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SEL SURIA FILEM NIPIS SILIKON MELALUI KAEDAH PENYEJATAN

TERMA ATAS BAHAN POLIMID

ABSTRAK

Teknologi konvensional yang berasaskan silikon (Si) wafer masih menguasai
sekitar 90% pasaran photovoltaik (PV) dengan penukaran kecekapan sekitar 15 - 20%
kerana wujudnya sumber silika yang banyak di dalam kerak bumi (~25%), tidak toksik
di samping mempunyai jurang jalur yang hampir ideal (1.12 eV) untuk proses
photoconversion. Tetapi, kos teknologi ini adalah tinggi (sekitar USD 2 - 3/Watt, pada
masa ini) yang menghalangnya untuk digunakan secara meluas sebagai teknik alternatif
untuk penjanaan kuasa pada masa ini. Ini berpunca daripada kos pemprosesan yang
tinggi dan kos penulenan bahan Si (kos hablur tunggal adalah sekitar USD 400/kg)
selain penggunaan bahan Si yang banyak (300 — 500 um/wafer). Kajian ini mengupas
potensi untuk menghasilkan sel suria Si filem nipis di atas permukaan substrat polimid
(P1) kos rendah melalui kaedah penyejatan terma bagi mengurangkan kos teknologi ini
di bawah USD 1/Watt,. Sel suria direka dengan konfigurasi substrat berstruktur simpang
p-n dan p-i-n. Pelbagai strategi memerangkap cahaya seperti pemantul aluminium (Al)
sentuhan belakang, penteksturan permukaan PI, zink oksida (ZnO) salutan anti-pantulan
(ARC) dan pemantul permukaan belakang (BSR) yang berasaskan cat putih telah dinilai
untuk meningkatkan panjang jalan optik cahaya yang masuk dan untuk mengurangkan
penyusutan foton akibat refleksi. Penyerap Si jenis-p berketebalan 1.5 um telah

digunakan dalam sel - sel simpang p-n manakala penyerap Si intrinsik berketebalan 800
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nm telah digunakan dalam sel — sel simpang jenis p-i-n. Bilangan lohong dan elektron
dalam Si jenis-p dan jenis-n (120 nm) adalah masing-masing bernilai 6.63 x 10*® cm™
and 4.87 x 10" cm™ di kedua-dua jenis sel suria yang bersimpang p-n dan p-i-n, telah
didopkan dengan Al dan antimoni (Sb) semasa penyejatan terma. Kedua-dua lapisan
penyerap menunjukkan sifat mikrohablur selepas penyepuhlindapan selama 2 jam pada
suhu 400°C dalam nitrogen (N2) ambien dengan jurang jalur optik sekitar 1.0 — 1.2 eV.
Sel — sel bersimpang p-i-n mencatatkan arus foto, faktor pengisian (F.F) dan kecekapan
penukaran (1) yang lebih tinggi berbanding dengan sel — sel suria yang bersimpang p-n.
Peningkatan strategi memerangkap cahaya dalam sel - sel menunjukkan peningkatan
arus foto. Sel suria yang terbaik (dengan struktur simpang p-i-n) mempunyai V.
0.410 V, I 8.00 mA, F.F 0.535 dan nilai n sebanyak 1.98%. Mekanisme — mekanisme
utama yang mengurangkan kecekapan penukaran dikaitkan dengan kesan teduhan oleh
sentuhan logam permukaan atas (14.1%), kelemahan penyerapan oleh Si filem nipis,
penggabungan semula melalui Shockley Read Hall (SRH) di dalam bahagian tapak,
pemancar dan simpang serta turut disumbangkan oleh kehilangan dalam pemancar yang

disebabkan oleh isu jarak jari Ag.
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THIN FILM SILICON SOLAR CELL PREPARED BY THERMAL

EVAPORATION ON POLYIMIDE SUBSTRATE

ABSTRACT

Conventional wafer-based silicon (Si) technology still dominates around 90% of
the photovoltaic (PV) market with 15 - 20% conversion efficiency due to its abundance
(~25% of silica in the earth’s crust), non-toxicity besides having close to ideal band gap
(1.12 eV) for photoconversion process. But, this technology suffers from high
cost/Watt, (USD 2 - 3/Watt, at present) that impedes its widespread to be an alternative
power generation technique at present. This stems from high processing and purification
costs of the Si material (single crystal costs about USD 400/kg) besides high material
consumption (300 - 500 um/wafer). This work explored the feasibility of fabricating
thin film Si solar cells on low-cost polyimide (PI) substrates via thermal evaporation
method in order to bring down the costs of the Si PV technology to below USD 1/Watt,.
The solar cells were fabricated in substrate-configuration with p-n and p-i-n junction
structures. Various light trapping strategies such as aluminium (Al) back contact
reflector, P surface texturing, zinc oxide (ZnO) anti-reflective coating (ARC) and white
paint back surface reflector (BSR) have been evaluated to increase optical path length of
the incident light and to reduce reflection losses. A 1.5 um thick p-type Si absorber was
used in the p-n junction cells while 800 nm intrinsic Si was adopted in the p-i-n junction
cells. The hole and electron concentrations in the p-type and n-type Si (120 nm) were

