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Abstract

A tremendous amount of research in improving the efficiency of the single junction crystalline silicon
(c-Si) based solar cells has brought its efficiency (26.6%) close to the theoretical maximum achievable
conversion efficiency (29.43%) [1–3]. Thus to further improve the efficiency, new avenues of reducing
losses need to be opened up. One of the major loss, spectral mismatch loss, can be reduced by
utilising tandem structures. Still, there are shortcomings associated with the conventional tandem
device structure.

This thesis describes how higher efficiencies can be achieved by utilising four terminal mechanically
stacked structures. This structure utilises two solar cells, which are electrically isolated but optically
connected. Isolating the cells electrically negates the problem of current matching which is present
in conventional tandem cells. This structure also removes constraints such as lattice matching for the
two cells. Hence many different types of four terminal cells can be developed.

In this work, high bandgap hydrogenated amorphous silicon oxide (a-SiO፱:H) thin film top cell was
fabricated using plasma-enhanced chemical vapor deposition (PECVD). Three different types of c-Si
cells namely, poly-Si, interdigitated back contact (IBC) and silicon heterojunction (SHJ (Hybrid)) were
utilised as the bottom cells. This is the first instance where an a-SiO፱:H based cell has been used with
c-Si cells in a four terminal application.

Before actual fabrication, theoretical calculations using two parameters called as Response 4T (Rኾፓ)
and Spectral Response 4T (SRኾፓ) were made to determine the optimal configuration as well as the
efficiency enhancement for the four-terminal device. From this theoretical calculation, an efficiency
gain of almost 4% can be obtained when an a-SiO፱:H top cell is used with a poly-Si cell in four terminal
configuration. Gain between 1% and 2% can be realised by utilising four terminal topology for IBC and
SHJ (Hybrid) bottom cells. These gains in efficiency are in comparison to the efficiency of the bottom
cell alone.

A first of its kind- bifacial a-SiO፱:H cell with the efficiency of 6.60% (V፨:0.97 V, J፬:10.31 mA/cmኼ

and fill factor:0.66) was developed. Using this cell as the top cell four terminal devices were fabricated.
A gain in efficiency of 0.46% was obtained for the four terminal device based on the poly-Si bottom
cell.

Further analysis of the four terminal devices using GenPro4 simulation tool was also performed. The
analysis pointed to the reflection due to the top cell substrate glass as the limiting factor in improving
the efficiency of the four terminal cell further. Parasitic absorption in the carrier selective layers of the
thin film cell was another contributor to the losses. Through this work, the potential of four terminal
device concept was analysed and actual development of the device was carried out. From the work
done, future steps in improving the efficiency of the four terminal device were also deduced.

Present work positively brought hope for further improvement in efficiency of crystalline silicon solar
cells.
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1
Introduction

1.1. Introduction
As the world marches towards a greener future, solar energy has come to the forefront. Silicon photo-
voltaic (PV) have been commercialised in the last three decades to an extent that, they are the most
prominent PV technology. With the total global installed PV capacity surpassing 300 GW in 2016, the
price of electricity generated from PV plants has hit a record low. It is now competing with the price
of electricity from coal power plants. With the point of socket parity being reached, it seems logical to
improve the efficiencies of the PV panels to further reduce the cost, to enter into multi-terawatt regime
as well as for penetration in the developing markets [17]. A higher efficiency of crystalline silicon cells
directly translates into a smaller and thus less expensive PV system, which further lowers the cost in-
volved. Also, a higher power generation from a small area is beneficial when looking at urban centers,
where the area is often a limiting factor.

In this chapter, the state of the art geometry of PV cells (multijunction cells) is introduced. The
interest in this geometry lies in the fact that the efficiencies of crystalline silicon cells have almost
reached their upper limit. The record efficiency for a crystalline silicon cell was recently set at 26.6%
by Kaneka corporation, which is near to the maximum achievable efficiency limit of 29.43% [1–3].
This is the reason why utilising multijunction cells is a viable option to achieve higher efficiencies. A
multijunction cell is a stack of PV cells made of different bandgap materials. There are two ways in
which these cells can be realised one is to utilise two output terminals for the whole stack and another
is to have separate output terminals for each cell. In this work, development of a new architecture of
PV cell utilising hydrogenated amorphous silicon oxide (a-SiO፱:H) cell and crystalline silicon (c-Si) cell
in a four terminal configuration will be done.

1.2. Multijunction Solar Cells
Shockley-Queisser (S-Q) detailed balance model defines the limiting power conversion efficiency of
a single junction solar cell at 33.1%. This is for an optimum semiconductor material with a band
gap of 1.34 eV under AM 1.5 spectrum [18]. Even though this limit has been taken as the ultimate
achievable efficiency in photovoltaic industry. However, the S-Q model is based on the assumption that
only radiative recombination takes place, which is not a good assumption for indirect materials such
as crystalline silicon. So for crystalline silicon, another limiting efficiency calculated by Richter et al. at
29.43% is used [3]. The major loss mechanism identified in both the models is the spectral mismatch.
This accounts for almost 50% of the total losses. Spectral mismatch can be divided into two sub parts-
Non-absorption and Thermalisation. The major losses are shown in the figure 1.1.

Non absorption losses, as shown in figure 1.2, occur because a large part of the spectrum is not
absorbed by the photovoltaic cell. This is because the energy of the photons in this part is lower
than the bandgap energy of the absorber material. Thermalisation losses occur due to the interaction
between excited carriers which have excess energy and crystal lattice, as these carriers cool (lose
energy) to the bandgap edge.

Thus to reduce spectral losses, various techniques have been developed such as utilising cells made
of stacks of different bandgap absorber layers, so that most of the spectrum can be absorbed which

1
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Figure 1.1: Major losses which are taken into account in Shockley-Queisser limit calculations [4].

Figure 1.2: Spectral mismatch losses shown with a band diagram, the sphere shown represent the charge carriers [4].

is termed as a multijunction approach. Spectrum Splitting techniques have also been projected in re-
ducing spectral mismatch losses [19]. Up-conversion and down-conversion are also possible solutions,
but a significant research is required to successfully utilise these techniques. The most popular among
these is the use of multijunction or multiband approach. By adding a cell made of high bandgap mate-
rial on top of a cell with a relatively lower bandgap, spectral mismatch losses can be reduced. This is
the basis of multijunction solar cells. Cells with efficiencies of 38.8% utilising five junctions have been
developed [20]. The highest efficiency in case of a micromorph cell (a multijunction cell with a-Si and
nanocrystalline silicon) has reached 13.6% [21]. The record cells mentioned above, utilise two output
electrodes as shown in figure 1.3a.

The power generated in the component cells of a tandem structure can be utilised also in a four-
terminal configuration. These type of cells are termed as mechanically stacked solar cells (MSSC)
as shown in figure 1.3b. Problems such as current mismatch, which arises when different cells are
connected in series (conventional multijunction cells), is not present in a four-terminal configuration.
Another problem pertaining to multijunction cells is the constraint on the choice of materials that can
be utilised. This is because of the limitation of lattice constants for growing subsequent layers. In a
four terminal device, the two cells can be developed separately and then combined together. Thus the
four terminal approach opens up a possibility to develop many new combinations of cells with different
materials. One more advantage is that there is no need for developing any tunnel recombination
junction (TRJ) between the two cells, which is the case when multijunction cells are developed. These
type of cells are optically coupled such that lower wavelength light is absorbed in the top cell and the
rest of the spectrum is absorbed in the bottom cell, hence the cells can be operated at their respective
maximum power point. This reduces the spectral sensitivity and increases the time integrated energy
yield as compared to two terminal single junction cells [5].

Various combinations of four terminal devices developed in the last decade, have achieved effi-
ciencies greater than 25%. A small analysis of some of the four terminal cells are given in the below
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(a) (b)

Figure 1.3: (a) A two terminal Device. (b) A four terminal device with an electrical insulator between the two cells.

section.

1.3. Four Terminal Mechanically Stacked Solar Cells
In this section some of the four terminal devices based on different materials are briefly touched upon.

1.3.1. III-V Materials and Perovskites Based Four Terminal Solar Cells
It is well known that III-V materials are suitable for application in thin film solar cells, as their band
gap can be easily tuned by alloying, they have high absorption coefficients and multijunction cells with
high efficiencies can be easily formed. Various four terminal solar cells have been developed utilising
III-V materials based cells with CIS/CIGS (Chalcogens) and c-Si cells.

Stephanie Essig et al. provide a lot of details in fabrication and characterisation of the III-V material
based four terminal solar cells [5, 22, 23]. The record cell with an efficiency of (29.8±0.6)% utilises a
GaInP top cell with metal grids and antireflection coatings (ARC) on both front and back side and the
bottom cell is made of a-Si:H/c-Si heterojunction (SHJ) as shown in figure 1.4 [5, 24].

Figure 1.4: The GaInP cell with a Silicon heterojunction cell in four terminal configuration [5].

Perovskites are also interesting materials that could be utilised in a four terminal configuration.
Among the available wide bandgap materials which can be used in tandem with c-Si, perovskites are
promising because of their high absorption coefficients, a sharp absorption edge, a tunable bandgap



4 1. Introduction

and simple preparation process.
In the paper by Zhang et al., results of optical and electrical simulations were shown for a four

terminal cell with perovskite based top cell and c-Si bottom cell [25]. The total efficiency gain of
5% is observed when perovskite cell is used with the c-Si cell (efficiency of 19.5%) in four terminal
configuration.

More insight into the performance of Perovskite based four terminal solar cell can be gained from
the paper by Jeremie Werner et al. [26]. In his work, a heterojunction silicon bottom cell is used
with perovskite based top cell. This combination gave a steady-state efficiency of 25.2%. An optical
coupling liquid was used to connect the two subcells and reduce reflection losses.

Recently a new perovskite cell based on rubidium was developed, which when utilised in a four
terminal topology with an IBC c-Si cell, gave an efficiency of 26.6% [27].

