CIGSSe absorber layer. The substitution of S for
Se resulted in a decreased VBM and an increased CBM at the surface and
grain boundaries of the material, effectively reducing electron-hole recom-
bination by acting as a hole-blocking layer. The effects were mapped on the

Figure 2-4 below.
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Figure 2-4 Mapping of the CIGSSe absorber’s electron affinity, relative to the vacuum level for
various Ga/[Ga + In] and S/[S + Se] ratios.
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224 Buffer and Window Layers

To facilitate the generation, separation, and collection of electri-
cal carriers, a transparent material(s), conductive for the minority carrier of
the absorber is required to be coupled with the absorber layer. For p-type
CIGSSe absorber, transparent conductive materials are good candidates for
this purpose. For conventional CIGSSe-based photovoltaics, buffer and
window layers are often stacked together to optimise the performance of

the photovoltaic device.

A bulffer layer is typically inserted between the absorber layer
and the window layer. The addition of a thin CdS buffer layer to the
CIGSSe-based solar cell marked a significant breakthrough in 1987, ena-
bling chalcopyrite thin film cells to achieve efficiencies exceeding 12% [41].
Buffer layer on CIGSSe-based photovoltaics is believed to prevent chemical
reaction between the absorber and the window layers, protect the absorber
layer for any deposition damage through the rest of the manufacturing pro-
cess, prevent shunting between the absorber and the window layers, en-
hance carrier transport from the absorber to the window layer, and provide

good lattice matching to minimise strain and interfacial defects [42, 43].

CdS material has consistently been favoured and has garnered
significant attention and interest from numerous researchers due to its

emergence as a promising buffer material for thin-film heterojunction solar

48



cells with high efficiency such as CIGSSe or CdTe [44]. The chemical bath
deposition (CBD) method is the commonly used technique for depositing
the CdS buffer layer. In this method, thiourea (CS(NH:)2) is employed as the
sulfur source, while a cadmium-ammonia solution derived from cadmium
salt (Cd(CHsCOQOH).) is used as the source of cadmium [45]. Achieving the
appropriate thickness and uniformity of the CdS film is critical for maxim-
izing the efficiency of the solar cell. Moreover, the CBD process serves as an
etching method, effectively removing impurities and excess copper from
the surface of the CIGSSe material. Previous research has also demonstrated
that the CBD process leads to the formation of a buried junction between
the n-type CIGSSe and p-type CIGSSe layers at the interface with CdS, re-

sulting in the creation of a CIGS homojunction [46, 47].

The window layer typically consists of a transparent and con-
ductive material that enables the transmission of light while facilitating the
effective capture of charge carriers (electrons or holes) that are produced by
the incident light. For CIGSSe-based photovoltaics, the window layer often
consists of two layers: High Resistance Window (HRW) and Low Resistance
Window (LRW). In certain works, HRW is described as a secondary buffer
layer or intermediate layer. The main purpose of HRW layer is believed to
be similar to the buffer layer i.e., preventing shunt resistance [48]. On the
other hand, LRW is expected to provide maximum electrical conductivity

at minimum optical absorption. Similar materials are used for HRW and
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LRW, with dopant often used to significantly reduced the resistivity of the

chosen material for LRW application.

The conventional approach for producing In:0s:S5n (ITO) in-
volves DC sputtering in an Ar:O: mixture. The sputtering targets consist of
In203 (90%) and SnO: (10%), and the typical substrate temperature during
deposition is 250°C. Although sputtering is more costly than chemical va-
por deposition, it is compatible with the production of both superstrate and
substrate-type solar cells due to the relatively low substrate temperature. It
appears that ITO possesses an indirect band gap of approximately
2.4 eV [49]. ITO films exhibit remarkably low resistivity and a higher o/«
value compared to SnO::F [50].

ZnO have been doped with Al, Ga, In, B, and F is used in chem-
ical vapor deposition [51]. Sputtering of low-resistance ZnO can be con-
ducted at a low substrate temperature, such as 100°C. Higher substrate tem-
peratures, however, lead to improved values of o/a. Doped films can be
deposited using radio frequency, midfrequency, and DC sputtering. Depo-
sition of ZnO through chemical vapour deposition (CVD) can be done
through the vapourisation of diethylzinc ((C2Hs)2Zn), as the Zn source, and
distilled water, as the oxide source. The vapour transported into the reac-
tion chamber through inert gas like Ar. High substrate temperature has
been shown to have detrimental impact to the carrier mobility [52]. An

aqueous or gaseous solution is used as a dopant source, such as B2Hs for B.
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2.3 Technology Advancement in CIGSSe Photovoltaics
2.3.1 CIGSSe Tandem Solar Cell

There are two significant challenges and design requirements for
monolithic tandem solar cells are discussed, namely current matching be-
tween the cells and material compatibility. The band gap tunability of
CIGSSe solar cells makes them attractive for tandem solar cell applications.
By adjusting the Ga/In or S/Se composition ratio in the absorber material,
the band gap and current can be tailored to a specific wavelength range.
This flexibility allows CIGSSe to function as either the top or bottom cell in
a tandem configuration, pairing with various materials to match the prop-
erties of the other sub-cell. However, to ensure material compatibility, the
possibility of CIGSSe/CIGSSe tandem solar cells should also be considered

in future research.

The current champion CIGSSe cell, with an efficiency of 23.35%,
has a band gap of 1.08 eV [12], making it suitable as the bottom cell in a
tandem solar cell. Previous studies have explored several tandem configu-
rations using narrow band gap CIGSSe as the bottom cell, such as perov-
skite/CIGSe [53-55] or DSSC/CIGSe [56-58]structures. Additionally, chalco-
genide cells employing CdTe/CIGSe have been investigated, achieving a

certified efficiency of 15.3% [59]. Unfortunately, none of the previously
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studied all CIGSSe tandem solar cells have surpassed an efficiency of

10% [60, 61].

One of the major challenges in achieving high efficiency for
CIGSSe solar cells is the poor performance of wide band gap cells, particu-
larly those with high Ga composition [62-64]. It has been observed that sin-
gle junction CIGSSe solar cells with high Ga content tend to exhibit smaller
grain sizes, lower short-circuit current (Js¢), and increased interfacial re-
combination [65]. Up to recently, the majority of research in the field have
focused on narrow band gap CIGSSe, a new approach is necessary to realize

high efficiency in all CIGSSe tandem solar cells.

A promising perspective is the development of pure-sulfide
CIGS solar cells. The band gap of pure-sulfide CIGS solar cells can be ad-
justed within the range of 1.5-2.4 eV, whereas pure selenide CIGSe solar
cells have a range of 1.0-1.7 eV [66, 67]. This indicates that achieving wide
band gap CIGS with low Ga content is more feasible using pure-sulfide
CIGS materials. Currently, the highest reported efficiency for pure-sulfide
CIGS solar cells is 15.5% with a band gap of 1.57 eV [68].

2.3.2 Alternative n-type Buffer Layer Material

In their work [69], Gloeckler and Sites examined various factors
that could potentially restrict the efficiency of wide band gap CIGSe: solar

cells using SCAPS-1D simulation software. Their study focused on
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adjusting the band gap of CIGSe: solar cells by manipulating the conduction
band minimum of the CIGSe: absorber, which is primarily influenced by
the Ga/In ratio. Consequently, this adjustment also affected the conduction
band offset between the absorber and the window layer. For their calcula-

tions, they assumed a ZnO/CdS window layer combination.

Through their simulations, Gloeckler and Sites discovered that
in cases where the conduction band offset between the window and ab-
sorber was zero or negative (indicative of wide band gap CIGSez), small in-
terfacial recombination became a limiting factor for the open circuit voltage.
They concluded that the commonly used ZnO/CdS window layer, which is
suitable for narrow band gap CIGSe, is not optimal for wide band gap ap-
plications. As an alternative, they proposed using a Zn(O,S) compound, as
experimental results have shown that the addition of sulfur can increase the
conduction band minimum of ZnO [70]. Additionally, they observed that
achieving wide band gap absorbers through valence band maximum con-

trol led to solar cells with higher open circuit voltages.

Merdes et al. suggested that, similar to narrow band gap CIGSe:
solar cells, the control of band gap through the Ga/In composition ratio is
crucial for wide band gap CIGS: solar cells [71]. In their study, they in-
creased the sulfurization temperature of the sputtered precursor containing
CuGa/Culn from 510°C in their previous research [72] to 560°C and intro-

duced a short high-temperature phase at 630°C to promote interdiffusion
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between the Ga-rich and In-rich phases. They observed that although their
previous results showed a tendency for higher V. due to the front grading,
their modified deposition process yielded higher efficiency due to smoother
back grading and flatter front grading. CdS/CIGS: device structures were

employed in these studies conducted by Merdes et al.