respectively 6.63 x 10'® cm™ and 4.87 x 10" cm™ in both p-n and p-i-n junction cells,
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realised by doping with Al and antimony (Sb) during the evaporation. Both absorber
layers showed microcrystalline nature after 2 hours of annealing at 400°C in nitrogen
(N2) ambient with optical band gap (Ey) of around 1.0 — 1.2 eV. The p-i-n junction cells
recorded higher photocurrent, fill factor (F.F) and conversion efficiencies (1) compared
to the p-n junction counterparts. Increased light trapping strategies in the cells showed
increased photocurrent. The best cell (with p-i-n junction structure) measured Vo
(open-circuit voltage) of 0.410 V, I (short-circuit current) of 8.00 mA, F.F of 0.535 and
n of 1.98%. The main loss mechanisms were associated to contact shading loss (14.1%),
poor absorption of the Si thin film, Shockley Read Hall (SRH) recombination in the
base, emitter and junction regions and also contributed by emitter losses due to silver

(AQ) finger spacing issues.
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CHAPTER 1

INTRODUCTION

1.1 Solar Energy

Today, the world’s population has witnessed how bad the effect of climate
change could be by tragedies that hit the entire cities in New Orleans (2005) and
temperatures up to 50°C that hurt people and ecosystem in southern Europe in the
summer 2007. These tragedies has sent out a signal that carbon dioxide (CO,) emissions
need to be curbed very soon and a promising renewable energy (RE) source like solar
energy has to be deployed in a massive scale in order to combat the climate change
(EPIA, 2010). The need for the solar energy is amplified further by the enormous
fluctuations of oil prices in the last few years that stem from the volatility of the
financial markets besides economic turmoil which have highlighted our strong
dependence on oil. Apart from that, the latest nuclear tragedy in Japan has brought

some countries to revise their future energy plans (IEA, 2010).

Figure 1.1: Monocrystalline silicon (c-Si) solar panel.



The solar energy is a RE that can be harvested from the sun’s rays by using
photovoltaics (PV) technology (as shown by Figure 1.1). The PV technology
(i.e. solar panel formed by an array of solar cells) normally comprise of a
semiconductor material (such as silicon, Si) that can absorb the incoming photons (from
sunlight) and convert them into useful electric current via a mechanism called
“photovoltaic effect” (Green, 2002b).

Electricity generation via the PV technology is now the fastest-growing business
(Razykov et al., 2011, Parida et al., 2011). The cumulative worldwide annual PV
installed capacity is doubling every 2 years as observed from Figure 1.2.
The PV market has grown at a rate of 40% each year, with cumulative worldwide

installed capacity of around 15 GW, in 2008 (EPIA, 2010).
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Figure 1.2: Cumulative worldwide annual PV installed capacity (EPIA, 2010).



If compared to other REs, the PV technology is more favourable due to several
factors. First, it exploits the most abundant and inexhaustible source of free power from
the sun unlike other sources of energy (Parida et al., 2011). Besides, the PV technology
has a higher energy density (i.e. energy delivered over the lifetime of a device per unit
mass of material) compared to most other energy technologies. Coal, biomass and
natural gas exhibit around 30 — 50 MJ/kg. The PV technology (200 um, Si-based with
15% efficiency and 20 years lifetime) shows around 10* — 10° MJ/kg while a nuclear
energy normally has a much higher energy density of around 10° MJ/kg (Bowden et al.,
2010).

Apart from that, the PV technology can be deployed almost anywhere with
sunshine. The system is easy to install and involve low maintenance. It also has
negligible environmental footprint. During operation, the PV technology produces
electricity with no air emissions and no waste production. Furthermore, there is no CO;
emission, thus has a very low carbon footprint suitable to combat the climate change.
This technology is also modular, in the sense that it ranges from milliwatt (mW)
in consumers products up to gigawatt (GW) in future power stations. On top of that,
the PV technology is also robust and reliable with proven lifetime of 20 — 30 years
(IEA, 2010, Green, 1982). The PV technology on Si platform utilises existing
technologies and manufacturing processes in microelectronics, making it cheap and
efficient to implement.