1.3.2. Amorphous Silicon Based Four Terminal Solar Cells
Hydrogenated amorphous silicon (a-Si:H) solar cells were invented by David.E.Carlson in the year 1974,
almost twenty years after the first silicon solar cells were fabricated at Bell laboratories in the United
States. Due to higher absorption coefficient of amorphous silicon as compared to crystalline silicon,
non-epitaxial growth on any kind of surface, low processing temperature it becomes a good candidate
for thin film cells. This opened up a large possibility of making new kinds of solar cells utilising a-Si
and its alloys such as a-SiO፱:H, a-SiC etc.

Carlson et al. in the paper on a-Si:H solar cells, mentions a four terminal cell, utilising high band
gap a-Si and CIS (chalcogen) cell. The paper even mentions, a company called Arco Solar which is now
called Solar World that was manufacturing four terminal cells of 15.6% efficiency. This cell consisted of
a top cell of a-Si:H and a bottom cell of cadmium-sulfide/copper-indium diselenide (CdS/CIS) junction
[6]. The design of the cell is shown in figure 1.5. The actual analysis and fabrication procedure is not
mentioned in the work of Carlson et al.

Figure 1.5: The a-Si/CIS cell in a four terminal configuration [6].

In the year 1990, new papers on four terminal solar cells were published by Y. Matsumoto et al.,
from Osaka University, Japan. In the papers by the group the top cell is made of conventional p-a-SiC/i-
a-Si/n-𝜇c-Si and the bottom cell is made of poly-silicon. The amorphous and microcrystalline layers
were prepared by RF plasma deposition [7, 28]. The bottom poly-Si cell was made of n type poly c-Si
with p type 𝜇c-SiC, as the window layer. The highest efficiency of 16.8% was obtained, at AM1 and
cell areas of 0.033 cmኼ and 0.16 cmኼ for the top and bottom cells. Silicon oil with a refractive index
of 1.5 was used in this cell. The configuration can be seen in figure 1.6. The defects between the
heterojunction interface can be reduced by introducing an a-SiC buffer layer between 𝜇c-Si and poly
silicon, also the a-SiC layer provides higher structural flexibility, thus preventing strain induced defects
[8]. The efficiency was further boosted to 19.1% by utilising n type 𝜇c-Si in the bottom cell as shown
in figure 1.7.

Analysing the timeline of four terminal solar cell development, it can be seen that in 1990’s a lot of
work was done on utilising a-Si:H thin film cells with crystalline silicon cells. In the next two decades
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Figure 1.6: The a-Si/poly-Si cell in a four terminal configuration [7].

Figure 1.7: The a-Si/poly-Si cell in a four terminal configuration with buffer layers [8].

this shifted to the utilisation of III-IV materials, which has lead to the development of the highest
efficiency four terminal device [5]. With the improvement in the fabrication process of perovskite cells,
they have come to the forefront now.

In spite of about three decades of work on four terminal devices, no one has tried to combine
hydrogenated amorphous silicon oxide cell (a-SiO፱:H) with crystalline silicon cells. This combination
seems promising and interesting to develop. In recent 2 to 3 years, there has been a substantial
improvement in the development of hydrogenated amorphous silicon oxide cells (a-SiO፱:H), with the
efficiency reaching to 8.8% [29]. This efficiency coupled with a high open circuit voltage and fill factor
becomes very promising when utilised with a c-Si cell.

In this work, hydrogenated amorphous silicon oxide cell (a-SiO፱:H), has been utilised in combination
with c-Si cell.

1.4. Objective and Outline of Thesis
The aim of this thesis is to develop and assess the efficiency potential of an a-SiO፱:H based four terminal
solar cell in conjugation with a c-Si cell. To accomplice this goal, following tasks are performed:

1. Determining the theoretical gain that can be achieved by using a-SiO፱:H based top cell and
different c-Si bottom cell.

2. Development of a-SiO፱:H cell to achieve high open circuit voltage and fill factor.

3. Development of an optimum transparent conductive oxide layer for the back contact of the a-
SiO፱:H cell.

4. Developing the suitable fabrication process for four terminal solar cell.

5. Utilising optical simulation tools to assess areas where further improvements are required to
achieve higher efficiencies.

The layout of this thesis is shown in the figure 1.8.
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Figure 1.8: Outline of the Thesis.

The second chapter describes the important materials and the equipments used for development
and characterisation of the solar cells. The third chapter contains the estimation of the four terminal
device efficiency utilising theoretical parameters. The fourth chapter is about the fabrication of the a-
SiO፱:H top cell. The fifth chapter deals with the determination of the optimum back transparent contact
for the a-SiO፱:H top cell. The sixth chapter focuses on the final development and characterisation of
the four terminal solar cell. The penultimate chapter covers optical simulations to deduce the loss
mechanisms in the combination. It identifies potential target areas for further improving the efficiency
of these devices. The last chapter summaries the conclusions deduced from this work. It also contains
some recommendations, drawn from this work, that can be applied to achieve higher efficiency four
terminal solar cells.
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2.1. Introduction
This chapter pertains to some background knowledge, which will be helpful in better understanding
this work. Two major sections are involved in this chapter. The first section titled ”Materials” provides
a brief overview of the materials used in this work. This section is divided into three major subsections
namely, hydrogenated amorphous silicon (a-Si:H) which is the main material to develop a silicon oxide
(a-SiO፱:H) based cell, c-Si cells and transparent conductive oxides (TCO). The second section titled
”Experimental Methodology” is dedicated to the material deposition techniques for the development
of a-SiO፱ top cell and all the characterization setups used in this work. The material deposition and
photovoltaic cell fabrication were carried out in Else Kooi Laboratory clean room 10000-TU Delft. The
required characterizations were carried out in EWI, Tu Delft.

2.2. Materials and Cell Structure
2.2.1. Hydrogenated Amorphous Silicon (a-Si:H)
Before going into details of the cells developed using a-SiO፱:H which are incorporated in Chapter 4,
a brief discussion on amorphous silicon (a-Si) is done in this section so to get a slight insight into the
material structure and properties. This is done because a-SiO፱:H is a derivative of a-Si:H.

In the year 1965, the first a-Si films were developed by using radio frequency glow discharge [30].
It took almost 10 years to finally have a working photovoltaic cell made of a-Si, which had an efficiency
of 2.4% [31]. This delay in the development was due to the difficulty in doping the material as well
as developing material with lower defect density. One way of reducing the defect density is by the
incorporation of hydrogen in the material. The hydrogen atoms passivate some of the defects in the
material, hence higher efficiency devices can be fabricated. This is the reason why almost all the
authors refer to amorphous silicon as hydrogenated a-Si (a-Si:H).

The structure of a-Si:H is the reason why it has significantly different properties as compared to
crystalline silicon. Due to small deviations in bond angles and bond lengths between the neighboring
atoms, there is a complete loss of the locally ordered structure on a scale exceeding a few nanometers.
This resulting atomic structure of a-Si:H is called a continuous random network. In this structure, a
large number of defects (10ኻ to 10ኻዀ cmዅኽ) are found due to the silicon atoms which are bonded
to only three neighbouring atoms even after passivation by hydrogen [32]. Due to this long range
disorder, the definition of electronic band structure is modified by taking into account the band tailing.
For a material with a large concentration of defects, the density of states inside the bands is reduced.
Thus by the law of conservation of Eigenstates (also referred as the golden rule), energy levels extend
from the band edge into the band gap. These tails are also referred to as the Lifshitz tail [33]. A
diagram of density of states is shown in figure. 2.1.

Thus the bandgap, defined in case of a-Si:H, is called Tauc bandgap. Thisis calculated from the
Tauc plot [34]. In our case, we will define the bandgap as optical bandgap, Eኺኾ, which is the photon
energy in electron volt when the absorption coefficient of the material is 10ኾ.

The doping of a-Si:H is in itself a very important aspect. The doping efficiency is low in a-Si:H

7



8 2. Background Information

Figure 2.1: Density of states diagram with two bands in the middle represent the amphoteric dangling silicon bonds (D-Center).

in contrast to c-Si because of the structural differences. For example in phosphorus doping this phe-
nomenon is observed. This is termed as phosphorus paradox. This is because phosphorus atoms bond
to only three silicon atoms, which is in accordance with Mott rule [35]. This is chemically advantageous
for phosphorus atoms as only three electrons in the P orbital are involved in bonding and the other
two S orbital electrons remain tightly bound. Because of this reason we use a nanocrystalline silicon
oxide n layer (fine silicon crystallites with size of the order of few nanometers bound with hydrogen in
an amorphous silicon oxide matrix).

Figure 2.2: Schematic of p-i-n structure, light enters from the p side [9].

The photovoltaic cells developed with a-Si:H materials utilise either the p-i-n or the n-i-p structure.
These structures are completely different from the structure utilised in conventional crystalline cells.
For doped a-Si:H, the minority carrier’s (holes in n-type a-Si:H and electrons in p-type a-Si:H) diffusion
length is low, so a p-n structure would collect carriers from photons generated in an extremely thin
layer of doped a-Si:H. This also means that diffusion alone can not lead to transport of charge carriers.
Thus there is a need to utilise an intrinsic layer which acts as the absorber/active layer in between the
two doped layers. Due to a built-in field in the intrinsic layer charge transport happens. Hence these
kind of devices are called drift device. It is interesting to note that the photons absorbed in the doped
layer do not contribute significantly to the generated current. Hence these layers are made very thin.
In this work, only superstrate (p-i-n) configuration is utilised as shown in figure. 2.2. In superstrate
configuration p layer is deposited first and then the other layers. Thus light passes through p layer



2.2. Materials and Cell Structure 9

first. This is done because holes have lower mobility than electrons. As the cells are deposited on a
glass (Asahi VU) substrate this topology is followed. The band diagram (Energy-position diagram) of a
p-i-n structure is shown in figure. 2.3.

Figure 2.3: A simple schematic of p-i-n band diagram [4].