Hiroi et al. achieved the current highest record for pure sulfide
CIGS: solar cells at 15.5% by replacing CdS with Zni-xMgxO as the buffer
layer in a ZnO/CdS/CIGS: device structure [68]. The new buffer material
managed to increase the short circuit current compared to CdS. However,
as other studies have suggested, matching the conduction band minimum
is crucial in achieving higher Vy.. In this study, Hiroi et al. achieved im-
proved conduction band minimum matching between the buffer layer and
the absorber by increasing the Mg concentration from Mg/(Mg+Zn) = 0.193
to Mg/(Mg+Zn) = 0.242, which increased the band gap of the Zni-Mg-xO ma-
terial [73].

2.3.3 Buffer-free CIGSSe

Buffer-free CIGSSe solar cells have emerged as a promising re-
search area. These cells aim to simplify the device structure by eliminating
the need for a buffer layer between the CIGSSe absorber and the transparent
conducting oxide (TCO) layer. Although the fabrication processes for

CIGSSe solar cells are predominantly carried out using dry methods, the
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application of buffer layers typically involves wet solution processes. By di-
rectly interfacing the CIGSSe absorber with the TCO layer, buffer-free
CIGSSe solar cells offer potential cost savings in the manufacturing process

and reduced material usage.

Minemoto and Julayhi demonstrated in [74] the first empirical
result of buffer-free CIGSe photovoltaic device using a novel TCO material
of ZnO1~xS«Al. The alloying of S into the conventional TCO material,
Zn0O:Al, improved the device efficiency from 1.7% to 8.4%. All the other
device characteristics such as Voc, Jsc, and fill factor all improved. The au-
thors suggested that the novel material addressed the shunting issue on the
TCO/absorber interface. However, the performance of a Al-NiCr
grid/AZOS/CdS/CIGS/Mo/soda-lime glass (SLG) device is still superior

than the Cd-free counterpart in regard to Voc, efficiency, and fill factor.
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Chapter 3  Low Electron Affinity Material for Thin-

Film Heterojunction Photovoltaics

3.1 Introduction

In this part of the research, we conducted simulations using a
wide band gap p-type chalcogenide material with ideal band gap
E, = 1.5 eV and an arbitrary n-type window layer material as a model. The
properties of the n-type window layer were based on the standard n-ZnO
combination. However, minor adjustments were made to certain parame-
ters to ensure convergence in specific scenarios during the calculations. For
example, instead of using the commonly used band gap value of
Ef"° =33eV [1], we set the band gap for the window layer to
Eymdow = 30 eV. Preliminary evaluations showed no significant differ-

ence between the two models.

This part of the study primarily focuses on the simple pn hetero-
junction window/absorber photovoltaic cell structure. Past empirical results
have suggested a major relationship between the conduction band align-
ment and the open circuit voltage V¢ of thin film solar cell devices [2-5].
Therefore, in this work the calculated V. from the modelled devices will be

the benchmark for the solar cell characteristic evaluation.
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Considering that in thin-film heterojunction the depletion region
may extend well into the absorber layer, photocurrent may be generated
both in the bulk and the depletion region with non-uniform generation rate
G (x). Therefore, the width of the depletion region W and the electron diffu-
sion length L, are to be taken into account when estimated the maximum
potentially available energy. Thus, theoretical maximum V. for the simu-
lated models can be calculated through this equation, where « is the absorp-
tion coefficient of the absorber material, N, is the acceptor concentration, n;
is the intrinsic carrier concentration, G is the generation rate, and 7, is the

lifetime of the electron:

kT N,
VOC = 71nn—260’[ek Eq' 3'1

L

1 et Eq.3.2

In Section 3.3, we evaluate the effect of the independent variable
under ideal conditions, assuming no defects at the interface. The discussion
then moves to the less ideal conditions where interface defects must be
taken into account in Section 3.4. Finally, in Section 3.5, we propose two
roles of n-type layer in pn-junction solar cell and introduce the physical

mechanism related to the roles.
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3.2 SCAPS-1D Simulation Software

This study utilizes a simulation software known as SCAPS 1D,
which stands for one-dimensional solar cell capacitance simulator. This pro-
gram was developed by Prof. Marc Burgelman's team at the Department of
Electronics and Information System, University of Gent in Belgium [6].
Originally designed for polycrystalline CulnSez2 and CdTe solar cells [6-10],
SCAPS 1D has undergone several improvements over the years to accom-
modate research on crystalline and amorphous solar cells as well [11-14]. It
has emerged as a valuable tool for researchers in the field, enabling them to
design, evaluate, and validate their work aimed at enhancing the perfor-

mance of thin film heterojunction solar cells [15-19].

SCAPS 1D specifically addresses various challenges associated
with simulating realistic thin film heterojunction solar cells like CIGSSe.
These photovoltaic devices exhibit energy band discontinuities between
their layers, and while other simulation programs typically consider recom-
bination within the same layer only, SCAPS 1D takes into account the pos-
sibility of interfacial recombination between carriers from different layers
across the band gap created by the discontinuity. To address this phenom-
enon, SCAPS 1D incorporates a thin interface dummy layer with its own E
and Ey values, which are based on the neighbouring layers in the junction
and control the energy band states distribution, similar to the bulk material

[7]. Additionally, SCAPS 1D allows for the manipulation of material
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parameters to reflect the control of alloy composition [16], making it partic-
ularly useful for simulating the grading in CIGS solar cells. These capabili-

ties and features make SCAPS 1D the preferred choice for the researchers in

this study.
3.3 Window/Absorber Structure with Ideal Interface Condition
3.3.1 Simulation Modelling and Parameters

The initial model used in this study, consisted of a basic pn-junc-
tion solar cell with a structure comprising of an absorber layer and a win-
dow layer, called Model A. The absorber layer is made of a CIGSSe material
with E; = 1.5 eV that is close to the band gap for ideal solar cells. In this
model, the interface between the layers was assumed to be in an ideal con-
dition, with interface defect concentration N; = 0. The electron affinity of
the window layer, denoted as X""4°% was varied between 4.45 eV and
4.95 eV in order to examine the impact of various n-type material on a
CIGSSe-based single junction solar cell device, especially on the open-cir-
cuit voltage (Vy¢). The diffusion potential also changes accordingly from
1.33V to 0.83V, dependent on the electron affinity. The V. calculated
through this model represents the maximum achievable V. for the photo-
voltaic devices with materials of these particular properties as calculated in

Eq.3.1.
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Figure 3-1 Illustration of the simulation model of a heterojunction solar cell with ideal interface
condition (Model A).

Table 3-1 SCAPS material parameters for ideal window/absorber heterojunction solar cells structure

Window Layer Absorber

d (um) 0.20 3.00

X (eV) variable 4.50

E; (eV) 3.00 1.50
N (cm?) 2.20 x 10'8 2.20 x 108
Ny (cm??) 1.80 x 10%° 1.80 x 101°
N, (cm?) - 1.00 x 1016
Np (cm?) 1.00 x 108 -
N; (cm?) 0

The other material parameters used in the simulation are as
shown in Table 3-1 where d is the thickness of the layer, X is the electron
affinity, Ej is the band gap, N¢ is the effective density in the conduction

band, Ny is the effective density in the valence band, N, is the acceptor
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concentration, Np is the dopant concentration, and N; is the interface defect

concentration.
3.3.2 Analysis of Solar Cell Characteristics

To gain further understanding of the effect of n-type layer on a
heterojunction photovoltaics, we conducted an evaluation of the impact of
varying electron affinity levels in the window layer on solar cell character-
istics, specifically the open-circuit voltage Vy, as illustrated in Figure 3-2.
The V. of all the simulated Model A devices are around 1.02 V. This value
is close to the theoretical maximum Vj calculated from Eq. 3.1 where a =
1.00 X 105 cm™, W = 0.5 um, and L, = 1.5 um. Since no interface defect
was considered in the simulation (i.e., ideal condition), therefore it is ex-

pected that the V. will be close to the theoretical maximum V..

No significant influence of different levels of electron affinity in
the window layer was observed in the calculated V,.. This result differs
from some references (e.g., [20-22]) where a decreasing trend in V. was ob-
served when XWindow > yabsorber Tn thoge references, it is suspected that
recombination between majority carriers through defects at the window/ab-
sorber interface is the cause of V. loss. Since in this simulation it was as-
sumed a low interface defect concentration at the interface, we can infer that

Voc is a characteristic sensitive to the interface.
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Figure 3-2 The effect of X""4°% varjation on the open-circuit voltage of a heterojunction solar cell
with window/absorber structure and an ideal interface condition.