However, the most prominent drawback of the PV technology (particularly
wafer-based Si) is due to its high cost/Watt, (around USD 2 - 3/Watt, at present)

of the finished module compared to USD 1/Watt, of coal-electricity generated source



(Aberle, 2000). This is the main reason that hampers the widespread adoption of the PV

technology to be the alternative source of power generation.

1.2 Efficiency and Cost Projections of Solar Technologies
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Figure 1.3: Efficiency and cost projections of three generations of solar technologies
(First generation: wafers, Second generation: thin films, Third generation: advanced
thin films) (Green, 2003).

Figure 1.3 shows the efficiency and cost projections of three different
generations of solar technologies categorised by the ARC Photovoltaics Centre of
Excellence, UNSW, Australia (Green, 2003). The figure plots efficiency against
manufacturing costs of each generation (in USD/m?).

The first generation consists of monocrystalline (c-Si) and multicrystalline

(mc-Si) wafer-based Si solar cells. This generation possesses high efficiency (10 — 20%)

with relatively high production costs. This is due to high energy and material-intensive



Czochralski (CZ), Float Zone (FZ) and casting/directional solidification processes used
to produce both high purity c-Si and mc-Si wafers respectively (Mahajan and Harsha,
1999). The present manufacturing costs of this generation is as low as USD 2 — 3/Watt,
(for large scale manufacturers). USD 1/Watt, will likely be the bottom limit of the costs
for this generation if the conversion efficiency can be increased or the costs can be
reduced (Green, 2003).

The second generation is the thin film technology typically deposited on foreign
substrates or superstrates, usually glass or plastic. This technology involves several
device families such as amorphous Si (a-Si), polycrystalline Si (pc-Si), microcrystalline
Si (pc-Si), cadmium telluride (CdTe), copper indium diselenide (CulnSe;, CIS) and
also copper indium gallium diselenide (CulnGaSe,, CIGS). Out of these, Si-based thin
films are more superior in terms of stability, manufacturability, toxicity (related to Cd)
and resource availability (related to Te and In) issues (Green, 2009). With regard to Si
thin films in this generation, focus is given on depositing the thin films by evaporation
rather than chemical vapour deposition (CVD) related processes. Evaporation is
preferable due to its simplicity and avoidance of dangerous gas like silane (SiH,) that is
typically used for Si deposition in a CVD system. The solar cells of this generation have
a much lower manufacturing costs/area since the glass and plastic substrates are way
cheaper than the wafers. But, the conversion efficiency only shows around 5 — 15%.
However, the lower efficiency trades-off the overall costs to be 2 - 3 times lower than
that of the cells from the first generation (Green, 2003).

The third generation are highly efficient thin film cells which lie on advanced

concepts of PV (advanced thin films). The manufacturing costs of this generation are



equal to the costs of the second generation since they are both based on thin film
deposition techniques (i.e. cheaper than wafer-based). The distinct difference of this
generation is that the cells are not constrained by the same efficiency limit of the first
and second generations (31% efficiency under non-concentrated sunlight) (Green,
1994). The efficiency limit of this generation is 74% (Farrell and Ekins-Daukes, 2011)
under non-concentrated sunlight thereby lowering the final costs of the cells of this
generation to 2 to 3 times lower than that of the second generation cells. The examples
of research areas being conducted by UNSW in this respect are on all Si tandem cells
based on band gap engineering of Si nanostructures in amorphous matrix (oxides,
nitrides and carbides), photon up and down-conversion (via spectral modification) and

hot carrier effects in solar cells (Conibeer et al., 2006, Konig et al., 2010).

1.3 Problem Statement
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Figure 1.4: PV market shares in 2010 (breakdown by technology) (EPIA, 2010).



Si is still the material of choice to fabricate solar cells due to its abundance
(about 25% of silica in the earth’s crust), non-toxicity, proven product durability,
good electronic properties and extensive knowledge on the existing microelectronics
technologies (Green, 2000). Besides, Si has a band gap (1.12 eV) that is close to the
band gap of an ideal photoconverter (1.4 eV) (Nelson, 2003). Due to these facts,
Si in its conventional crystalline technology (wafer-based composed of c-Si, mc-Si and
ribbon c-Si) still dominates around 87% of the PV market with stable efficiency of
around 10 - 20% (shown by Figure 1.4). This domination is expected to continue for at
least the next 10 years (Beaucarne, 2004).