There are several advantages associated with utilising a-Si:H to develop solar cells. The material
processing is relatively simple as easy process as compared to c-Si. The bandgap and optical properties
of a-Si can be tuned, by adding Oxygen, Carbon (to increase the bandgap) or Germanium (to decrease
the bandgap) when depositing a-Si:H layer [36–40]. The addition of Oxygen is done by adding Carbon
Dioxide precursor gas in the PECVD process. For Carbon and Germanium; Methane and Germane are
used respectively. This makes it easier to develop cells with different bandgap. With different bandgap
of absorber layers cells dedicated for a specific part of solar spectrum can be developed. This approach
was used by Yan et al., to develope 16.3% initial efficiency, triple junction cells of a-Si:H/a-SiGe:H/nc-
Si:H [41]. Another advantage associated with a-Si:H material is that it can be deposited on flexible
substrates, so it can be used in applications requiring low weight and flexible operations. Even though
after almost four decades of research on these cells, they are still not competitive to the crystalline
solar cells. So it becomes imperative that they should be utilised in an approach where the advantages
associated with them can be coupled to other technologies, hence developing devices that have higher
efficiencies. Even high efficiency c-Si devices, such as heterojunction with intrinsic thin layer cells,
utilise a-Si:H layer to make window layers and carrier selective layers. In this work, cells made of high
band gap material i.e a-SiO፱:H will be utilised. The reason for using it is explained in chapter-3. The
optimised layer structure developed in the work of Guijt and Kim is utilised in this work. More details
pertaining to the exact parameters of depositions can be found in their work [29, 42]. The back contact
is made of silver (100 nm) / chromium (30 nm) / aluminium (500 nm) layers. The structure of the cell
followed in this work is TCO substrate (Asahi VU glass) / p-nc-Si (seed) / p-a-SiO፱:H (7 nm) / a-SiO፱:H
buffer / i-a-SiO፱:H (200 nm)/n-nc-Si:H (5 nm) / n-nc-SiO፱:H (100 nm) as shown in Fig. 2.4 [42].

Figure 2.4: Schematic structure of the a-SiOᑩ:H, with all the layer used.
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Throughout this work, the above mentioned structure will be used to compare the cells developed.
To make more accurate comparisons the reference cell will be developed every time a parameter is
changed so as to maintain consistency in the comparison. This is because of some minor fluctuations
in the deposition processes. All the layers utilised are also made each time and the required activation
energy, bandgap and deposition rate are also measured. Each cell is annealed at 120∘C for 1.5 hours.

2.2.2. Crystalline Silicon
The structure of the three types of the c-Si cells namely- Polycrystalline-Silicon (poly-Si), Interdigitated
Back Contact (IBC) and Silicon Heterojunction (SHJ (Hybrid)), used as the bottom cells in this work are
shown below in figure. 2.5. There are major differences in the three types of cells mentioned above.
A poly-Si cell utilises carrier selective (doped) layers of poly silicon. A major advantage of these cells
is that they are easy to fabricate. Whereas due to free carrier absorption in the poly silicon layers
the efficiency of these cells is not too high. The IBC cells are a high efficiency cell concept. In these
cells, all the carrier selective contacts are present at the back side of the cell. Due to this, there is no
front shading loss in this concept. The SHJ (Hybrid) cells use an intrinsic a-Si:H layer between the n
doped layer and the n type FZ silicon wafer. The presence of this intrinsic a-Si:H layer, reduces the
defect density at the a-Si:H/c-Si interface. With reduced defects ( reduced recombination losses) a V፨
greater than 700 mV can be obtained [43]. For the p layer- poly-Si is used. Because poly-Si is used as
the p layer this cell is called as a SHJ (Hybrid) cell. The metal back contact in the cells is composed of
silver (200nm)/ chromium (30nm)/ aluminium (2𝜇m) layers. A detailed analysis of each type of cell is
too wide for this work. It should be mentioned that the c-Si wafer used has pyramidal texturing. All of
these cells were developed in the PVMD group in TU Delft. The exact details can be found in the work
of Limodio and Yang et al. [44–46].

SiNx

N-PolySi

C-Si

P-PolySi

Back Metal

Front Metal Grid

SiO2

SiO2

75nm

250nm

1.5nm

280um

1.5nm
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(a) Poly silicon (b) IBC

(c) SHJ (hybrid) cell

Figure 2.5: Schematic of various c-Si cells used as bottom cell in this work. The thicknesses shown are not to scale.

2.2.3. Transparent Conductive Oxides (TCO)
A TCO usually consists of a wide bandgap degenerate semiconductor with a low resistivity and high
transparency in the visible and near infrared range. Typical values for a TCO are shown in table 2.1.
Though these values are a function of the thickness as well as the deposition parameters, still most
of the TCO films used for solar cell applications have values between these numbers [47–50]. Even
though it may look impossible to have a material which has high bandgap and simultaneously has high
conductivity, but by careful manipulation of the energy levels in the material this can be achieved [51].
For this, an impurity in a form of a metal or a metal oxide is added to another metal oxide to achieve the
required properties. By this addition of impurity atoms highly degenerate materials can be developed
which have higher conductivity.
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Table 2.1: Typical range of values for a TCO.

Band Gap(𝑒𝑉) Transmittance (%) Resistivity (Ω𝑐𝑚) Sheet Resistance (Ω/□)
>3 75-85 (in 300 to 1200 nm wavelength) 10ዅኾ-10ዅኽ 10-50

The first TCO thin film was developed in the year 1907 [52]. This was a thin film of CdO prepared
by thermally oxidising a vacuum sputtered film of cadmium metal. Due to the poisonous nature of
cadmium, this TCO is not used now. In this section, the three most widely used TCO materials, namely
Indium Tin Oxide (ITO), Hydrogenated Indium Oxide(IO:H) and Aluminium Doped Zinc Oxide (AZO)
are discussed with respect to their material properties.

Indium Tin Oxide (ITO)
The most widely used TCO in solar cell application is Indium tin oxide (ITO) owing to its lower resistivity
as compared to other available TCOs. ITO is a n-type degenerate (degenerate meaning that the fermi
level lies in the conduction band) as shown in figure 2.6. It is a wide band gap semiconductor that
has low electrical resistivity due to its high free carrier density. By adding tin to indium oxide structural
changes happen which is the reason for the electrical properties of ITO. The electrical properties of
ITO are defined by the free carrier concentration 𝑁, carrier mobility 𝜇 and conductivity 𝜎, which are
mathematically related as,

𝜎 = 𝑒.𝑁.𝜇 (2.1)

The conductivity of ITO can be increased by increasing the free carrier concentration or by increasing
their mobility. By addition of tin atoms the free carrier concentration can be increased but there is a
theoretical maximum which limits the concentration [53]. This maximum carrier density 𝑁 can be
mathematically defined as,

𝑁፦ፚ፱ = 𝑁።፧ .𝐶 (2.2)

𝑁።፧ is the concentration of indium atoms which is equal to 3⋅10ኼኼ𝑐𝑚ዅኽ and 𝐶 is the concentration
of tin atoms. This maximum occurs because a majority of tin atoms at higher doping levels are deac-
tivated. This is caused by the fact that the higher the tin content, the more is the probability of the tin
ions occupying the nearest-neighboring anion site hence forming neutral defects. Also the transmit-
tance starts to decrease if the carrier concentration is increased owing to the free carrier absorption, so
it is of great importance to improve the mobility. Mobility is influenced by the scattering phenomenons
in the ITO structure. Some of the sources of scattering which may influence the free carrier mobility
can be defined as, ionized impurity scattering, neutral impurity scattering, grain boundary and external
surface scattering, acoustical phonon scattering, defect lattice scattering, etc [54].

Figure 2.6: The Parabolic energy dispersion diagram of undoped indium oxide and the effect of tin doping [10].

The high optical transmittance of ITO originates from its wide bandgap, it has a direct bandgap of
around 3.75 eV. The work from some researchers pointed to a bandgap with a value between 3.5 to
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4.06 eV [55–57]. Optical properties of ITO are influenced by many types of electronic excitation: band
gap transitions, interband transitions from the bulk of the valence band into the bulk of the conduction
band and intraband transitions of free electrons in the conduction band (free carrier absorption). From
these excitations three different regions can be explained in the ITO transmission curve. The ultraviolet
region (high energy) shows a strong absorption edge, known as the band edge which is governed by
the ITOs band gap transition. In the visible wavelength range quite high transmittance is present.
Going to the infrared region a strong increase in absorption takes place at the so-called plasma edge
which is associated with the excitation of free electrons in the conduction band.

Hydrogenated Indium Oxide (IO:H)
The demand for high mobility TCO’s is increasing not only in photovoltaic industry but also in semi-
conductor industries. To feed these demands new TCO’s based on indium oxide have been developed.
The best out these is Hydrogenated Indium oxide (IO:H). A major work on the development of this
TCO for applications in c-Si cells and CIGS based photovoltaic cells has been ongoing from the last
decade [58, 59]. As compared to ITO, IO:H has high mobility(exceeding 100 cmኼ/V.s) and high near
IR transparency [58]. These two properties give an edge to IO:H over ITO, hence it can be used as an
alternative to ITO. The high mobility in case of IO:H has been attributed to the presence of amphoteric
hydrogen in the structure. The presence of substitutional hydrogen, which replaces oxygen, leads to a
reduced impurity scattering. As impurity scattering is the limiting factor for mobility, the reduced impu-
rity scattering translates to high mobility [60]. The higher mobility of IO:H films allows a lower doping
concentration for equal conductance. Thus an enhanced optical transmission is possible specifically in
the IR region which is in accordance with Drude theory.

The utilisation of double layers of IO:H and ITO have also gained a lot of interest, specifically in
use as front contact for silicon heterojunction cells. In these case, the properties of the double layer
are optimised in such a way the electrical and optical properties are dictated by IO:H whereas the
good electrical connection between silver and ITO gives a low resistance contact between the doped
layers and metal contacts. Due to scarce nature of indium in the earth’s crust, there are some concerns
regarding the widespread use of ITO and IO:H, as they are not only used in solar cell manufacturing but
are also employed as transparent electrodes in flat-panel displays, light-emitting diodes, electrochromic
windows [61, 62].

Aluminium Doped Zinc Oxide (AZO)
Owing to the relative low abundance of indium in the earth’s crust as shown in figure 2.7 and no specific
indium mines, it can be estimated that there will be a huge supply demand imbalance in the next 20-30
years.