3.3.3 Analysis of Energy Levels Shift in Band Diagram

In a homojunction solar cell, like silicon (Si), the diffusion poten-
tial (V) is maintained by the capacitance C at the depletion region. The
open-circuit condition occurs when there is no gradient present at the inter-
face of the quasi-Fermi distribution of the current-contributing carriers, spe-
cifically the electron quasi-Fermi distribution. However, in the case of
thin-film heterojunction solar cells, equilibrium may not be achieved at a
bias voltage (Vp;45) equal or lower than V; due to the heterogeneous nature

of the materials involved, as confirmed by the calculation result. V4

75



higher than V,; can be applied on the device before it finally reaches open-
circuit state at 1.02 eV. Therefore, it can be assumed that an additional
mechanism may have maintained the capacitance at the pn-junction that,

especially for the designs where XW™4°% > Ep.. .

To investigate these phenomena further, the impact of Vj;,s un-
der illumination on the devices” energy band shifting was observed. Four
points of observation were selected based on the relevant Vj,;,s amplitudes.
These points are V};,; = 0 V where fermi level splitting occurs under illum-
nittion, V45 = 0.82 V which is equal to the diffusion potential V, of the
Xwindow = 4.95eV design, Vp;es = 0.95V which is equal to the initial
quasi-Fermi level difference in both designs, and Vp;,s = 1.02V where

both devices were shown to reach the open-circuit condition.

Figure 3-1 and Figure 3-3 compare the different relationships be-
tween gV, (thermal equilibrium voltage) and the minimum Quasi-Fermi
level splitting Erc — Ery (energy difference between the conduction band
edge and the valence band edge) in the two scenarios. The blue arrows rep-
resent the minimum Erc — Epy required for a balanced electron concentra-
tion throughout the bulk, while the red arrows represent the gV, that forms

after the semiconductor device reaches the thermal equilibrium condition.
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Figure 3-3 The band diagram of a heterojunction solar cell with (a) X""40W = 4.45 eV and
(b) XWindow = 4,95 ¢V under illumination at Vy;qs = 0 V.

In Figure 3-3 (a), the minimum Er; — Epy is 0.95 eV, and the cor-
responding qV; is 1.34 eV . On the other hand, in Figure 3-3 (b), the
qV4 is 0.84 eV, while the minimum Ep; — Ery remains the same at 0.95 eV/.

From this figure, it can be deduced that in the scenario depicted in Figure
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3-3 (b), the carrier concentration in the p-type and n-type layers will not be

equal when V45 = V.
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Figure 3-4 The band diagram of a heterojunction solar cell with (a) X""4°% = 4.45 eV and
(b) XWindow — 4 95 eV under illumination at Vj;qs = 0.82 V.
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The energy bands condition at V;,5 = V; are illustrated Figure
3-4. When the biasing voltage is equal to the diffusion potential, the con-
duction band offset AE; exhibits the maximum bending, resulting in a right
angle or a flat region for the E; at the interface, as shown in Figure 3-4 (b).
However, a different situation can be observed in Figure 3-4 (a), where the

band bending is still present at the heterojunction interface.

Regarding the Quasi- Fermi level, gradients near the heterojunc-
tion interface is still evident for the electron carriers in both Figure 3-4 (a)
and Figure 3-4 (b). This indicates that the diffusion of excess electrons from
the p-type region to the n-type region continues to occur at this bias level.
Therefore, it can be concluded that qV; at thermal equilibrium is not the
limiting factor for the maximum V. of the device. It merely acts as a poten-

tial barrier in achieving thermal equilibrium conditions for the solar cell.

The next important point to consider is the initial quasi-Fermi
levels difference Ep- — Ery of both solar cell devices at Vy,;, = 0.95 V. As ex-
pected, the Ep flattens at the heterojunction interface when E Fc, 1S equal to
Erc, in both Figure 3-5 (a) and Figure 3-5 (b). However, the calculation re-
sults did not indicate that J,,; is equal to zero at this point. Therefore, it is
clear that the minimum Ey, — Epy does not determine the maximum limit
of Voc. However, this does not immediately invalidate the relationship be-

tween V¢ and quasi-Fermi level described in Equation 3.42.
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Figure 3-5 The band diagram of a heterojunction solar cell with (a) X""40W = 4.45 eV and
(b) XWindow = 4,95 eV under illumination at Vj;qs = 0.95 V.

The increase in Vj;,5 also affect the band discontinuity at the het-
ero interface. In the case of the photovoltaics device with XWindow = 445 eV,
a small spike was forming at the AE( as illustrated in Figure 3-5 (a). In con-

trast, it can be observed that notches have started to form on both the AE,
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and AEy at the heterojunction interface of the solar cell device with
XWindow — 4 95 eV These notches represent the accumulation of the carriers

at the heterojunction interface, which are electrons for E; and holes for Ey,.

In order to understand the significance of the energy band

notches in this context, it is important to consider the relationship between
capacitance C and voltage V, where V = % In the case of a pn-junction de-

vice, the depletion region at the pn-interface acts as a capacitor, maintaining
a constant potential through the exchange of charges across the junction.
Similarly, in homojunction and heterojunction solar cells, on the state where
V4 is less than Vj, the depletion region also serves as the source of capaci-

tance, reflected by the potential barrier V.

Ec Ec
Eg
Eg
Ey

By Absorber

Mo

Figure 3-6 Illustration of carriers accumulation at the heterojunction pn-interface of
window/absorber solar cell when V,,;,s > V.
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Figure 3-7 The band diagram of a heterojunction solar cell with (a) X""40W = 4.45 eV and
(b) XWindow = 495 eV under illumination at Vj;qs = 1.02 V.

However, in the case of a heterojunction solar cell with XWndow
equal to 4.95 eV, when Vj;,s exceeds V; another mechanism comes into play
to maintain the capacitance at the junction. This mechanism involves the

accumulation of carriers at the interface, as illustrated in Figure 3-6. This
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new capacitance mechanism enables higher biasing to reach the maximum
Voc, regardless of the properties of the window layer. The notches become
even more pronounced in Figure 4.8 (b) when the bias voltage is increased
to Vpias = 1.02 V, which corresponds to the V¢ calculated in the simulation
considering all variations of X"4°%  as shown in Figure 4.3 (a). It is im-
portant to note that the simulation assumes negligible interface defect con-

centration for this analysis.

The relationship between V¢ and the quasi-Fermi distribution is
clearly demonstrated in Figure 3-7 (a) and Figure 3-7 (b). In these figures,
the Epc — Epy is shown to further increase beyond the minimum
Erc — Ery points as Vj;, increases, until it reaches a value equal to V. It is
essential to keep in mind that Equation 3.42 is a valid definition of V. un-
der very specific circumstances, where Ef¢ is equal to Ep¢, and Epy is equal

to Epy, in the open circuit condition.

3.4 Window/Absorber Structure with Interface Defect
3.4.1 Simulation Modelling and Parameters

One of the advantages of SCAPS over other solar cell simulation
programs, particularly in heterojunction solar cell applications, is its inter-
face layer function (Section 3.2). This function addresses the band gap dis-
continuity that occurs at the interface, where the conduction band of one

material meets the valence band of another material, resulting in a new
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Table 3-2 SCAPS material parameters for non-ideal window/absorber heterojunction solar cells
structure.

Window Layer Absorber

d (um) 0.20 3.00

X (eV) variable 4.50

E, (eV) 3.00 1.50
N¢ (cm™) 2.20 x 10'8 2.20 x 10'8
Ny (cm?) 1.80 x 10%° 1.80 x 10*°
N, (cm?) - 1.00 x 1016
Np (cm?) 1.00 x 1018 -
qVp (eV) variable
N; (cm?) 1.00 x 101! — 1.00 x 107

o, (cm?) 1.00 x 10715

o}, (cm?) 1.00 x 107>

forbidden energy gap. SCAPS allows modification of certain properties of
this interface quasi-layer, such as energy level and interface defect concen-

tration, similar to the bulk materials.

In the second simulation model, Model B, we introduced a new
material parameter called interface defect concentration N, at the win-
dow/absorber hetero-interface which ranges from 1 x 10 ¢cm™ to 1 x
1017 cm™2. The energy trap is located in the middle of the quasi-band gap
of the interface, as depicted in Figure 3-8. Additionally, the same variation
of XWindoW y5ed in the calculations of Section 3.3 is also applied in this sim-
ulation. By conducting this second calculation, the design rule for the win-

dow layer under more realistic conditions, considering the presence of an
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interface defect, was established. The remaining material parameters re-
main unchanged as specified in Table 3-2 besides the interface defect con-

tretation N, the electron capture cross section g, and the hole capture cross

section oy,.
XCIGS
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Figure 3-8 Illustration of the simulation model of a heterojunction solar cell with non-ideal
window/absorber heterojunction solar cells structure (Model B).