The main setback of the wafer-based Si technology is its high cost. The c-Si of
semiconductor-grade (SeG-Si) with high purity (impurity concentration < 1 ppb) and
crystal perfection produced by Czochralski (CZ) and Float-Zone (FZ) techniques proves
to yield highly efficient Si solar cells but these growth techniques are highly
energy-intensive due to necessity of multiple purification steps. This makes the final
c-Si very expensive (high purity c-Si is priced at around USD 400/kg). On the other
hand, the semiconductor grade mc-Si produced via casting and directional solidification
techniques involves lower capital costs, higher throughput and also shows higher
tolerance to poor feedstock quality with respect to the c-Si. The mc-Si is sold at around
USD 80/kg and the mc-Si cells normally have 80% of the performance of the c-Si cells
made on CZ wafers (Ceccaroli and Lohne, 2005, Pizzini, 1982).

Besides being highly energy-intensive, both types of wafers are also highly
material-intensive since the thickness of the Si wafer is made to be in the order of

hundreds of microns, typically 250 - 300 pm, in order to ensure a complete absorption



of the incident sunlight, owing to the fact that Si is an indirect band gap semiconductor
material with poor absorption capability (Runyan, 1965). Besides, the cost of the Si
material alone makes up around 50% of the total costs of a finished PV module
(Rubin, 2010). These factors ultimately lead to a high cost/Watt, of the wafer-based Si
solar cells in the market, typically as low as USD 2 - 3/Watt, (for large scale
manufacturers) (Green, 2003), impeding its widespread to be an alternative power

generation technique at present.

1.4 Scope of Research

Having reviewed Section 1.2 and 1.3 above, this work will explore the second
generation thin film Si solar cell technology (as in Figure 1.3) deposited on foreign
substrates via thermal evaporation method as a way to reduce the cost/Watt, of the final
solar cells (due to lower material consumption).

The Si thickness will be around 1 - 2 um to reduce the material consumption
(150 times Si thickness reduction compared to the conventional wafers) (Green, 1994).
The poor photons absorption at such a low absorber thickness is going to be
compensated with several light trapping techniques. The substrate will be a low-cost
plastic material (polymer) since it is much cheaper compared to the Si wafers. Besides,
the plastic substrate is also attractive since it is light in weight, highly flexible,
unbreakable, portable to consumers besides being capable of roll-to-roll deposition
process (Rath et al., 2008). Thermal evaporation is chosen to be the deposition method

since it requires only a simple setup besides being easy to operate (Chopra, 1969).



Combined low Si material consumption and low-cost plastic substrate could
potentially lead to low-cost thin film Si solar cells (i.e. low cost/Watty) if reasonable

device conversion efficiency can be realised.

1.5  Objectives of Research
The objectives of this work are as follows:
1. To fabricate and characterise thin film Si solar cells on polyimide (PI)
substrates via thermal evaporation
2. To study the effect of light trapping schemes on Is. and V. of thin film Si
solar cells
3. To investigate the performance and identify loss mechanisms of p-n and
p-i-n cells
This work does not aim to produce high efficiency thin film Si solar cells on the
Pl substrates, but rather to understand the underlying mechanisms that govern the

performance of the solar cells.

1.6 Organisation of Thesis

Chapter 1 explains the solar energy, efficiency and cost projections of solar PV
technologies and problem statement. The scope and objectives of this research are also
outlined in this chapter.

Chapter 2 deals with a brief literature review of solar cell device families,
strategies towards cost reduction and progress in thin film Si solar cells research and

development activities.



Chapter 3 presents the basic physics and relevant theories to the thin film Si
solar cells such as photovoltaic effect, the solar spectrum, thermal evaporation process,
thin film Si solar cells physics and finally related loss mechanisms.

Chapter 4 covers the materials and methods involved in the fabrication of thin
film Si solar cells on PI substrates in this work. These include the deposition and
characterisation equipments in use to fabricate and investigate the structural,
surface morphology, optical and electrical properties of the deposited layers. Besides,
this chapter also includes the detailed process flow to fabricate the thin film Si solar
cells on PI substrates.

Chapter 5 presents the experimental observations, calculations and
explanations of the findings. They span from the results of every characterised layer
until the performance of the final solar cells.

Chapter 6 concludes the overall findings and gives recommendations for future

works on the fabrication of thin film Si solar cells on PI substrates.
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CHAPTER 2

LITERATURE REVIEW

21 Solar Cell Device Families

Si

semiconductor Front metal
material contact
(bus-bars)
Front metal
contact
(fingers)

Figure 2.1: Monocrystalline (c-Si) solar cell.