Figure 2.7: Abundance (atom fraction) of the chemical elements in earths upper crust as a function of atomic number [11].

This has lead to the development of new materials which have comparable properties as ITO.
Aluminum doped zinc oxide (AZO) is the front runner in this aspect.
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ZnO is composed of abundant elements, the abundances of Zn and Oxygen in the earth crust are
132 ppm and 49.4%, respectively [63]. Zinc oxide is a compound semiconductor with a band gap
of nearly 3.2 eV which crystallizes in the hexagonal wurtzite structure, explained by William Bragg in
1914, shortly after the discovery of X-ray diffraction [64]. The hexagonal unit cell of ZnO, contains two
ZnO molecules, in which the Zn atoms are surrounded tetrahedrally by oxygen atoms.

In comparison to ITO, there is a certain difference in, how the electrical properties vary for AZO.
Other than the mobility and carrier concentration, the morphology of the film also determines the
conductivity. The Modified Thornton-structure-zone model depicts how the material grows with respect
to the pressure and temperature of deposition [65]. Specific zones/growth regime can be identified
from this diagram. By targeting the specific growth regime, specific properties can be obtained.

There are various deposition techniques available to deposit TCO. Some of the techniques that are
frequently used are Thermal evaporation, Chemical Vapor Deposition (CVD), Spray Pyrolysis (SP) and
RF Sputtering. In this work, the TCO deposition was done by RF magnetron Sputtering in the machines-
Amigo and Zorro respectively.

2.3. Experimental Methodology
This section is divided into three sub parts: sample preparation, thin film deposition and characterisation
techniques.

2.3.1. Sample Preparation
To produce high efficiency photovoltaic cells and high quality film, clean substrates are essential. To do
so we used chemical baths to remove any unwanted particle or residue before actual deposition could
be done. Also it is worthwhile to mention that the substrate holders were also cleaned using acetone
and isopropylalchohol (IPA), to maintain high quality.

The thin film samples used in this thesis were fabricated with both glass and Asahi VU (SnOኼ:F)
substrates. Corning Eagle XG glass was used mainly to test deposition conditions and as-deposited
samples. For cell fabrication Asahi VU glass, which is coated with a textured Fluorine doped tin oxide
(FTO) having a root mean square roughness of 34 nm was used [66]. Cleaning process involved the
following sequential steps :

• Dipped in acetone for 10 minutes.

• Dried using nitrogen.

• Dipped in isopropylalchohol (IPA) for 10 minutes.

• Dried using nitrogen.

2.3.2. Thin-film Deposition Technique
In this section the development methodology for the deposition of hydrogenated amorphous silicon
oxide (a-SiO፱:H) layers, the required cell and transparent conductive oxides will be explained.

Plasma-Enhanced Chemical Vapour Deposition (PECVD)
PECVD is a type of chemical vapour deposition in which gas phase chemical reactions lead to deposition
of materials on the substrate. As the energy is supplied by plasma, so the temperature required for
depositions is low as compared to atmospheric pressure or low pressure CVD. One of the advantage of
this process is that by manipulating the gas flows in the deposition processing chambers (DPC), one
can alter the properties or make different kinds of the layers. In this process, different gases can be
mixed together. This mixture is then ignited into a argon atmosphere to create a plasma through the
application of electric field at radio frequency (13.56 MHz) or very high frequency (40 Mhz). These
frequencies are internationally agreed upon for use in scientific applications for material depositions.
After the plasma is fired, the electrons are accelerated. This leads to ionisation of precursor gases
through collisions leading to formation of charged radicals. The substrate is kept grounded with a
lower potential than the plasma (plasma is at positive potential), thus only neutral or positively charged
particles can diffuse towards it, which form the thin-film layer. A schematic of a PECVD chamber is
shown below in figure 2.8.
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Figure 2.8: A schematic of a PECVD chamber [12].

Deposition of the amorphous silicon oxide (SiO፱) layers involves the use of three precursor gasses:
silane (SiHኾ), carbon dioxide (COኼ) and hydrogen (Hኼ). The p and n doped layers were developed by
adding diborane (BኼHዀ) and phosphine (PHኽ) gases to the mixture respectively. The distance between
substrate and electrode is kept constant at 1.4 cm for p-layers, i-layers and 2.1 cm for n-layers [66].
This distance is also an important parameter in defining the structural properties of the films deposited
[67]. Throughout this work, all the layers of amorphous silicon oxide (a-SiO፱:H) were deposited using
PECVD apparatus called Amigo by Elettorava S.p.A as shown in figure 2.9.

Figure 2.9: A schematic of PECVD apparatus used in this work (Amigo) [9].

This is a 6-chamber thin-film processing system consisting of a load-lock chamber (LLC), a transfer
chamber (TC), p-type layer chamber (DPC1), n-type layer chamber (DPC2), amorphous i-layer chamber
(DPC3), 𝜇 c-Si:H layer chamber (VHF, DPC4), multi-process chamber (DPC5), and a sputtering chamber
(DPC6) for AZO deposition. This system is fully automated with the ability to handle 5 substrates. Only
DPC 1,2,5 and 6 were utilised for material development. For the deposition of AZO, the DPC6 of the
amigo machine is used as shown in figure 2.9. It contains a 6 inch (diameter) circular ceramic target
of ZnO/AlኼOኽ (98/2 % by weight).

RF magnetron Sputtering
RF magnetron Sputtering is a type of physical vapour deposition technique where both a plasma and
a magnetic field are used in combination to achieve high quality films. The magnetic field provided
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by a magnet placed underneath the target is to increase the utilisation of secondary electrons. The
plasma, which is composed of ionised argon gas, contains positive argon ions which are bombarded on
the target by application of a voltage bias. The target is kept at a negative potential and the substrate
is at a positive potential. Although there are various methods to deposit TCO’s, such as DC sputtering,
spray pyrolysis etc. In this thesis, the TCO’s developed are by RF Magnetron Sputtering owing to the
several advantages in comparison with the other physical chemical deposition methods such as, a low-
temperature ion–assisted deposition, the before/post deposition modification of substrate/thin - film
surface, change of deposition rate in wide range, to control further parameters which are important for
thin film growth (substrate temperature, plasma density, composition of working gas, ion bombardment
of film during deposition) and uniform depositions [68]. A schematic of RF magnetron sputtering is
shown in figure 2.10.

Figure 2.10: A schematic of RF magnetron Sputtering, image courtesy: Dr.Rene van Swaaij .

The ITO and IO:H films were deposited in RF magnetron sputtering unit (Zorro) in Else Kooi
Laboratory-TU Delft. This unit consists of two deposition processing chambers- one for hydrogenated
indium oxide and the other for indium tin oxide. A circular ceramic target of 4 inch (diameter) of indium
oxide and tin oxide (90/10 % by weight) was used, in the depositions of ITO.

Physical Vapour Deposition
Metal deposition is required in various stages of cell development, such as to measure activation energy
of a layer or for front and back contacts of the cells. In this work, aluminium is deposited by electron
beam even though its melting point is not to high, because it can form alloys with the tungsten boat.
In this work, all the metal depositions were done by using metal evaporation. A high vacuum PRO500S
metal evaporator by Provac is used to deposit metal. The system, depicted in figure 2.11, is fully
automated. This machine utilises two types of process, thermal evaporation for metals with low melting
points (silver) and electron beam evaporation for high melting point materials. A tungsten boat is
used for depositing Ag using thermal evaporation. Four ceramic crucibles, each containing a different
material, used for evaporating Al or other metals by electron beam evaporation. The reaction chamber,
equipped with a rotating stage, can accommodate up to four 10x10 cmኼ substrates. A rotating stage
is used, so as to maintain uniform depositions and improved step coverage. The chamber is kept at
very high vacuum (approx.10ዅ mbar) to avoid oxidation.

2.3.3. Characterisation Techniques
To ascertain the optical and electrical quality of the films developed as well as to characterise the
photovoltaic cells fabricated in this work various techniques are used. In this section all the techniques
which were utilised are mentioned. These techniques can broadly be divided in two parts, the first six
are the electrical techniques and the others are optical techniques. Finally, towards the end the way
how the efficiencies are determined in this work is mentioned.
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Figure 2.11: A schematic of Provac PRO500S, showing the two methods of metal evaporation. Electron beam (E-beam) is shown
in the left and thermal evaporation is in the right [9].

Activation Energy
Activation energy is one of the most important parameter, which is used in determining the level
of doping in a layer. The activation energy (Eፚ) is defined as the energy difference between the
conduction band energy level and fermi level for a n type material and as the difference between the
fermi level and valence band for a p type material. In case of materials based on amorphous silicon and
its alloys, this measurement becomes more important. One of the reason is that the a-Si and its alloys
suffer from a phosphorus doping paradox [33]. In these materials, phosphorus atoms are bonded to
three silicon atoms i.e. threefold configuration. This is associated to the chemical advantage in forming
three bonds and the absence of a rigid lattice. Hence the doping in this case is not as efficient as in
case of crystalline silicon. So to develop good n layers one needs to calibrate the level of phosphine
in the deposition process. Thus determining activation energy becomes an important task. Also from
activation energy one can get an idea of the built in voltage in the cell which can be used as a parameter
in determining the maximum achievable open circuit voltage. For an activation energy measurement,
a layer of doped material was deposited on Corning eagle XG glass. Two strips of 500 nm aluminium
with fixed dimensions and distance, were evaporated on top of the deposited layer. Then the electrical
conductance of the layer was measured by applying a voltage on the contact strips and measuring the
resultant steady-state current using Keithley 6517A electrometer. This was done in dark, so as to avoid
any photogeneration of carriers. The activation energy of the layer was extracted by taking a linear
fit in the 𝑙𝑛(𝜎(𝑇)) and 1/𝑘𝑇 plot, also referred as Arrhenius plot. The slope of this linear fit gives the
activation energy. Mathematically the relation between activation energy and dark conductivity can be
written as,

𝜎(𝑇) = 𝜎፨ ⋅ 𝑒
Ꮍᐼᑒᑔ
ᑜᑋ (2.3)

where, Eፚ is the activation energy, 𝑇 is the temperature, 𝐾 is boltzmann’s constant and 𝜎፨ is the
conductivity pre-factor [69].