3.4.2 Analysis of Solar Cell Characteristics

The calculation results from Model B demonstrated the crucial
role of the interface condition in determining the suitable n-type materials
for the window layer in a wide band gap thin-film heterojunction solar cell
device. Figure 3-9 provides insights into the general design principle for the
window layer, indicating that the defect concentration at the interface es-
tablishes the boundaries for acceptable n-type material combinations. The

simulation results indicated that achieving high V,. values would allow for
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a wider range of alternative n-type materials in devices with lower interface
defect concentrations. Conversely, devices with higher Nt values would re-
quire more precise design considerations to approach the estimated V., as

the available options for n-type materials become limited.
3.5 The Roles of N-Type Layer in Realistic Design Condition

3.5.1 N-Type Layer as Interface Passivation
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Figure 3-9 The effect of X Window yariation on the open-circuit voltage of a heterojunction solar cell
with window/absorber structure and a non-ideal interface condition for various N, values.

The relationship between the n-type layer and interface defects

can be understood by considering Figure 3-5, which are simplified in Figure
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3-10 (a) and (b). The figure demonstrates the effect of the accumulation of
the majority carrier at the pn-junction interface when a bias voltage (Vpqs)
is applied, which is approximately equal to the built-in voltage (V). In the
first model (Section 3.3.1), where no interface defects were present, recom-
bination did not occur even in extreme cases of window layer high XWndow
of 4.95 eV (cliff structure) as illustrated in Figure 3-10 (b). However, in the
second model (Section 3.4.1), where non-ideal interface conditions were
considered, the increased recombination probability Figure 3-10 (d) due to

the majority carrier accumulation at the interface significantly affected the

open-circuit voltage (Vo) of the solar cell.
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Figure 3-10 Illustration of the interface passivation mechanism for various heterojunction interface
conditons. (a) XWindow = 4.45 eV; N, = 0, (b) XV = 445 eV; N, # 0, (c) XVndow = 4,95¢V;
N, = 0, (d) XWindow = 495 eV; N, # 0.
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In Model B, the interface defect acted as an energy trap, leading
to trap-assisted recombination, especially when electrons and holes accu-
mulated at the interface. The probability of recombination was also influ-
enced by the interface defect concentration N,. Higher level of carrier accu-
mulation and higher Nt resulted in a greater recombination probability.
Consequently, designs utilizing materials with XWndow > xAbsorber yyere
disadvantaged compared to designs using low electron affinity materials
for the window layer. The use of low electron affinity materials reduced
electron accumulation in the conduction band, as shown in Figure 3-10 (c).
In this context, the n-type layer functioned as a passivation layer, enabling
solar cells with the latter design to maintain a high V. even at high inter-
face defect concentrations. On the other hand, devices employing high elec-

tron affinity n-type materials were significantly affected by the high N,.
3.5.2 N-Type Layer as Selective Electron Contact

Considering carrier collection, we also examined another aspect
of the n-type layer material design. Wiirfel et al. [23] introduced the concept
of carrier conductivity at each contact as the driving force for charge sepa-
ration in pn-junction solar cells, rather than relying solely on the built-in
potential or diffusion potential (V). The front contact, which is the n-type
layer in this case, is considered selective for electrons when it has high elec-
tron conductivity and low hole conductivity. Similarly, the back contact is

selective for holes when it exhibits high hole conductivity and low electron
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conductivity. A selective contact attracts the desired carrier while repelling
the opposite carrier, thereby preventing recombination before the carrier
collection. Since conductivity depends on the elemental charge, the carrier
concentration, and the mobility, the only controllable variable through ma-
terial design is the carrier concentration. Hence, achieving a high concen-
tration ratio of the desired carriers, which are electrons in the n-type layer,
is crucial for designing a contact with high selectivity. To date, two selectiv-
ity models have been proposed by Brendel et al. [24] and Roe et al. [25]. Rau
et al. [26] demonstrated the relationship between contact selectivity and the

built-in potential or diffusion potential (V).

In this work, the contact selectivity of the n-type layer was con-
trolled through the adjustment of the minority carrier concentration (p) at
the interface through the selection of an appropriate electron affinity for the
heterojunction n-type material. As depicted in Figure 3-11, compared to the
low electron affinity material with X" = 445 ¢V, the device with
XWindow = 495 eV had a smaller V, resulting in pX =495 > pX=445  As-
suming the same majority carrier concentration in the n-type layer, we can
define selectivity S as the ratio of the majority to the minority carriers in the
layer. In this comparison, the electron contacts selectivity S,, for these de-
signs was S =*9° < §X=%45_n other words, the n-type layer with a lower
electron affinity material relative to the absorber, acted as a more effective

electron contact in terms of carrier selectivity. Despite a high interface defect
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concentration, the high Vy could be achieved and maintained because the

contact efficiently collected electrons while repelling holes.
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Figure 3-11 Illustration of the diffusion potential V; effect on the hole concentration at the interface
in devices with (a) low electron affinity and (b) high electron affinity.
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Chapter 4  Study of Zn-Ge-O Thin Film as Low Elec-

tron Affinity Material

4.1 Introduction

As mentioned briefly in Section 2.2.3 and Section 2.3, the band
gap of CIGSSe solar cells can be adjusted within the range of 1.0 — 2.4 eV
by varying the composition ratios of the In-Ga alloy and the S-Se alloy [1,
2]. For the purpose of using CIGSSe as the top cell in tandem solar cells, a
band gap of 1.5 — 1.7 eV is typically desired [3]. In single junction CIGSe
solar cells consisting of pure selenide, a composition ratio of [Ga]/([In] +
[Ga]) = 0.3 corresponds to a band gap of approximately 1.1 eV, and such
cells have shown higher efficiencies of over 18% [4-6]. However, single junc-
tion CGSe cells with wider band gaps have exhibited lower performance,
achieving only around 10% efficiency [7-9]. The lower open circuit voltage
(Voc) in CGSe cells is attributed to a deep trap located approximately 0.3 eV
above the valence band in the CIGS bulk [10, 11]. The concentration of this
deep trap is lowest at a Ga/(In+ Ga) = 0.3 ratio. However, as the
[Ga]/([In] + [Ga]) ratio exceeds 0.3, the interface defect concentration expo-
nentially increases, leading to a significant reduction in V., deviating from

the theoretical open circuit voltage.
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In Chapter 3, the physical mechanism and related roles of the
n-type layer on thin-film heterojunction photovoltaics were exhaustively
discussed. The calculation results indicated that in order to effectively
played the roles of interface passivation and electron selective contact, a
positive conduction band offset (CBO) at the heterointerface is pertinent. In
regards to wide band gap CIGSSe-based thin-film heterojunction photovol-
taics, a low electron affinity n-type material is theoretically advantageous

for the n-type layer application.

In this Chapter, a novel low electron affinity material will be pre-

sented.
4.2 Transparent Conductive Oxide

Transparent conductive oxides (TCOs) are the most studied ma-
terials among transparent conducting materials (TCMs). These materials
display both high electrical conductivities up to about 10*S/m either intrin-
sically or through external doping, and high optical transparency with op-
tical band gap around > 3 eV. The initial discovery of the first TCO, cad-
mium oxide (CdO), dates back over a hundred years by Badeker [12]. How-
ever, significant progress in the field of TCOs and their related applications
occurred in the 1960s when two compounds emerged as key players: in-
dium oxide (In20s), commonly doped with tin to form Indium Tin Oxide

(ITO), and tin dioxide (SnO2), typically doped with fluorine to create
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Fluorine-Doped Tin Oxide (FTO) [13]. More recently, zinc oxide (ZnO) has
gained considerable attention as a TCO material, driven in part by concerns
regarding the cost and availability of indium [14-16]. Some emerging TCOs
include Ga20s, which possesses a significantly wide band gap and is being
explored for applications in power electronics [17, 18]. Another promising
TCO is BaSnOs, which exhibits one of the highest measured mobilities

1

among TCOs, surpassing 120 cm?V =1 s~ at room temperature [19, 20].

TCO thin films find wide-ranging applications in various indus-
tries such as solar cells, flat panel displays, touchscreens, light emitting di-
odes, smart-windows, transparent heaters, heat mirrors, etc. One of the
main markets for TCO is architectural applications, where energy-efficient
windows are used to prevent radiative heat loss. Currently, fluorine-doped
tin oxide (FTO) deposited via a pyrolytic process is commonly employed in
such applications due to its low emissivity properties. These coated win-
dows are ideal for low-temperature environments, including glass freezer

doors and aircraft cockpit windows.