In general, solar cells can be classified into a few categories (or called
generations) as previously discussed by Figure 1.3. The first generation is the
crystalline Si (wafer-based) solar cells (as shown in Figure 2.1). The Si material has an
optical band gap (Eg) of 1.12 eV at room temperature (300 K). The first generation cells
comprise of c-Si and mc-Si with thicknesses of 300 — 500 pum. These cells are
characterised by high optical absorption, high minority carrier diffusion lengths, high
conversion efficiencies (10 — 20%) with relatively high production costs

(USD 2 - 3/Watty) (Green, 2003).
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The second generation solar cells comprises of thin film technologies such as
CdTe (Eq = 1.44 eV), CIGS (Eq ranges from 1.02 to 1.65 eV depending on gallium
content), a-Si (Eq = 1.8 eV), nc-Si (Eg = 1.12 eV), pc-Si (Eg = 1.12 eV) and
polymer-based solar cells (Shah et al., 2004). The thin film solar cells are typically
deposited via chemical vapour deposition (CVD), physical vapour deposition (PVD),
electrochemical and spin-on methods on foreign substrates like glasses, stainless steels
and also on flexible plastic materials. The foreign substrates help to retain the
mechanical strengths besides avoiding the breakage of the films. The thin film solar
cells possess fairly high optical absorption (especially for CdTe and CIGS), low
minority carrier diffusion lengths (due to the presence of defects and grain boundaries),
low conversion efficiencies (5 — 15%) but with two to three times lower production
costs compared to the first generation cells (Nelson, 2003). These cells are normally
designed with light trapping properties to increase optical path length of the incident
sunlight and hence photogeneration (Brendel, 2005a).

The third generation solar cells are designed based on advanced concepts of PV
(advanced thin films) (Green, 2003). While the thermodynamic limit (so-called
Landsberg’s limit) of power conversion is around 93% (illustrated in Figure 2.2)
(Farrell and Ekins-Daukes, 2011), the third generation cells have 74% efficiency limit
under non-concentrated sunlight (compared to 31% for the first and second generation
cells under non-concentrated sunlight as defined by Shockley and Queisser via the

principle of detailed balance (Shockley and Queisser, 1961)).
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Figure 2.2: The ultimate efficiency limit of solar energy conversion (Landsberg’s limit)
(Farrell and Ekins-Daukes, 2011).

The third generation cells can be deposited by the same methods employed to
produce the second generation cells thus holding a big potential of reducing the overall
PV module costs (since higher conversion efficiencies can be attained). Research and
developments are being heavily carried out worldwide on multi-junction cell structures,
nanostructures and quantum dots, hot carrier cells, intermediate band (IB) cells,
up and down-conversion cells (via spectral modification), multiple excitons generation
cells and also on concentrator PVs (Conibeer et al., 2008, Conibeer et al., 2006, Hao et

al., 2009, Konig et al., 2010, Green, 2002c, Tang and Sargent, 2011).
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2.2 Strategies Towards Cost Reduction

In order to be competitive with fossil fuel or nuclear power generation, the cost
of PV energy has to be reduced tremendously. With regard to Si technology, the cost of
Si alone already accounts for about 50% of the production costs of current industrial
wafer-based solar cells (Aberle, 2006b). In order to reduce the amount of consumed Si,
the PV industry is counting on a number of options that are now being developed in
research. One of the options is to use a lower quality Si, called metallurgical-grade Si
(MG-Si) with 98% purity (impurity concentration ~ 500 ppm) or upgraded
metallurgical-grade Si (UMG-Si) with higher quality than the MG-Si. Besides,
solar-grade Si (SoG-Si) can also be used (impurity concentration ~ 10 — 50 ppm) as a

replacement (Ceccaroli and Lohne, 2011).
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Figure 2.3: Reduction of substrate (absorber layer) thickness as a potential solution for
cost reduction (Bowden et al., 2010).
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Having known the fact that the Si material costs 50% of the overall production
costs of a PV module, one solution to reduce the costs is by going for thin film Si solar
cells (as shown in Figure 2.3), typically in the order of less than 5 pum (Poortmans,
2006). The solar cells are normally deposited on foreign substrates (like glass, plastic,
stainless steel, ceramic) to provide mechanical strength (R. Catchpole et al., 2001).
However, the major drawback of the thin film Si solar cells is its relatively low
conversion efficiency due to weak optical absorption at low thickness (Green, 1995).

This issue will be elaborated further in the next section.

2.3 Progress in Thin Film Silicon Solar Cells Research

Thin film Si solar cells have been making substantial progress through decades
of research and development activities. The driving force is to reduce the amount of the
expensive crystalline Si consumed by the 300 pum wafer-based Si solar cells
(Green, 2001). PV community agreed that for the cell to be considered thin,
the effective thickness (Wes = cell volume/cell area) should be below 50 um. However,
device thickness of below 10 um is typically chosen to indicate a clear margin in the Si

saving (Brendel, 2005b).