Illuminated Current density-Voltage (J-V)
The estimation of Current density-Voltage curve under standard test conditions (STC) is vital in charac-
terising the solar cells. Irradiance of 1000 W/𝑚ኼ, AM 1.5 spectrum and temperature of 25∘𝐶 ( called as
STC conditions) are used in determining the parameters of the photovoltaic cell. All the parameters that
define the efficiency of the cell can be determined from this measurement. Wacom WXS-156S-L2 solar
simulator was used in this work for determination of J-V curves, it has a cooling system that maintains
temperature of 25∘𝐶. A halogen lamp and a Xenon lamp are used to simulate AM 1.5 spectrum in this
apparatus. The J-V curves provide external parameters such as open circuit voltage (V፨), short circuit
current (J፬), fill factor (FF), series and shunt resistances (R፬ and R፬፡ respectively) and efficiency.
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External Quantum Efficiency
External Quantum Efficiency (EQE) is defined as the ratio of charge carriers collected across a solar cell
to the number of photons incident on the cell. To determine the number of charge carriers collected
the current generated by the solar cell at short circuit condition is divided by the elementary charge.
For the number of incident photons the total power incident (AM1.5g spectrum) on the solar cell is
divided by the photon energy. Taking the ratio of these two the EQE is determined. By, multiplying
the photon flux (𝜙(𝜆)) as a function of wavelength, with the EQE of the cell which is measured at the
short circuit conditions, the J፬can be calculated. Mathematically the following relations are used in
the calculations of the short circuit current (J፬),

𝐽፬ = −∫
᎘ᑞᑒᑩ

᎘ᑞᑚᑟ
𝜙(𝜆) ⋅ 𝐸𝑄𝐸(𝜆)፞፥፥ ⋅ 𝑒 ⋅ 𝑑𝜆 (2.4)

Another aspect of EQE that has been utilised in this thesis is the dependence of EQE on bias voltage.
To specifically see how the response of cell varies in specific wavelength spectrum, a bias voltage is
given to the cell and the EQE is measured. From these results, it is quite easy to identify the regions
of the cells having defects, as by applying a bias voltage (negative voltage was used in this work) only
the electrical parameters are changed where as the optical parameters (reflectance, transmittance etc)
remain constant [70].

Figure 2.12: Actual image of EQE set-up used in this work.

The EQE measurements were done by a set up developed in TU Delft, as shown in figure 2.12.
Before each measurement a calibration step is performed with a reference silicon diode. Two gold
wires are used as contacts for the cell. The light from Xenon lamp is filtered by a chopper wheel and
a monochromator, such that a specific wavelength of light is focused on the cell. Steps of 10 nm are
used to get the measurement points. The frequency of the chopper is set at 123 Hz by a chopper
controller which is coupled with a lock in amplifier (EG&G 7260DSP). The cell is maintained at short
circuit conditions so as to measure the current developed, which is done by an electrometer. This
process uses the lock in amplifier so as to improve the signal to noise ratio. Finally, the signals are
analysed by the computer and presented as a plot of EQE.

Four Point Probe
Four point probe method was applied to get the resistivity Ωcm and sheet resistance (Ω/□) of the
TCO films. In this method four probes with a specific spacing and dimensions are put on the film.
Current (𝐼) is supplied by two probes and the other two probes are used to measure the voltage (𝑉).
The ratio between the two is then used to calculate the resistivity of the film. Taking into account
the dimensions and the spacing between the probes the following mathematical relation is used to
calculate the resistivity,

𝜌 = 𝜋 ⋅ 𝑡 ⋅ 𝑉
ln(2) ⋅ 𝐼 (2.5)
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In the above equation, the term 𝜋/ln(2) is equal to 4.53 and t is the film thickness. To make the
calculation easy to comprehend the value of current is set at 4.53 mA. From the value of resistivity, the
value sheet resistance (𝜌፬፡፞፞፭ ) is deduced as,

𝜌፬፡፞፞፭ =
𝜌
𝑡 (2.6)

In this work, the Advanced Instruments Technology CMT-SR2000NWwas used to measure resistivity
and sheet resistance of the TCO layers

Hall measurements
In identifying, the best TCO films it becomes imperative to compare the majority carrier concentration
and the mobility in addition to sheet resistance and resistivity. A larger mobility and carrier concentration
are the desired properties for a TCO. To do so Hall effect in conjugation with Van Der Pauw method is
used. The Hall effect is a consequence of the forces that are exerted on moving charges by mutually
perpendicular electric and magnetic fields. These forces called as Lorentz force in steady state lead
to a development of a voltage, which is defined as hall voltage (𝑉ፇ). By measuring this voltage the
majority charge carrier mobility and concentrations are determined.

Figure 2.13: Schematic for Hall Effect measurement [13].

Mathematically, the relation between hall voltage and majority carrier concentration (𝑛) can be
written as,

𝑛 = − 𝐼፱ ⋅ 𝐵፳
𝑒 ⋅ 𝑑 ⋅ 𝑉ፇ

(2.7)

The directions taken in above equation are based on the figure 2.13, 𝑒 is the elementary charge
[13]. The important thing to account is that the above formula is defined for a n type semiconductor
and the hall voltage is negative, hence the carrier concentration becomes positive. Thus from the
calculation of hall voltage, one can get the mobility as per the below formula,

𝜇፧ =
𝐼፱ ⋅ 𝐿

𝑒 ⋅ 𝑛 ⋅ 𝑊 ⋅ 𝑑 ⋅ 𝑉ፇ
(2.8)

For the measurement of sheet resistance (𝑅ፒ) and resistivity, the Van der pauw technique is used
[71]. This technique utilises the following equations,

𝑒ዅ⋅ፑᐸ/ፑᑊ + 𝑒ዅ⋅ፑᐹ/ፑᑊ = 1 (2.9)

𝑅ፀ = 𝑉ኾኽ/𝐼ኻኼ (2.10)

𝑅ፁ = 𝑉ኻኾ/𝐼ኼኽ (2.11)
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The above formula is based on figure 2.14 [14]. The resistivity can be calculated by multiplying the
sheet resistance with the thickness of the film. For a sample shown in figure. 2.14, Vፇ is determined
by performing measurements with constant current I and magnetic field B applied perpendicular to the
plane of the sample. By forcing a current I through contacts 1 and 3, 𝑉ፇ can be measured across the
other two contacts.

Figure 2.14: Schematic for Van der pauw technique [14].

In this work Ecopia HMS-5000 Hall Effect setup was used for the measurements of the TCO devel-
oped.

Electroluminescence
Identification of shunt paths is really important to characterise large area cells. In this work Electro-
luminescence (EL) is used as a technique to identify the spots where material defects are present.
Eventhough in photovoltaic industry, this technique is applied to c-Si module as a method of con-
tact less photographic surveying method. Simply put this method utilises the radiative recombination
mechanism that happens when electrons and holes combine to give out radiation. By estimation of
the emitted photons or radiation one can estimate the material properties at that point. A forward
bias is given to the cell, so as to inject excess charge carriers in the cells to facilitate the radiative
recombination. Then the cell is photographed by an infrared camera in dark to get a high resolution
image. The reason to use infrared camera is because the dominant emission spectrum for a crystalline
silicon cell is between 900 to 1100 nm [72]. A Nikon D7200 camera with a IR lens and a DC power
supply is used in this work.

Spectrophotometer
Spectrophotometer is used for the correct estimation of the optical properties (reflection, transmittance
and angular intensity distribution) associated with the films and the TCO developed. From the mea-
surements of reflectance and transmittance, we can estimate the absorptance in the spectral range of
300 - 1200 nm which is selected on account of the absorption associated with the silicon cells used in
this work. In this thesis, a Perkin Elmer Lambda 950 spectrophotometer is used. It utilises a deuterium
arc lamp for ultraviolet light and a tungsten-halogen lamp for visible and infrared light. This apparatus
is used with an Integrating Sphere (IS) to get the required optical parameters. The measurements of
reflection and transmittance were done utilising integrating sphere as shown in figure 2.15.

The sphere has a diameter of 150 mm and is coated with a highly reflective material. This is done
to make light inside the sphere homogeneous [73]. By comparison with a reference beam the values
of reflectance (R) and transmittance (T) are deduced. For calculation of absorptance (A) by the film
following relation is used.

𝐴 = 100 − (𝑅 + 𝑇) (2.12)

The correction for the absorptance in the glass substrate has to be taken into account when using
the above formula. All the above values are in percentages as they are taken relative to the reference
beam.
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Figure 2.15: A schematic of Lambda with the integrating sphere set-up used in this work [15].

Spectroscopic Ellipsometry (SE)
Ellipsometry is an optical measurement technique that characterizes light reflection from samples [74].
The key feature of ellipsometry is that it measures the change in polarized light upon reflection from a
sample. This makes ellipsometric measurement very precise and reproducible. The name ’ellipsometry’
comes from the fact that polarized light often becomes ’elliptical’ upon light reflection. Ellipsometry
measures the two values Ψ and Δ. These represent the amplitude ratio Ψ and phase difference Δ
between light waves known as p- (parallel) and s- (perpendicular) polarized waves. Mathematically,
these two values are related by what are called as fundamental equations of ellipsometry [75]. These
equations are derived by using Fresnel equations and reflection coefficients (𝑟፩ and 𝑟፬). In short, the
most important equations are shown below,

𝜌 = tan(Ψ) ⋅ 𝑒፣⋅ጂ (2.13)

𝜌 = 𝑅፩/𝑅፬ (2.14)

𝑅፩ = |𝑟፩|ኼ, 𝑅፬ = |𝑟፬|ኼ (2.15)

Using SE, the optical constants i.e. real part of the refractive index (𝑛), extinction coefficient (𝑘)
and thickness of a thin film layer are deduced. From the measurement of 𝑘, the absorption coefficient
is also calculated and ultimately from it the optical bandgap is computed. But this requires some fitting
methods which depend on the type of thin film layer. A M-2000 Ellipsometer by J.A. Woollam Co. was
utilised in this work to acquire the thickness and optical constants of the films developed.