The second major market for TCO thin films is in optoelectronic
applications, including PV modules, touch screens, sensors, and flat panel
displays. In these applications, ITO and ZnO are the primary materials used
as transparent electrodes. ITO is widely utilized on the external surfaces of
these devices. With the increasing demand for renewable energy and the

consequent surge in PV panel production, there has been a need for
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technological advancements, particularly in the development of thin-film
PV panels. These panels require the replacement of traditional metal rib-

bons with transparent electrodes based on TCO layers.

4.3 N-Type Layer Dependence on The Ga- and S- Content in the
CIG(SSe):2 Absorber Layer

In [21], Maeda et al. presented the relationship between the Ga
and S ratio with the position of conduction and valence bands with respect
to the vacuum level. The authors proposed that Ga incorporation signifi-
cantly influenced the electron affinity of the chalcopyrite material to a
higher level. [S]/([S] + [Se]) ratio also have a similar effect although at
more muted degree. This electron affinity shifts are mapped out on Figure
4-1. The valence band positions on the other hand are relatively constant for
any [Ga]/([In] + [Ga]) ratio, and moderately decreased for higher S-content

in the material.

Hence, based on the analysis and calculations conducted, it be-
comes evident that the manipulation of the band gap in CIGSSe by utilizing
Ga and S elements not only influences the width of the band gap, resulting
in a material with a broader band gap, but also affects the reference point
for electron affinity. This reference point is crucial for the optimal design of
the pn-junction coupling to maintain a high V. Specifically, it requires an

n-type material with a wide optical band gap and electron affinity lower
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than the reference point of the absorber, which enables it to function as pas-
sivation and electron contact layers. Concerning CIGSSe solar cells, for ap-
plications as single-junction solar cells, it is apparent that the ideal X"dow
lies within the range of 3.75 — 3.96 eV, whereas for tandem solar cell appli-

cations, the ideal X4  falls within the range of 3.53 — 3.74 eV’.
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Figure 4-1 Mapping of the CIG(SSe)2 absorber’s electron affinity, relative to the vacuum level for
various [Ga]/([Ga] +[In]) and [S]/([S] + [Se]) ratios. Adapted from [21].
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4.4 ZnO Band Gap Engineering and Alloy Coupling

Customizing the band gap of ZnO allows for the adjustment of
the device design to cover a wide range of wavelengths. This flexibility is
especially important considering the current commercial and security ob-
jectives of developing optoelectronic devices in the UV range. One potential
approach to achieve this is by alloying ZnO with materials that have larger
band gaps while still maintaining compatibility with the crystal structure of
ZnO. This could potentially enable the extension of ZnO's functionality to
even shorter wavelengths. MgO and CdO had been shown to have a tuning
effect on ZnO band gap and are expected to exhibit a type-I band alignment
with ZnO, along with relatively smaller band offsets in the valence bands

compared to the conduction band [22].

Cadmium oxide (CdO) possesses a narrower band gap (~2.3 eV)
compared to ZnO and exists in a rock-salt phase, which is thermodynami-
cally stable [23, 24]. The alloying of CdO with ZnO to form Cd:xZni«O
(CdZnO) ternary alloys offers the possibility of narrowing the band gap,
making CdZnO alloys particularly intriguing despite the toxicity associated
with Cd [25]. While most cation-substituted ZnO alloys exhibit broadened
band gaps in the UV and DUV regions, CdZnO ternary alloys can be finely
tuned to lower energies within the visible region by adjusting the Cd com-
position. This expands the potential application range of ZnO-based mate-

rials. ZnO-based separate-confinement structures can be created through
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alloying with CdyZniyO, with the condition that y remains sufficiently
small [22].

The similarity in ion radii between the divalent cations Mg?
(0.57 A) and Zn?* (0.60 A) suggests a high solubility of Mg in ZnO, allowing
for the continuous tuning of the band gap from 3.37eV (ZnO) to
7.8 eV (MgO) [26, 27]. However, due to the distinct crystal structures of ZnO
(wurtzite hexagonal) and MgO (rock-salt cubic), there are significant lattice
mismatches between them. This poses challenges in achieving high-Mg-
content Mg:xZn1-xO with a single wurtzite structure, resulting in limited
band gap tunability. Experimental evidence suggests that the band gap of
ZnO can be increased by forming wurtzite alloys of Mg«Zni«O, as long as
the value of x is not too large [28]. The development of non-thermal equi-
librium growth techniques has enabled the realization of high levels of Mg

incorporation in ZnO without phase separation [29].

The phase segregation in MgZnO can be attributed to the signif-
icant lattice mismatch along the a-axis and the crystallographic structural
difference between ZnO (hexagonal with a = 3.25 A)and MgO (cubic with
a = 4.22 A). However, BeO, which shares the same hexagonal structure as
ZnO but possesses a much smaller a-axis length of 2.70 A, may offer a po-
tential solution. The large lattice mismatches between BeZnO and MgZnO
could potentially counteract each other. Theoretical calculations by

Su et al. [30] revealed that the a-axis length of MgZnO increases with an
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increase in Mg content, while BeZnO exhibits the opposite trend, indicating
that the compressive strain induced by Be along the a-axis could partially
compensate for the tensile strain caused by Mg. Notably, it has been re-
ported [31, 32] that the appropriate incorporation of Be can stabilize high-

Mg-content wurtzite MgZnO.

GeO: is a promising alloying material for ZnO as it provides a
favourable compromise between the electron affinity (X) and the energy
band gap (Ej) [33]. In this research, we have successfully developed a novel
Zn-Ge-O thin film wusing metal organic chemical vapor deposition
(MOCVD). These thin films exhibit properties that make them suitable for
application as TCOs. Our study focused on the control of Ge concentration
in the film, and we have conducted optical and electrical characterizations
on multiple Zn-Ge-O samples. To the best of our knowledge, limited re-
search has been conducted on the ternary Zn-Ge-O compound in the field

of TCOs, with the exception of its application in Cu20 solar cells [34].
4.5 Experimental Set-Up
4.5.1 Epitaxial Film Growth

The films were deposited on soda lime glass substrates using the
metal organic chemical vapour deposition (MOCVD). The soda lime glass
substrates were prepared through wet cleaning in a diluted nonphosphorus

cleaning solution to remove surface impurities and air-drying using
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nitrogen air gun. The substrates were then placed in the reaction chamber
as shown in Figure 4-2 on a heated stage. During the film growth, the at-
mosphere in the reaction chamber was maintained at 400 Pa and the stable
temperature of 160°C. Diethylzinc (DEZn), tetramethoxygermanium
(TMGe), and purified water (H20O) were employed as the precursors for Zn,
Ge, and O, respectively. The precursors were vapourised at 20°C for DEZn,
27°C for TMGe, and 40°C for H2O. The materials were transported into the
reaction chamber using an Argon carrier gas and each material flow rates
were controlled by a material flow controllers appended to the individual
lines. The material flow rates of DEZn and H20 were 60.3 and 140 umol -
min~!, respectively. An i-ZnO thin film was grown under similar condition

as a reference.
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Figure 4-2 Schematic of metal-organic chemical vapour deposition (MOCVD) for Zn-Ge-O thin film
deposition on glass.

To observe the impact of different concentrations of concentra-
tions of Ge on the thin film properties, the Ge content in the Zn-Ge-O alloy

was regulated by adjusting the flow rate of TMGe, ranging from
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1.51 to 12.1 ymol - min~*. All the deposited Zn-Ge-O thin films were not
doped. All samples were naturally cooled down in the chamber until the

temperature drops below 110°C before being removed for characterisation.
4.5.2 Film Characterisation

The ratio on Zn and Ge in the film was investigated through in-
ductively coupled plasma mass spectrometry (ICP-MS). ICP-MS is a highly
sensitive and precise analytical technique used to determine the elemental
composition and isotopic ratios in diverse samples. As illustrated in Figure
4-3, it combines inductively coupled plasma, which atomizes and ionizes
the sample, with mass spectrometry, which separates and detects the ions
based on their mass-to-charge ratio. ICP-MS provides the ability to detect
trace elements at incredibly low concentrations and simultaneously analyse
multiple elements. In this study, 10 ml nitric acid (HNOs) was used for the

digestion of the Zn-Ge-O film samples to prepare for the measurement [35].
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Figure 4-3 Schematic diagram of ICP-MS equipments and process.
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To evaluate the optical band gaps of the Zn-Ge-O films, the ap-
proximation was derived from the transmittance and reflectance of the film
measured by Ultaviolet-Visible (UV-Vis) spectroscopy in the wavelength
range of 300 — 1000 nm. Electromagnetic wave on specific wavelengths
was passed through the sample onto a sensor that measured the intensity
of the transmitted or the reflected wave as described in Figure 4-4. The ob-
tained values were calculated to obtain the absorption coefficient a and
(ahv)?, assuming a direct band gap material similar to ZnO, to draw the

Tauc Plot from which the optical band gap can be closely estimated.