2.3.1 Issues of Thin Film Silicon Solar Cells

The reduction of Si thickness to below 10 pm in a thin film Si solar cell can
suppress the costs of PV modules tremendously. However, at this thickness level,
the physical limit of power conversion becomes a question. The limitation is imposed

by several issues that need to be tackled before high efficiency cells can be realised.
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The most fundamental issue is Si absorbs poorly at low thickness. At the
thickness of 1 — 10 pum, the near infrared (IR) fraction of the incident sunlight is hardly
absorbed since Si has a low absorption coefficient (a) in this region. This is worsened
by the fact that Si is an indirect band gap semiconductor (Brendel, 2005a). To mitigate
the poor absorption, light trapping strategies are incorporated within the thin film Si
solar cells. The purpose is to increase the optical path length of the light within the cells
via multiple internal reflections. Higher optical path length leads to higher potential of
photons absorption (i.e. cell has high optical thickness) and hence higher photocurrent
(Cho et al., 2011b). The incident light can be trapped more effectively in the device by
incorporating anti-reflective coating (ARC) on top of the device (typically silicon
dioxide (SiOy), silicon nitride (SisN4), zinc oxide (ZnO), indium tin oxide (ITO) or
titanium dioxide (TiO,)) (Mdller et al., 2004, Yang et al., 2011), surface texturing
(through natural surface morphology during deposition, laser etching, plasma etching or
thin film etch back), substrate texturing (laser etching, sandblasting, plasma etching)
(Vazsonyi et al., 1999), back contact reflector (uses metal, dielectric or multi-layer
porous) (Sai et al., 2009) or by using silver (Ag) plasmonics nanostructures (Pillai and
Green, 2010, Zhu et al., 2010).

Recombination at defects is another issue that needs to be addressed. In a typical
thin film Si solar cell, defects are generated through incorporation of impurities into the
Si host atoms during doping and structural imperfections during thin film deposition
(growth). Defects appear in the forms of lattice mismatch, grain boundaries and
dangling bonds and lead to the formation of extra states within the band gap that act as

effective trap states and recombination centres to electron-hole pairs (Mahajan and
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Harsha, 1999). This problem can be tackled by depositing the thin film Si layer in a
high temperature deposition process (or low deposition temperature but high successive
annealing temperature) to produce large grains absorber as well as for in-situ defect
annealing (Rau et al., 2009). But, this hinders the usage of foreign substrates like glass
and plastic where high deposition temperature is not feasible due to thermal stability of
the substrates. The dangling bonds within the film can be saturated via passivation by
hydrogen (H,) gas (Honda et al., 2006). At the same time, the surface of the thin film
(front and rear) can be passivated by either silicon dioxide (SiO;) or silicon nitride
(SizsNg) in order to reduce carrier surface recombination velocity (hence surface

recombination rate) (Aberle, 2000).

2.3.2 Methods and Approaches

Several techniques have been investigated by PV researchers around the world
in order to reduce the costs of crystalline Si solar cells. Generally, these techniques can
be classified into 3 main groups depending on types of substrates being used for
deposition of the Si layers; cells from thinned monocrystalline Si (c-Si) wafers,
cells fabricated on high temperature substrates (HTS) and cells fabricated on low
temperature substrates (LTS) (Brendel, 2005b).

The first method thins down the original CZ and FZ c-Si substrates before the
device fabrication. The feasibility of high cell efficiency with thin crystalline Si layers
was demonstrated experimentally with a confirmed device efficiency of 20.6% by
Brendel et al. and 21.5% by Zhao and co-workers. Both cells were 47 um thick and

fabricated from thinned FZ wafers (Kim et al., 2006). Hebling et al. succeeded in
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fabricating a 19%-efficient cell 49 um in thickness grown by chemical vapor deposition
(CVD) on a SIMOX (separation by implantation of oxygen) wafer. The cell has both
front and back contacts (Hebling et al., 1997). However, all the above cells were
processed using five or more photolithography steps, therefore not cost-effective.

Layer transfer process (LTP) is another approach employed to fabricate lower
cost solar cells on c-Si substrates. This technique uses a special surface conditioning of
the substrate (reusable) that allows the transfer of the device layer to a low-cost device
carrier (like plastic or glass materials). Using a c-Si wafer as a growth substrate enables
fabrication of c-Si cells by homo-epitaxial process (Bergmann et al., 2002). In LTP,
the most common surface conditioning technique being used is via formation of porous
Si layer. This includes techniques like epitaxial layer transfer (ELTRAN), sintered
porous Si (SPS), porous Si (PSI), quasi-monocrystalline Si (QMS) and solar cells by
liquid phase epitaxy over porous Si (SCLIPS) (Brendel, 2005b).