Calculation of Efficiency
Thirty thin film cells with dimensions of 4 mm and 4 mm are developed on Asahi VU substrate (10X2.5
cmኼ). For cells with transparent back contacts, 24 cells of 5 mm by 5 mm are developed on the Asahi
VU substrate. To calculate the efficiency of the cells developed in this work, the mean values of the
best 10 cell’s (otherwise stated) open circuit voltage, short circuit current density and fill factor. All the
plots showing these parameters have error bars, the standard deviation was calculated from the values
obtained. To get the precise estimate of efficiency the short circuit current density measured from EQE
set up was used instead of the Wacom values. This was done due to the fact that the EQE setup takes
into account the AM1.5g spectrum, hence the chance of spectral mismatch occurring due to the light
source is reduced. Also the mismatch occurring due to illuminated area is also taken care of in the
EQE setup as well as the overestimation of the short circuit current due to lateral current collection is
excluded [76]. All the current density (J)-voltage (V) curve were scaled according to the value of short
circuit current obtained from EQE setup.



3
Theoretical Efficiency Estimation of

The Four Terminal Solar Cell

3.1. Introduction
Two important issue while developing four terminal cells, are the determination of the optimum com-
bination of cells to be utilised, and the efficiency gain that can be realised. To accomplish these two
goals, theoretical calculations utilising two parameters namely, Response 4T (Rኾፓ) and Spectral Re-
sponse 4T (SRኾፓ) are performed in this chapter. This chapter also explains the advantage of using an
a-SiO፱:H based top cell instead of a-Si:H based top cell.

3.2. Response 4T (R4𝑇) and Spectral Response 4T (SR4𝑇)
In this section, two parameters called Response 4T (Rኾፓ) and Spectral response 4T (SRኾፓ) are provided
as a suitable approach to determine the best suited configuration for the four terminal cells.

Here, first the parameter called Response 4T (Rኾፓ) is defined. Mathematically, as shown below,

𝑅ኾፓ =
𝐸𝑄𝐸(𝜆) ⋅ 𝑉፨ ⋅ 𝐹𝐹 ⋅ 𝑒 ⋅ 𝜆

ℎ𝑐 (3.1)

In the above equation, ℎ is the Planck’s constant and 𝑐 is the speed of light in vacuum. This unitless
parameter relates the wavelength dependent external quantum efficiency (EQE(𝜆)), the open circuit
voltage V፨, fill factor (FF) of the cell and elementary charge (𝑒) with the energy of the photon at the
corresponding wavelength. Although this term signifies the efficiency but one important thing to keep
in mind is that this efficiency is independent of the spectrum of incident light. Thus this is a universal
term. The actual estimation of the efficiency gain at standard test conditions (STC) is not possible from
this term alone as the spectrum of incident light is required to determine the value of efficiency. This
parameter can only be used to identify the best possible combinations.

Table 3.1: Electrical Parameters of the thin film cells [29].

Cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
a-Si:H 0.875 15.19 0.66 8.78
a-SiO፱:H 1.02 12.3 0.70 8.80

There are many options that can be applied as the top cell, but at PVMD the focus is on thin film
solar cells. We have two available options that can be used as the top cell in our application- a-Si:H
based cell and high band gap material a-SiO፱:H based cell [29]. The parameters of these cells are
mentioned in table 3.1. Both the cells were developed in the Else Kooi Laboratory-TU Delft. It can
be argued that EQE plots could be used for choosing the best cell, but the main aim of our work is
to obtain high efficiency for the four terminal cell. Thus only EQE can not become the differentiating
factor. That is the main reason for using Rኾፓ parameter. To deduce which one of the two is more
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suitable for application- we must look at the Rኾፓ plot of the two cells. The one that has higher values
of Rኾፓ in the wavelength range from 300 to 600 nm will give the best efficiency gain in our application.
The reason for choosing this range lies in the fact that the bottom cell will be working at its maximum
in the range from 600 to 1200 nm. This will also become more clear in the following paragraphs. The
plots of Rኾፓ made for a-Si:H cell and the a-SiO፱:H is shown in figure 3.1. The plot makes it clear that
a-SiO፱:H has higher Rኾፓ values in the required spectral range.
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Figure 3.1: RᎶᑋ comparison between a-Si:H and a-SiOᑩ:H cell.

The motivation for using high bandgap (1.8-2 eV) materials also comes from literature. A high
bandgap top cell translates into a high open circuit voltage, which in our case, leads to a high V፨
and fill factor product. This is the most important parameter in determining the efficiency of the four
terminal stack [77]. Various simulation studies and models developed in the literature have shown that
a top cell with a high bandgap (1.8-2.2 eV) even though with a low efficiency under STC (8-14%) when
coupled with a high-efficiency c-Si cell can result in efficiencies exceeding Richter limit [22, 78].

Using the highest efficiency a-SiO፱:H cell with parameters mentioned in table 3.1, as the top cell
in combination with the poly-Si, Interdigitated back contact (IBC) and Silicon heterojunction (SHJ (Hy-
brid)), the plots of Rኾፓ are generated. Two cells of each type are compared, all of which were developed
in the PVMD group. The parameters of the bottom cells are mentioned in the table 3.2 for the poly-Si
(Poly), IBC and SHJ (Hybrid) cells.

Table 3.2: Electrical Parameters of the bottom cells used in the calculations.

Bottom cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
Poly-1 0.68 32.67 0.64 14.22
Poly-2 0.68 33.60 0.68 15.54
IBC-1 0.68 35.68 0.72 17.48
IBC-2 0.70 40.80 0.70 20.00
SHJ (Hybrid)-1 0.69 37.20 0.71 18.22
SHJ (Hybrid)-2 0.69 38.40 0.71 18.81

In the figure 3.2, the Rኾፓ plots for different cell combinations are given to identify the gain in utilising
the four terminal configuration. It is imperative that the difference between the area shown in indigo
colour and the lime should be positive. Essentially this is the area which when translated into efficiency
provides the enhanced efficiency of the four terminal device. But a true estimate of the efficiency gain
from this single parameter alone is not correct, as it does not take into account the spectrum under
which the measurements are taken.

By looking at the plots in figure 3.2 it may look that there is an advantage in using the four terminal
topology, but it would be more clear with a new parameter defined in this work as the Spectral Response
4T (SRኾፓ), which is the product of the response 4T parameter with the photon flux (𝜙(𝜆)) at the specific
wavelength. To calculate the photon flux (𝜙), AM 1.5 (Global spectrum) was used. For the AM 1.5
(Global) spectrum, data from American Society for Testing and Materials (ASTM), Terrestrial Reference
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(a) (b)

(c)

Figure 3.2: RᎶᑋ comparision with (a) the best poly-Si cell (Poly-2). (b) the best IBC cell (IBC-2). (c) the best SHJ (Hybrid) cell
(SHJ (Hybrid)-2).

Spectra for Photovoltaic Performance Evaluation was used [16]. This is done because AM 1.5 spectrum
is used as the standard test condition to determine the efficiency. The integration of this plot with
respect to wavelength yields a value of 1000 Wmዅኼ as show in figure 3.3.
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Figure 3.3: The AM 1.5 global Spectrum as shown with the area of 1000 W/mᎴ [16].

Mathematically, the spectral irradiance (𝐼(𝜆)) as a function of wavelength at AM 1.5 can be related
to the photon flux at that wavelength as shown below,
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𝜙(𝜆) = 𝐼(𝜆) ⋅ 𝜆
ℎ𝑐 (3.2)

Finally, the spectral response 4T (SRኾፓ) can be defined mathematically,

𝑆𝑅ኾፓ =
𝐸𝑄𝐸(𝜆) ⋅ 𝐼(𝜆) ⋅ 𝜆 ⋅ 𝑞 ⋅ 𝑉፨ ⋅ 𝐹𝐹

ℎ𝑐 (3.3)

The quantity SRኾፓ has a unit of Wmዅኼnmዅኻ, which is same as that of spectral irradiance. To take
into account all the units involved in the calculations a factor of 10ዅዃ is multiplied to the results obtained
from the equation 3.3. A detailed derivation is given in appendix B.1.1. In literature, Spectral Response
4T (SRኾፓ) has been mentioned as spectral efficiency [79]. Although calling this term as efficiency is
not correct as the units of this term are Wmዅኼnmዅኻ. These SRኾፓ plots are helpful in determining the
maximum possible four terminal device performance because the power output of the cells can be
compared directly at any desired wavelength in the AM 1.5 spectrum.

The integral of the plot of SRኾፓ with 𝜆 (wavelength), when divided by the total spectral irradiance
at AM 1.5, gives the efficiency of the cell at AM 1.5. Thus the area of these plots can be translated
to the efficiency of the cell at AM 1.5. The indigo area in the figure 3.4 can be translated into the
increased efficiency (𝜂ፈ፧፫፞ፚ፬፞). But the area marked in lime colour needs to be subtracted so as to
correctly estimate the efficiency gain. So 𝜂ፓ፨፭ፚ፥ of the four terminal configuration, becomes the sum
of efficiency of the bottom cell without the top cell (𝜂ፁ፨፭፭፨፦) plus the efficiency gain from the top cell
(𝜂ፈ፧፫፞ፚ፬፞). Mathematically, this can be explained as

𝜂ፓ፨፭ፚ፥ = 𝜂ፁ፨፭፭፨፦ + 𝜂ፈ፧፫፞ፚ፬፞ (3.4)

In the plots of SRኾፓ, the gain in the efficiency of the four terminal configuration is estimated from
the difference between the area shaded by the indigo and the lime color, in figure 3.4a for the best
poly-Si cell, figure 3.4b for the best IBC cell and figure 3.4c for the best SHJ (Hybrid) cell. From this
area, the total achievable efficiency rise is estimated, which is provided in the table 3.3. This table
contains all the bottom cells as shown in figure 3.4.

Comparing SRኾፓ for IBC bottom cells with the SHJ (hybrid) cell it can be seen that the effective
area rise is more in case of SHJ (hybrid) bottom cells. This area is maximum when a poly-Si cell is used
as the bottom cell. A reason behind this is that, the poly-Si cell has poor response in the blue green
region (due to absorption in poly-Si layers).