Photoemission yield spectroscopy (PYS) was used in this work
to examine the work function ® of the films and to determine the electron
affinity X position with respect to the vacuum level. PYS is a technique used
to investigate the electron emission properties of a material when illumi-
nated with light as shown in Figure 4-5. By varying the incident photon en-
ergy and analysing the emitted electrons, valuable information about the
electronic structure, band gap, work function, and surface properties of the

material can be obtained.
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Figure 4-4 Schematic diagram of UV-Vis equipments and process.
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Figure 4-5 Schematic diagram of PYS measurement.
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X-ray diffraction (XRD) is a widely used analytical technique for
characterizing the atomic and molecular structure of materials. It is based
on the principle of Bragg's law 2d sinf = A, which states that when X-rays
with 4 wavelengths interact with a crystal lattice with specific spacing d,
they undergo constructive interference, resulting in a characteristic diffrac-
tion pattern at 6 diffraction angle. In XRD, a sample is irradiated with X-
rays of a specific wavelength, and the resulting diffraction pattern is rec-
orded. By analysing the positions and intensities of the diffraction peaks,
valuable insights can be gained into the arrangement of atoms, phase com-
position, crystal defects, and texture of the material. In this study, CuKa X-

ray and 6 — 20 method was used.

Van der Pauw method and four-probes method were used to
evaluate the electrical properties of the thin film such as sheet resistance p,
conductivity o, carrier mobility v, and carrier concentration n. The AC Hall
measurement was conducted based on the Hall effect, which describes the
deflection of charge carriers in a magnetic field when an electric current
flows through a conductor. In AC Hall measurement, an alternating current
is passed through the sample, while a magnetic field is applied perpendic-
ular to the current. The resulting Hall voltage, which is proportional to the
product of the magnetic field, current, and charge carrier properties, is

measured. By varying the magnetic field strength and analysing the Hall
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voltage, valuable information about the type of charge carriers (electrons or

holes), their density, and mobility can be obtained.

Atomic Force Microscopy (AFM) is a high-resolution imaging
technique that allows for the visualization and characterization of surfaces
at the nanoscale. It operates by scanning a sharp tip mounted on a cantilever
over the surface of a sample. As the tip interacts with the surface at several
A distance, it experiences interatomic forces that cause the cantilever to de-
flect. This deflection is detected by a piezoelectric element and used to gen-
erate a topographic image of the sample surface with remarkable resolution.
In addition to imaging, AFM can also provide information about various
surface properties, such as mechanical properties (e.g., elasticity and adhe-
sion), electrical properties (e.g., conductivity and capacitance), and mag-
netic properties (e.g., magnetic force microscopy). One of the key ad-
vantages of AFM is its versatility, as it can be used to study a wide range of
materials, from metals and semiconductors to polymers and biological sam-

ples due to its ability to interact with sample of any conductivity.

Transmission Electron Microscopy (TEM) instrument utilizes a
high-energy electron beam that is transmitted through a thin film sample.
As the electrons interact with the atoms in the film, they undergo various
scattering processes. The scattered electrons include both elastic scattered
electrons which did not lose energy, and inelastic scattered electrons which

lost part of their energy. Similar to the XRD method, the diffracted elastic
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scattered electrons can be used to investigate crystallinity. On the other
hand, inelastic scattered electrons can be used to identify elements by meas-
uring their energy losses. By analysing the scattering patterns, information
about the crystal structure, lattice defects, grain boundaries, and thickness
of the thin film can be obtained. The high-resolution capabilities of TEM
allow for the visualization of individual atoms and the observation of
nanostructures within the thin film. This enables detailed analysis of the

film's crystallographic orientation, grain size, and interfaces.

Transmission Electron Diffraction (TED) measurement is a tech-
nique used in TEM to investigate the crystal structure, crystallographic ori-
entation, and lattice parameters of materials at the atomic scale. It is based
on the principle of electron diffraction, which occurs when a beam of elec-
trons interacts with a crystal lattice and undergoes constructive interference.
In TED measurement, a thin sample is illuminated with a high-energy elec-
tron beam in the TEM instrument. The electrons interact with the atoms in
the crystal lattice, resulting in diffraction patterns that are recorded using a
detector. These patterns consist of a series of bright spots called diffraction
spots or reflections. The diffraction spots in the pattern correspond to spe-
cific crystallographic planes within the sample. By analysing the positions,
intensities, and shapes of the diffraction spots, valuable information about

the crystal structure and orientation can be obtained. This includes
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determining the lattice spacing, crystal symmetry, crystallographic phase,

and the presence of defects or imperfections in the crystal lattice.
4.6 Analysis of Single Layer Zn-Ge-O Thin Film

The results obtained from the ICP-MS measurement revealed a
clear and consistent linear correlation between the variable n and the Ge
concentration in the deposited samples, as illustrated in Figure 4-6. It was
observed that as the Ge flow rate increased, indicating a higher supply of
tetramethoxygermanium (TMGe), the Ge concentration in the samples also
increased. Simultaneously, there was a corresponding decrease in the con-
centration of zinc (Zn), suggesting the replacement of Zn atoms by Ge in the
film structure. This phenomenon was particularly evident when comparing

the samples deposited with different Ge flow rates.

The experiments yielded four distinct compositional ratios of
[Ge] / [Zn + Ge], namely 1.1%, 1.8%, 3.5%, and 8.1%. These ratios were
achieved by adjusting the Ge flow rate while keeping the DEZn flow rate
constant. Of particular interest was the sample with the highest composi-
tional ratio of 8.1%, which exhibited a corresponding ng./(nz, + ng.) flow
rate ratio of 16.7%. This observation suggested that the TMGe gas was less
reactive to water vapor compared to the DEZn gas during the film deposi-

tion process.
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Figure 4-6 [Ge] / ([Ge] + [Zn]) compositional ratio as a function of flow rate of TMGe (n;,) for the
the Zn-Ge-O films deposited by the different n from 1.51 to 12.1 yumol min~1.

An interesting finding was that the film growth rate remained
relatively constant across all the tested Ge flow rates. Regardless of the Ge
concentration in the samples, the growth rate was consistently around
0.36 nm - s~1. This result indicates that the presence of different Ge concen-

trations did not significantly affect the overall deposition rate of the films.
4.6.1 Optical Properties

The results of the Tauc-plot analysis, presented in Figure 4-7,
provide valuable insights into the optical properties of the samples. It is ev-

ident from the plot that there is a noticeable shift in the absorption edge
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towards a wider energy gap (E,) as the Ge content in the films increases.

This shift implies a change in the band gap characteristics of the films.

By estimating the optical Ej; for each film, it was determined that
the film with a compositional ratio of 1.1% [Ge] / ([Zn] + [Ge]) had an E of
3.37 eV. As the Ge content increased, the optical E, values also increased:
3.40 eV for the film with 1.8% [Ge] / ([Zn] + [Ge]), 3.53 eV for the film with
3.5% [Ge] / ([Zn]+[Ge]), and 3.60 eV for the film with 8.1% [Ge] / ([Zn]+[Ge]).
These findings indicate that the introduction of Ge into the ZnO alloy com-
position leads to a wider band gap, affecting the optical properties of the

films.

For comparison purposes, the Tauc-plot of the reference non-
doped ZnO film is also included in Figure 4-7. From this plot, it was deter-
mined that the E; of the reference ZnO film was measured to be 3.25 eV.
This value serves as a baseline for understanding the impact of the Ge con-

tent on the band gap characteristics of the Zn-Ge-O films.
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Figure 4-7 Tauc-plot to estimate the E; of Zn-Ge-O films with various Ge content and reference
ZnO film.

In order to estimate the electron affinity (X) of the Zn-Ge-O films,
we employed the Photoemission Yield Spectroscopy (PYS) method to char-
acterize their ionization energies. By subtracting the band gap energy (Ej)
from the ionization energy, we were able to determine the X value of
Zn-Ge-O. The results of this analysis are summarized in Figure 4-8, which
presents the estimated positions of the conduction band minimum (CBM)
and the valence band maximum (VBM) as a function of the compositional

ratio [Ge] / ([Zn] + [Ge])).
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Figure 4-8 Conduction band minimum (CBM) and valence band maximum (VBM) as a function of
the [Ge] / ([Zn] + [Ge]) compositional ratio. CBM and VBM values were estimated band gap and
ionization energy obtained by UV-Vis and PYS measurements.