Thin film Si solar cells on HTS are typically fabricated at temperatures above
800°C on substrates such as low-quality Si (i.e. MG-Si), graphite, ceramics,
high temperature glass, Si carbide (SiC) and also on ribbon Si (Slaoui et al., 2002,
Solanki et al., 2002). Using this technique, conversion efficiency as high as 18% can be
realised. Bai et al. declared thin film Si solar cell with 16.6% efficiency on high
temperature-resistance substrates (details not disclosed) with minority carrier diffusion
length of over 150 um after implementing impurity gettering and hydrogen passivation
to the as-grown Si (Bergmann and Werner, 2002). Some research groups have been
working on zone melting re-crystallisation (ZMR) technique where Si is crystallised at

its melting point (Tmer ~ 1400 °C) in order to get as large grain as possible. In these
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works, ceramics, graphite and oxidised Si wafers have been used as substrates involving
30 - 100 pm of Si thickness (Reber et al., 2001). Mitsubishi Corporation reported a
conversion efficiency of 16.5% for an epitaxial Si film deposited on a ZMR Si film
(on oxidized Si wafers). With the same process, Fraunhofer ISE declared 9.3%
conversion efficiencies for cells on ceramics and 11% for cells fabricated on graphite.
ASE Corporation announced 8.3% efficiency for a cell on fabricated on graphite via the
same technique (Bergmann, 1999).

Besides ZMR, plasma spray is another high temperature process used to deposit
thin film Si on high temperature-resistance substrates. Daido Hoxan and Tonen
Corporation reported 10.7% conversion efficiency using 500 um Si and 4.3% on
330 pum of Si. As for cells produced by electrodeposition process, Global Photovoltaics
Incorporation reported 8.0 — 8.4% efficiency for 50 pum of Si thin film on polyester,

ceramics and clay tile (Bergmann, 1999).

Figure 2.4: PECVD system.
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Cells on LTS are fabricated with deposition temperatures up to 550°C on
low-cost substrates like glass, metal foil and plastic (Yamamoto et al., 2000).
At low deposition temperatures, the interaction of the substrates with the active devices
can be kept small. Thus, the out-gassing and out-diffusion of contaminants from the
substrates into the devices is reduced in comparison to the high temperature deposition
techniques (Brendel, 2005b). In the literature, a lot of research and development
activities pertaining thin film Si solar cells on the LTS have been carried out (or still in
progress) on glass substrates (Aberle et al., 2001, Brinza et al., 2009). The University of
New South Wales (UNSW, Sydney) is one institution that is now heavily researching
thin film Si solar cells on the glass substrates. The main area of research includes SPC
(solid phase crystallisation) cells, EVA (evaporated) cells and hybrid cells that are made
in combination of SPC and EVA techniques (Aberle, 2006Db).

The SPC cells are made of 2 um thick a-Si precursor deposited by 13.56 MHz
PECVD system (as shown in Figure 2.4) on 3.3 mm thick borosilicate glass (Schott
Borofloat33) in superstrate configuration (where the glass faces the incident sunlight).
The fabrication starts with surface texturing of the glass via aluminium-induced
texturing technique (AIT) (Aberle et al., 2006) to produce surface with roughness root
mean square (RMS) of around 60 — 150 nm. The purpose is to reduce reflection losses
and for efficient light trapping. A 75 nm of Si3N, (refractive index, n ~ 2.1 at 633 nm)
anti-reflective coating (ARC) is then PECVD-deposited on the textured glass to help
reduce the reflection further besides trapping more of the incident sunlight. The a-Si
precursor (with 2 um p-type Si absorber with doping level of 1 x 10 cm™, 100 nm

n-type emitter with doping level of 5 x 10* cm?) is then deposited by PECVD
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(deposition rate~ 30 nm/min) and crystallised at 600°C for 24 hours to high quality
pc-Si via SPC process. The cells are then annealed (via rapid thermal annealing, RTA)
to activate dopants (1000°C, 1 min) and followed by hydrogenation (600°C, 30 min) to
passivate defects within the film. Metallisation is done by applying a back surface field
(BSF) layer before evaporation of photolithographically-defined 1 um-thick
inter-digitated contacts on the rear surface of the cells. This technology has been
commercialised by CSG Solar AG with modules conversion efficiency of 7 — 8%
(with open-circuit voltage, Vo ~ 0.450 to 0.500 V, fill factor, F.F ~ 0.698) in Thalheim
(Germany) since 2006 (Aberle, 2006a).