Even though the shading by front electrodes is lower (non-existent) for the IBC cell as compared
to SHJ (Hybrid), which is clear from the lower efficiency of the best SHJ cell (SHJ (Hybrid)-2) in the
set of cells, at 18.81% in comparison to the best IBC cell (IBC-2) of approximately 20%, the absolute
gain (𝜂ፈ፧፫፞ፚ፬፞)) is higher for SHJ (Hybrid) cells in the four terminal configuration as seen in table 3.3.
The efficiency gain can be improved if the response of the top thin film cell is improved in the 300 to
600 nm spectral range. This is because the photons in this range are absorbed in the top cell.

Also one interesting observation is that, when a lower efficiency cell (poly-Si) is utilised as the
bottom cell, the gain of utilising the four terminal approach is more prominent, eventhough the total
efficiency is lower than 20%.

Table 3.3: Total efficiency that can be obtained in four terminal configuration.

Bottom Cell 𝜂ፁ፨፭፭፨፦(%) 𝜂ፈ፧፫፞ፚ፬፞(%) 𝜂ፓ፨፭ፚ፥(%)
Poly-1 14.22 3.94 18.16
Poly-2 15.54 3.69 19.23
IBC-1 17.48 1.32 18.80
IBC-2 20.00 0.82 20.82
SHJ (Hybrid)-1 18.22 1.87 20.10
SHJ (Hybrid)-2 18.81 1.64 20.45

From the results of the table 3.3, it can be seen that a gain of almost 4% can be obtained when an
a-SiO፱:H top cell is used with a poly-Si cell in four terminal configuration. Gain between 1% and 4%
can be realised by simply utilising four terminal topology.
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(a) (b)

(c)

Figure 3.4: Spectral Response 4T (SRᎶᑋ) comparison with (a) the best poly-Si cell (Poly-2). (b) the best IBC cell (IBC-2). (c)
the best SHJ (Hybrid) cell (SHJ (Hybrid)-2).

In the estimation of these values, certain assumptions are done, such as the performance of the
bottom cell is not hampered due to the top cell in the red part of the spectrum. Also with a reduced
current generation in the bottom cell, the open circuit voltage and fill factor will reduce. As the relation
between the open circuit voltage and current is logarithmic, this decrease will not be too big. A good
analysis of this is given in the work of Zhang et al. [25]. Although there is a decrease in performance
of the bottom cell, but in the above calculations it is not taken into account. It is important to mention
that no optical losses in the intermediate layers such as the glue and the glass are taken into account.
Also, the top cell has a metallic back contact, but to show the maximum possible increment in the
efficiency, it is worthwhile to use the best available cell. Hence the efficiencies calculated above can
be called as maximum achievable efficiencies.

3.3. Conclusions
From the results of this chapter it is clear that four terminal approach of utilising a-SiO፱:H top cell and
c-Si cell is promising. By using SRኾፓ parameter, which compares the power delivered by the cells at
a specific wavelength, the efficiency gain that can achieved has been computed. Almost 1% to 4%
gain can be achieved in the efficiency of the bottom cell by adding the a-SiO፱:H on top of it in a four
terminal topology.

From the theoretical calculations performed in this chapter, some important points can be drawn
for further work-

• The enhancement of the response of the top thin film cell in 300 to 600 nm spectral range, will
lead to an increased gain in the efficiency. The higher the V፨ fill factor product of the top cell,
higher the efficiency gain will be.
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• In actual practice, the four terminal cell will have a transparent top cell. So a transparent con-
ductive oxide for the top cell needs to be developed, such that its performance is comparable to
the metal back contact.

A detailed analysis of the efficiency gain as well as optical simulations with four terminal configura-
tion will be followed up in Chapter-7.



4
Fabrication of Hydrogenated

Amorphous Silicon Oxide Cell

4.1. Introduction
This chapter will concentrate on hydrogenated amorphous silicon oxide based solar cell. The reason of
using a-SiO፱:H as the top cell in comparison to conventional amorphous silicon cell has been explained
in the earlier chapter.

From the results of the previous chapter, a gain of almost 4% can be obtained when an a-SiO፱:H
top cell is used with a poly-Si cell in four terminal configuration. Gain between 1% and 3.7% can be
realised by simply utilising four terminal topology. This is when the a-SiO፱:H cell developed in the work
of Kim and Guijt is utilised as the top cell [29, 42].

A calculation of SRኾፓ can be done with a poly-Si bottom cell, with an increased V፨ of 1.04 V and fill
factor of 0.73. The J፬ (12.3 mA/cmኼ) of this hypothetical cell (a-SiO፱:H-2) is considered to be exactly
similar to that of the 8.80% cell (a-SiO፱:H-1). In reality, the values chosen for V፨ and fill factor have
been realised in the work of Kim et al [66]. The bottom cell is taken as the Poly-1 with parameters
mentioned in the above chapter table. 3.2. The results are shown in the figure 4.1 and table 4.1. The
yellow color indicates the improved response of the a-SiO፱:H-2 as compared to the a-SiO፱:H-1 cell

Table 4.1: Total efficiency that can be obtained in four terminal configuration with a-SiOᑩ:H-1(8.80%) and a-SiOᑩ:H-2 (hypo-
thetical) top cell.

Top Cell 𝜂ፁ፨፭፭፨፦(%) 𝜂ፈ፧፫፞ፚ፬፞(%) 𝜂ፓ፨፭ፚ፥(%)
a-SiO፱:H-1 14.22 3.94 18.16
a-SiO፱:H-2 14.22 4.40 18.62

Thus an increase of almost 6.58% in V፨ and fill factor product (0.714 vs 0.761) translates into an
enhancement in the gain by 0.46% (3.94 vs 4.40%) in the four terminal configuration with a poly-Si
cell. Other than the high V፨ and fill factor product, a good spectral response in 300 to 620 nm spectral
range is also required to achieve higher efficiencies. Essentially, what this means is that we need a cell
which has good response in 300 to 600 nm spectral range and has very low parasitic absorption.

Direct replication of the high efficiency cells developed in the work of Kim and Guijt was tried. But
the attempts to replicate those cells failed. This can be attributed to the temporal fluctuations in the
PECVD process. So, using the structure of the cells developed in their work new cells were developed
and further optimisation was performed. Optimisation of thickness of the three main layers (p, i, n)
to achieve high V፨ and fill factor product with a good spectral response is the task undertaken in this
chapter. Even though there is another approach that could be used, that is by using high bandgap
materials or nano crystalline layers, but in this optimisation, this approach is not utilised.

27
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Figure 4.1: Spectral Response 4T (SRᎶᑋ) comparison with a-SiOᑩ:H-1 and a-SiOᑩ:H-2 top cells.

4.2. Optimised Cell Development
The first step in this optimisation is the development of a thickness series for the P doped layer, which
is followed by the intrinsic layer and ultimately the n doped layer. In the end the optimised cell is
developed and compared with reference cell as mentioned in chapter-2.

4.2.1. p Layer
Three samples of varying thickness- 4 nm, 5 nm, 6 nm with the reference cell of 7 nm are developed
and compared. These thickness are chosen in accordance with simulations, which suggested a possible
gain in blue green response. So it becomes important to see whether the other electrical properties are
in good agreement with the reference cell. Specially the open circuit voltage, as it depends significantly
on the p/i interface and the defects at this interface. The values obtained are plotted as shown in figure
4.2.

Looking at the figure of EQE in figure 4.3, it may appear that utilising the thinnest ie 4 nm p
layer is the most obvious choice, but essentially we lose in the other two electrical parameters. As
compared to the reference cell (7 nm), there is an almost 3.4% decrease in V፨ and a 6.5% decrease
in fill factor although the short circuit current increases by about 2.1%, which is quite clear from the
decreased efficiency, as shown in figure 4.2d. The reason for the improved current is the reduced
parasitic absorption in the p layer, as with thin p layers more photons can be passed to the intrinsic
layer. The decreased V፨ is due to the poor quality of the p layer. This also justifies the low fill factor.
Another reason that could be a possibility is that thin p layer has a larger depleted region and hence
the internal electric field is lower.

The next best available choice in terms of all the electrical properties is the 5 nm p layer, there is
an increase of almost 3.1% in the J፬, a 0.7% increase in V፨ and an almost similar fill factor. The 6
nm layer is also good option but when we see into the EQE plot there is no substantial improvement
in the blue and green region of the spectrum. This justifies the choice of using the 5 nm layer.

4.2.2. i Layer
To optimise the intrinsic layer thickness, five samples were developed with thickness ranging from
100nm to 200nm (Reference cell) in steps of 25nm, these values were chosen in accordance with the
results from simulation. Having thin intrinsic layers can reduce the parasitic absorption in the red and
near infra red spectrum. Although, reducing it too much will start to decrease the total short circuit
current, as now absorption will be reduced. Whereas, increasing the thickness will increase the current
but open circuit voltage and fill factor will be reduced on account of larger number of recombination
sites in the thick layer [80]. The decrease in V፨ on increasing the thickness of the absorber layer can
also be attributed to lower diffusion length of the charge carriers. The charge carrier diffusion length
decreases due to higher recombinations in a defect rich layer. The corresponding values are plotted in
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(b) Short Circuit Current vs p layer thickness.
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(c) Fill Factor vs p layer thickness.
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Figure 4.2: Electrical Parameter variations vs p layer thickness.
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Figure 4.3: The EQE of the best cells in the p thickness series.

the figure 4.4. Only the best cell EQE is plotted in figure 4.5.
Looking at the V፨, 125 nm looks to be the most promising, but the final efficiency is less than

7%. Thus to obtain best electrical properties- 175nm is chosen. The V፨ fill factor product is higher by
almost 5% as compared to the 200 nm intrinsic layer (0.68 Vs 0.65). Although the J፬ is lower, the high
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Figure 4.4: Electrical Parameter variations vs i layer thickness.
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Figure 4.5: The EQE of the best cells in the i thickness series.