Through our analysis, we observed a linear decrease in the X
value of Zn-Ge-O films with an increasing Ge concentration. This relation-
ship between the compositional ratio [Ge] / ([Zn] + [Ge]) and the shift of X
is described by Eq. 4.1. Notably, for the sample with an 8.1% [Ge] / ([Zn] +
[Ge]) compositional ratio, the X value was found to be 4.06 eV, which is
lower than the reference X value of ZnO, which measured at 4.42 eV. These
findings highlight the influence of the Ge concentration on the electron af-

finity of the Zn-Ge-O films.
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[Ge]

- el N Eqg. 4.1
X = 0.039 ([Zn] n [Ge]> 4.38 q

It is important to note that the VBM of each sample remained
nearly constant across different Ge molar concentrations. This observation
suggests that the valence band behaviour was not significantly affected by
the Ge content in the Zn-Ge-O films. The consistency of the VBM values
provides additional insights into the electronic structure of the films and
helps to elucidate the relationship between composition and electronic

properties.

In oxide semiconductors like ZnO and GeQO:, the valence band
maximum (VBM) is primarily composed of oxygen p-orbitals, while the
conduction band minimum (CBM) consists of cation s-orbitals. Given that
oxygen is a common element in both the ZnO and GeO: systems, it is ex-
pected that the VBM will exhibit a relatively constant value regardless of
the Ge content. Conversely, the CBM appears to be influenced by the dis-

tinct chemical properties of the Zn and Ge atoms.

These findings indicate that the Zn-Ge-O film possesses charac-
teristics that make it a promising candidate as a low-electron affinity (X)
n-type material. By incorporating both Zn and Ge atoms into the film, it
becomes possible to modulate its electronic properties and potentially

achieve enhanced performance in various applications.
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4.6.2 Crystallographic Properties

The X-ray diffraction (XRD) spectra presented in Figure 4-9 de-
pict the characteristics of Zn-Ge-O thin films with varying Ge compositions,
namely [Ge] / ([Zn] + [Ge]) ratios of 1.1%, 1.8%, 3.5%, and 8.1%. The diffrac-
tion peaks corresponding to ZnO (100) and ZnO (110) were observed at
31.8° and 56.7°, respectively, confirming the presence of these lattices on the
films (ICDD PDF no.: 01-075-0576). Notably, a notable shift toward higher
diffraction angles is observed in the sample with a [Ge] / ([Zn] + [Ge]) ratio
of 3.5%, indicating the substitution of Zn atoms by Ge atoms which has

smaller atomic radii, resulting in a lattice compression.

The XRD results further demonstrate a gradual weakening of the
ZnO (100) peak as the Ge composition ratio increases, eventually disappear-
ing in the 8.1% sample. This suggests a transition from a polycrystalline film
to a less crystalline film with a higher Ge composition. The change in crys-
tallinity observed in the XRD analysis correlates with the trend observed in
Figure 4-7, where the absorption edge becomes less distinct with increasing

Ge content, indicating a broader band gap.
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Figure 4-9 X-ray diffraction spectra of Zn-Ge-O thin-film samples with 1.1%, 1.8%, 3.5%, and 8.1%
Ge content.

To gain further insight into the structural characteristics of the
Zn-Ge-O films, cross-sectional transmission electron microscopy (TEM) im-
ages were captured and are presented in Figure 4-10. Specifically, the TEM
images of samples with 1.8% and 8.1% [Ge] / ([Zn] + [Ge]) ratios were com-
pared due to their substantial compositional differences. The samples ex-
hibited relatively uniform thicknesses ranging from 600 to 700 nm. In Fig-
ure 5a, the TEM image of the 1.8% sample reveals a columnar structure re-
sembling a typical polycrystalline ZnO structure. In contrast, the cross-sec-

tional TEM image of the 8.1% sample (Figure 5b) does not display an
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evident grain structure. Notably, both TEM images and quantitative en-
ergy-dispersive X-ray spectroscopy analysis indicated the absence of Ge
segregation within the samples. This suggests that the Zn-Ge-O alloy was

successfully formed through the MOCVD process.

(a) (b)
Figure 4-10 Cross-sectional TEM images of Zn-Ge-O thin-film image with a) [Ge] / ([Zn] + [Ge]) =
1.8% and b) [Ge] / ([Zn] + [Ge]) = 8.1%.

Furthermore, to gain insights into the crystallinity of the
Zn-Ge-O thin films, additional analysis using Transmission Electron Dif-
fraction (TED) was conducted at a higher magnification. Figure 4-11 illus-
trates the diffraction patterns observed and their corresponding positions
within the bulk of the films for two selected points in each sample, denoted
as *1 and *2 in Figure 4-11(a) for the [Ge]/([Zn] + [Ge]) = 1.8% sample, and
*3 and *4 in Figure 4-11(b) for the [Ge]/([Zn] + [Ge]) = 8.1% sample. In the
case of the 1.8% sample, both *1 and *2 points exhibit a polycrystalline struc-
ture. However, a noticeable variation in the crystal ordering is observed be-
tween *1 and *2. Specifically, the region represented by *1, located at a
higher position within the film, displays a higher degree of crystal order
compared to *2, suggesting an improvement in crystallinity towards the up-

per layer of the film during the deposition process. Similarly, analysis of the

119



8.1% sample reveals a polycrystalline structure in the focus area, indicating
the presence of nanocrystalline aggregations. These findings provide fur-
ther confirmation and support the observations obtained from the XRD and
TEM measurements, providing a comprehensive understanding of the crys-

talline characteristics of the Zn-Ge-O thin films.

Close to Poly-
single crystalline
crystal
Poly- Poly-

crsytalline crsytalline

(@) (b)

Figure 4-11 Transmission electron diffraction measurements of cross-sectional Zn-Ge-O thin-film
image with a) [Ge] / ([Zn] + [Ge]) = 1.8% (i.e., points *1 and *2) and b) [Ge] / ([Zn] + [Ge]) = 8.1% (i.e.,
points *3 and *4).

From the TED measurement, it was found that the crystal struc-
ture of the Zn-Ge-O of the films are very close to ZnO film crystallography.
Several lattice planes were identified by referencing the measured lattice
spacing with ICDD PDF no.: 01-077-9355 Miller indices as illustrated in Fig-
ure 4-12. For the [Ge]/([Zn] + [Ge]) = 1.8% sample, clear diffraction signals
were identified as {113}, {130}, and {220} lattices. The d-spacing of each
lattice was measured to be around 0.146 — 0.147 nm, 0.132 — 0.136 nm,

and 0.157 — 0.161 nm, respectively. These values are close to the reference

d-spacing values for the reference lattices in the PDF card.
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(c) (d)

Figure 4-12 Identified lattices of ZnO crystal on the ZnGeO films with ([Zn] + [Ge]) = 1.8% (a and b)
and ([Zn] + [Ge]) = 8.1% (c and d).

Unfortunately, the diffraction signals from the Zn-Ge-O single
film with [Ge]/([Zn] + [Ge]) = 8.1% concentration was not definitive
enough for Miller index comparison. However, by calculating the angle be-

tween the lattice planes from the [Ge]/([Zn] + [Ge]) = 1.8% sample, the
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lattice planes and d-spacings could be estimated geometrically. From the
calculation the presence of {113}, {130}, and {220} lattices could be approx-
imated to exist on the [Ge]/([Zn] + [Ge]) = 8.1% Zn-Ge-O films as well. The
d-spacing of each lattice were estimated to be around 0.131 nm, 0.153 —
0.154 nm, and 0.155 nm, respectively. Slight decrease on the {220} lattice
was observed, however unusual large increases on the {113} and {130}

were also noted.
4.6.3 Electrical Properties

The obtained data in Figure 4-13 provides insights into the elec-
trical properties of the Zn-Ge-O film, specifically regarding carrier mobility
and concentration. As the Ge concentration increased, a decrease in carrier
mobility was observed. Additionally, the electron concentration ranged
from1 x 10 to 1 x 10 cm™2 across the different samples. Interestingly,
the film with an 8.1% Ge concentration exhibited no significant variations
in these electrical properties. This finding is in line with the absence of peaks
in the X-ray diffraction (XRD) pattern, indicating that the film is not amor-
phous but rather composed of aggregations of nanocrystals, as confirmed

by transmission electron microscopy (TED) observations.