The EVA cells (collaboration of UNSW and CSG Solar) are produced via
e-beam evaporation process with motivations to get rid of toxic gases (such as
SiH, precursor used for Si deposition in PECVD system for SPC cells) besides the
simplicity and attractively high deposition rate of the e-beam system
(around ~1 pm/min). Apart from that, the e-beam deposition can be performed in a
non-ultra high vacuum (UHV) environment (base pressure > 10® Torr, deposition
pressure > 107 Torr). Thus, the thin film Si deposition via the e-beam evaporation

system is a relatively cost-effective approach (Kunz et al., 2009a).
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Figure 2.5: Schematic the of Si e-beam evaporation system with boron and phosphorus
effusion cells for in-situ doping used in UNSW (UNSW, 2009).

The pc-Si EVA cells are prepared in the same configuration as the SPC cells
(also on 3.3 mm Schott Borofloat33 glass). All other process steps and parameters
remain the same. The thin film Si deposition is carried out on the e-beam evaporation
system equipped with boron and phosphorus effusion cells for in-situ doping of Si
(as illustrated in Figure 2.5). For the EVA cells, the glass substrates are not textured to
prevent the development of microcracks and voids in the film after RTA step since the
deposited Si on textured glass is of low density (Kunz et al., 2009a). The formation of
defects within the cells leads to shunting problem and causes low V,. values during
current-voltage (I-V) measurements (Kunz et al., 2009b).

Since the glass substrates cannot be textured, other light trapping strategies have
been explored and incorporated to the EVA cells. One of the light trapping features
exploited is via a highly reflective white paint back surface reflector (BSR) painted by a
low-cost spray technique at the rear side of the cells. The purpose of this layer is to

collect all the transmitted light which would otherwise be lost (Berger et al., 2007).
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Besides, Si etch-back texturing process has been applied to the cells via chemical and
plasma etching techniques. With these improvements, a new UNSW efficiency record
of 7.1% (Ve ~ 0.458 V, Jsc ~ 26.6 mA/cm?, F.F ~ 0.58) has been demonstrated on the
EVA cells. The Ji of 26.6 mA/cm? is the highest current density ever reported from
thin film evaporated pc-Si solar cells (UNSW, 2011). Apart from the above cells,
hybrid cells have also been evaluated by UNSW. The hybrid cells that combine PECVD
emitter with evaporated BSF and absorber layer can be annealed at 640°C for only
2 hours via the SPC technique and capable to deliver comparable 1-V performance as
the normal SPC cells (conversion efficiency of 7 — 8%) (UNSW, 2009).

Development works on thin film Si solar cells on plastic substrates such as
polyimide (PI), polyethylene terephthalate (PET) and polyethylene naphthalate (PEN)
are still fairly new (Mase et al., 2002, Rath et al., 2008). Despite being low-cost, light-
weight, portable and capable for inline roll-to-roll deposition process, low glass
temperature (Tg) of the plastic substrates render them unstable during high temperature
(or long duration) processing or annealing. This is why the deposition of Si thin film on
the plastic substrates is normally carried out at temperatures below 200°C (Brendel,
2005b). When the processing and annealing steps are limited to below this temperature,
the main challenge is to crystallise the Si thin film to high crystal quality without
deforming the substrates.

Hydrogenated thin film microcrystalline Si (uc-Si:H) solar cells with p-i-n
structure (uc-Si:H intrinsic layer) on plastic substrates with efficiencies of 9.4% and
5.9% at PECVD deposition temperatures of 140°C and 100°C respectively have been

demonstrated by Kondo et al. (Kondo et al., 2002). Another work of uc-Si:H solar cells
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with n-i-p structure (uc-Si:H intrinsic layer) deposited on plastic substrates with
conversion efficiency of 5.5% (F.F = 0.525, V,c = 0.920 V, Jc = 11.6 mA/cm?) at hot
wire-CVD (HWCVD) deposition temperature of 150°C has been demonstrated by
Filonovich et al. (Filonovich et al., 2008).

Works of thin film Si solar cells via thermal evaporation system are hardly
reported in the literature. One of the reasons is due to its relatively inferior film quality
(such as conformality, step coverage, uniformity) produced the highly directional
deposition nature if compared to the most commonly used CVD techniques (Runyan,
1965, Aberle, 2006b) that are highly multi-directional during the deposition.
This results in a better film conformality, step coverage and uniformity across the
substrates. However, the development activities of EVA cells (e-beam evaporated) by
UNSW have shown that with good process optimisations, the considerably high

conversion efficiencies (7.1%) can be attained (UNSW, 2011).
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CHAPTER 3

THEORY

3.1  Photovoltaic Effect

Photovoltaic conversion is a conversion of light energy from the sun to electrical
energy by a photovoltaic (PV) cell (i.e. solar cell). The mechanism behind the power
generation originates from the ideas of quantum theory. The theory explains that light
composed of packets of energy called photons whose energy depends on the frequency

or colour of light (Nelson, 2003).
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Figure 3.1: Photovoltaic effect in a solar cell.
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