Considering the electrical characteristics, these results suggest
that the Zn-Ge-O film holds potential for applications as a buffer layer for

wide band gap chalcogenide solar cells, as well as a transparent conducting
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oxide (TCO). The film's ability to modulate carrier mobility and concentra-
tion makes it a suitable candidate for improving the performance of solar
cells and providing conductivity in optoelectronic devices. However, for
successful TCO applications, further steps are necessary, such as the addi-
tion of dopants to enhance conductivity, and optimization of the growth

conditions to achieve desired electrical properties.
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Figure 4-13 Carrier mobility and carrier concentration of Zn-Ge-O films as a function of
[Ge]/([Zn]+[Ge]) compositional ratio.
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4.7 Zn-Ge-O Film in Photovoltaic Device

Window Layer - ZnO:B Window Layer - ZnO:B

Buffer Layer —i-ZnO Buffer Layer —i-ZnO

Buffer Layer — n-CdS Buffer Layer — n-ZnGeO

Absorber — CIGS Absorber — CIGS

Figure 4-14 Device structure of thin-film heterojunction CIGSSe photovoltaic device with i-ZnGeO
buffer layer.

Following the characterisation of the Zn-Ge-O single layer thin
films the performance of the Zn-Ge-O film with various ratios of
[Ge] / ([Zn] + [Ge]) as a buffer layer on a CIGSSe absorber was examined. A
Mo-coated soda lime glass was used as a substrate. The narrow band gap
CIGSSe absorber was deposited through the three-stage co-evaporation
method, with thickness about 2 um. As part of the initial device testing, the
Zn-Ge-O film was applied as a thin buffer layer with a thickness of 50 nm
replacing CdS. In addition, approximately 50 nm i-ZnO and 800 nm ZnO:B
being used as the window layer (Figure 4-14). The Zn-Ge-O and ZnO films
were consecutively grown through MOCVD without breaking vacuum. Fi-
nally, Al-S5n metals were used as the electrodes for the front and back con-

tact, respectively.
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Table 4-1 I-V characteristic of CIGSe solar cells with n-ZnGeO buffer layer of different Ge

concentration.
[Gel/(IZn]+[Ge]) Voc [V]  Jsc[mA-cm™?] FF n [%]
1% 0.475 34.5 0.537 8.82
3% 0.470 36.7 0.511 8.81
6% 0.615 34.3 0.620 13.1
3.00 Ge%=1%  Ge%=3% Ge%=6% CIGSe Absorber

- A

-3.50 X=-4.00eV

-4.00 0.15eV, =L

0.34eV} __0:26eV}
-4.50 -

-5.00
-5.50
-6.00
-6.50
-7.00
-7.50
-8.00

Energy relative to vacuum level (eV)

Figure 4-15 The conduction band offset shift at the ZnGeO/CIGSSe interface in correspond to the
change in [Ge]/([Zn] + [Ge])

The results of the experiments, including the I-V characteristics,
are listed in Table 4-1. A conversion efficiency 7 of 13.1% was achieved with
Voc of 0.615V, Js. of 34.3 mA - cm™2, and a fill factor of 0.620 for the device
that employed a Zn-Ge-O film with a compositional ratio of 6%. The
ideal-Vj for CIGSe: absorber with E; =~ 1.1 eV as used in this experiment is

between 0.7 — 0.8 V.
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The influence of the [Ge]/([Zn] + [Ge]) on the performance of the
photovoltaics device, specifically V¢, was also noted. The open circuit volt-
age was increased by about 0.14 V when [Ge]/([Zn] + [Ge] was raised from
1% to 6 %. [Ge]/([Zn] + [Ge] is directly corelated to the electron affinity of
the n-type layer at the heterointerface as indicated in Figure 4-8. In Section
3.5, the role of n-type layer as interface passivating material and electron
selective contact were discussed. From both the perspective of interface pas-
sivation and contact selectivity, n-type material coupling with X™~t»¢
lower than the XP~'P¢ inhibits the recombination at the heterointerface.
The conduction band offset at the heterointerface for each device can be un-
derstood from Figure 4-15 where simple band diagrams of each Zn-Ge-O
buffer layer are contrasted with the CIGSe2 absorber. The conduction band
offset at the heterointerface was transformed from a cliff structure with
0.34 eV difference for [Ge]/([Zn] + [Ge] ) = 1% toward close to a flat band
at higher [Ge]/([Zn] + [Ge]).

In the subsection 3.4.2, the dependence of V,; on XW4°% from
the previous numerical study were shown in Figure 3-9. From that figure,
it can be understood that the differences of V. between the device with
0.15 eV cliff structure and the device with 0.35 eV, is similar to the V. dif-
ference found in the experimental result. This result shows the feasibility of

Zn-Ge-O film as an alternative n-type material with low electron affinity.
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Chapter 5 General Conclusion and Future Prospect

5.1 General Conclusion

As the threat of climate change has turned from a probable dis-
astrous future for a day-to-day reality to many people, the adoption of sus-
tainable technology in our way of living has become a race against time.
With the increasing threats posed by greenhouse gas emissions and global
warming, transitioning to renewable sources is crucial to mitigate environ-
mental damage. PV energy stands out due to its numerous advantages: it
harnesses the sun's abundant and inexhaustible energy, generates electric-
ity without emitting harmful pollutants or greenhouse gases, and reduces
dependence on fossil fuels. By embracing photovoltaic technology on a
large scale, we can significantly reduce carbon emissions, combat air pollu-

tion, and foster a more sustainable future.

CIGSSe-based thin film heterojunction solar cells are one of the
prominent candidates for high-efficiency photovoltaic technology. Among
the CIGSSe materials, wide band gap pure-sulfide CIGS absorbers have
both the potential of being the ideal band gap single junction solar cell and
the top cell for a multijunction solar cell. Previous research on wide band
gap CIGSSe solar cells has primarily concentrated on pure-selenide CIGSe

with high Ga content, but has failed to yield promising results because of
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the drawbacks associated with high recombination in Ga-rich cells. A simi-
lar effect to band gap tuning through the conduction band minimum
method by adjusting the S content. Existing literature on pure-sulfide CIGS
solar cells has predominantly assumed the utilsation of techniques and ma-
terials commonly employed for narrow band gap pure selenide CIGSe solar
cells. However, our study suggested that alternative n-type materials are
necessary to achieve high efficiency in wide band gap CIGSSe cells. In ad-
dition, a novel n-type material with low electron affinity was introduced in

this study.

Through the calculations, we clarified that, in an ideal scenario,
the V¢ remains unaffected by the design of the n-type layer. This is because
the ideal V¢ could be maintained by the capacitance of the depletion layer
and the accumulation of carriers at the interface. However, since achieving
an ideal condition in solar cell design is not realistic, this study took into
account the presence of defects at the heterointerface. The calculations re-
veal that as the interface defect concentration increases, there would be less
design flexibility for appropriate p-n material pairing, leading to V. losses
in the device. This finding suggested a trade-off between employing more
sophisticated fabrication methods to improve interface quality and achiev-
ing precise coupling of n-type materials in future wide band gap CIGSSe
solar cell designs. In addition, through the analysis of carrier transport

mechanism, the role of n-type layers as the interface passivator and carrier
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selective contact was expounded in this study. Finally, it was suggested that
the low electron affinity n-type material is a pivotal factor for the manufac-

turing of high-efficiency thin film heterojunction CIGSSe solar cells.

In this study, a single film alloy was successfully deposited using
the MOCVD method to deposit using Ge(OCHs)4 as the Ge precursor. When
the material flow rate in the system was controlled, the proportion of Ge
material in the film was regulated. Furthermore, the alloying of Ge with
ZnO was demonstrated to have the effect of widening of the E; of the ma-
terial, achieved by shifting the conduction band closer to the vacuum level.
This outcome aligns with the follow-up of the result of the first part of the
study: the development of an n-type material that can better align the con-
duction band minimum (CBM) with different CIGSSe absorbers. Further-
more, the study indicates that the increase in the Ge content leads to a trans-
formation in the crystal structure of the film. More research and characteri-
zation will be necessary to fully understand the implications of these

changes.
5.2 Future Prospect

The limitation of this study is that only the electrical, optical, and
crystallographic properties of nondoped Zn-Ge-O single films were able to
be thoroughly investigated. However, further studies on single-film Zn-Ge-

O with a higher Ge content and dopant are needed to fully understand
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properties and potential applications of this material. As a transparent con-
ductive oxide material, Zn-Ge-O can be adapted not only as n-type material
for thin-film heterojunction photovoltaics, but also for other optoelectronic

applications like a touch screen, display, and sensors.

In terms of photovoltaic application, further trials on CIGSSe-
based solar cells are needed to gain insight on the potential of Zn-Ge-O as
an alternative buffer and window layer. In addition, a more detailed control
of Ge-content throughout the epitaxial growth process will be beneficial for
the future development of buffer-free CIGSSe photovoltaics. Outside of
CIGSSe-based photovoltaic solar cell, other thin-film heterojunction solar
cells such as CdTe, a-5i, and perovskite solar cells may also benefit from this
development. In addition, the need for novel transparent conducting mate-
rials for bifacial or multijunction solar cells are also addressed through the

development of Zn-Ge-O.
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