V፨ fill factor product more than compensates for it. Hence the efficiency of 175 nm cell is comparable
to the reference cell. EQE plot in the figure 4.5 also support the use of 175 nm. In the red and near
infra red region 175nm cell has almost similar performance as the reference cell. As there will not be
any metal back contact in the final device. The target would be to have maximum transmittance to the
bottom crystalline silicon cell, thus the poor response of 175 nm in the near infra red region will not
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hamper the total efficiency.

4.2.3. n Layer
Taking into account the results from the simulation as well as from previous work done in PVMD group,
the thickness of n layer was decreased from 100 nm to 25 nm in steps of 25 nm. The plots of the
electrical parameters are shown in figure 4.6. From the figure 4.6b, it is clear that the short circuit
current increases when the thickness is reduced, it is on account of reduced parasitic absorption in
the n layer. From the EQE plot, it can be seen that the absorption is increased especially in 550 to
650 nm region when a thin layer is used. But in the case of the 75 nm layer, it is not true. Rather
improvement is shown in the blue-green region, and no major improvement is seen by back reflection
from the metal. As compared to the efficiency of the reference cell, there is an improvement in all
the other cells made. The fill factor improves greatly due to reduced recombination in the thin layers,
although comparing the 25 nm and 100 nm the fill factor is almost similar.
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Figure 4.6: Electrical Parameter variations vs n layer thickness.

Due to the difference in the behaviour of the different n layers, it is not to clear which one is the
best one. It would be logical to develop two cells with the structure as shown in table 4.2. All the
layers except the ones mentioned in the table are kept same. It can be argued that 50 nm layer has a
similar performance to the 25 nm layer in terms of V፨ and fill factor but the J፬ is almost 1.1% lower.
Looking at only the efficiency plot 75 nm has lower efficiency than 25 and 50 nm. But the V፨ and
fill factor product of this cell is almost 0.69. This is highest among all other cells in this series. This
supports the development of the two cells.

The parameters in the table 4.3, clearly support the use of cell-B, as it has higher V፨ and fill factor
product. The response is also slightly higher as shown in figure 4.8a. Even though in literature, it is
said that the n layer does not influence the electrical properties strongly [81, 82], but this is not true
in our case. A possible reason could be that in our case the thickness of the cell is within such a range
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Figure 4.7: The EQE of the best cells in the n thickness series.

that the influence of the i/n interface starts to play a role. As shown in figure 4.8a, taking the reference
cell developed for the n layer optimisation, there is quite a significant improvement in the blue green
region of the spectrum.

Table 4.2: Thickness (in nm) of the layers used in the Cells

Cell p-a-SiO፱:H i-a-SiO፱:H n-nc-SiO፱:H
Cell-A 5 175 75
Cell-B 5 175 25
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cell.
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Figure 4.8: Electrical Parameter for A, B and reference Cell.

Table 4.3: Electrical Parameters of the two cells compared with the reference cell.

Bottom cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
Cell-A 0.997±0.004 11.15±0.20 0.65±0.01 7.29±0.10
Cell-B 1.003±0.004 11.48±0.25 0.67±0.01 7.72±0.11
Ref 1.000±0.005 10.89±0.16 0.66±0.01 7.18±0.15

Also the illuminated current density (J) Vs voltage (V) curve shows the increased J፬ when the
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structure of cell-B is used as shown in figure 4.8b. This curve is plotted for one of the cell, and the
values of current density are scaled according to the value obtained from the EQE measurement. This is
done because of two reasons. First, to remove any error due to the mismatch between the illuminated
area. Second, to remove the errors due to mismatch between the spectrum of the light source in the
J-V measurement and AM 1.5g spectrum at STC.

4.3. Conclusions
Optimisation of thickness of the three main layers (p, i, n) to achieve good V፨ and fill factor product
with an appreciable J፬ has been accomplished. A cell with V፨ of 1.003 V, fill factor of 0.67 and J፬
of 11.48 mA/cmኼ with an efficiency of 7.72% has been developed. In further work, the structure of
Cell-B will be used to develop the top cell for the four terminal cell.





5
Determination of Optimum

Transparent Conductive Oxide Layer

5.1. Introduction
As mentioned in the earlier chapters, it is a prerequisite to have a transparent back contact for the top
amorphous silicon oxide cell in our application. For that purpose, we need a transparent conductive
oxide (TCO). A major research work has been done for the development and optiimsation of the front
TCO in thin film cells, but the development of TCO layers as the back contact for the thin film cell is
still lacking. For a conventional a-SiO፱ cell the transparency of the rear TCO layer is not to important
especially in the near IR range. However, for four terminal application, the transmittance in the red and
near IR region is of paramount importance. The reason behind this is that the bottom cell is essentially
absorbing photons in this spectral region. Another reason behind the optimisation of the back TCO is
that in four terminal there is no back metal contact. Which means that the back TCO is responsible for
lateral charge transport and current collection from the photoactive layers. Thus optimisation based
on both optical and electrical properties of the TCO is required.

In this chapter, we will delve into the three most commonly employed TCO’s namely indium tin oxide
(ITO), hydrogenated-indium oxide (IO:H) and aluminium doped zinc oxide (AZO) as the back contact
for the top cell. Towards the end of this chapter the development of double layer TCO’s will also be
discussed. The final goal of this chapter is to develop bifacial thin film cell, which is optimal for four
terminal application.

5.2. Electrical and Optical Properties of the TCO layers
Three samples each of ITO, IO:H and AZO are with thickness of 50, 100 and 200 nm were developed.
The electrical properties of these materials were characterised using Hall measurements, four point
probe method. The sheet resistance was calculated by using equation 2.6. Mathematical relations can
be seen in chapter-2 section 2.2.3. The electrical properties:- sheet resistance ((Ω/□)), resistivity (𝜌)
(Ω cm)), bulk concentration(N) (cmዅኽ) and mobility (𝜇) (cmኼ/V.s) are presented in table 5.1.

Some interesting observations can be made from the table 5.1. Firstly, increasing the thickness of
the ITO layer leads to a reduction of the sheet resistance. The mobility decreases when the thickness
is increased. In literature also such behaviour has been observed, which has been attributed to the
discrepancies in the initial growth period of the ITO film [83]. This may also be due to increased
impurity scattering in the bulk of the material [54]. For IO:H layers high mobility is observed, but
the resistivity and sheet resistance are on the high side. One thing that could have lead to this is
the presence of an insulating oxide layer on top of the IO:H layer [59]. Another observation is the
low carrier concentration for the IO:H layers. According to Drude theory, a low carrier concentration
and a high mobility lead to a low absorption coefficient in IO:H (sub band gap absorption). For, AZO
samples by increasing the thickness sheet resistance is reduced. This reduction can be explained from
the increase in carrier concentration and carrier mobility [84, 85]. Another reason can be the increased
crystallinity and grain size of the films, when thickness is increased [49]. This also satisfies the inverse
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Table 5.1: Electrical parameters of the as-deposited TCO layers.

Material Thickness (nm) Sheet Resistance (Ω/□) 𝜌 (10ዅኽΩ cm) 𝜇 (cmኼ/V.s) N (10ኻዃcmዅኽ)
ITO 50 67.60 0.338 21.83 84.60

100 42.44 0.424 15.16 98.00
200 38.20 0.764 10.40 78.50

IO:H 50 974 4.87 58.00 2.25
100 514 5.14 76.00 2.56
200 231 4.62 48.40 2.80

AZO 50 1794.0 8.97 8.65 8.04
100 975.0 9.75 7.17 8.93
200 194.5 3.89 10.34 16.0

relation between thickness and sheet resistance. Only a slight increase in the resistivity is observed,
it could be due to some error in measurement equipments. With four point probe, the measurement
for 100 nm AZO layer was verified and it gave a value of 8.29 X 10ዅኽ(Ω𝑐𝑚). The sheet resistance
was 828.51 (Ω/□). Thus, there is variation in the values between Hall Measurement and four point
probe. From literature, going to higher AZO thickness can even lead to a decrease in the mobility. This
can be attributed to the change in the electronic state of the crystal due to carrier-carrier interaction
(lattice scattering) and carrier impurity interaction (impurity scattering). These effects are collectively
called many-body effects [86, 87]. In this work we will limit ourselves to 200 nm as the higher limit.
Also the optical parameters of the layers are influenced when the thickness is increased. The standard
deviations (error margins) for the above values are shown in appendix B.3.

The absorptance of the six different TCO layers are mentioned in the below table 5.2. This parameter
is presented as an average value in percentage in the 300 to 1200 nm and 600 to 1200 nm range
spectrum. The average is calculated by utilisisng the mathematical relation between transmittance
(T), reflectance (R) and absorptance (A) (100 = T+R+A) in percentage at each wavelength. From
this value absorptance is calculated at each wavelength and then the average is done. To correctly
determine the absorptance in the TCO layer the correction for the Corning eagle XG glass substrate is
also taken into account. The procedure to do this is explained in appendix A.1.2. This correction is done
after subtracting the sum of transmittance and reflectance from 100. The transmittance and reflectance
values are experimentally determined from spectrophotometer and the corresponding curves are shown
in figure 5.1.

Table 5.2: Absorptance of the as-deposited TCO layers.

Material Thickness (nm) Absorptance (300-1200 nm) (%) Absorptance (600-1200 nm) (%)
ITO 50 5.66 3.09

100 6.70 3.69
200 9.81 6.80

IO:H 50 3.20 0.85
100 4.24 0.88
200 6.79 1.82

AZO 50 1.34 0.29
100 2.81 0.56
200 4.32 1.74

In the table 5.2, the absorptance in the spectrum range of 600 to 1200 nm is also shown. This
is done because the TCO will form the back contact of the top cell. Hence, the TCO will only receive
photons with wavelength between 600-1200 nm approximately. This makes the analysis of absorptance
more meaningful. The most important observation from the above results is that with increasing
thickness the absorption in the material increases [84]. The curve for reflectance in figure 5.1, shows
interference patterns which are the reason behind the wavy nature in the figures.

Even though we can use thicker layers but as clear from the optical measurements shown in table
5.2 and figure 5.1, using thicker layers will lead to higher absorption. This is undesirable for our
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(a) Transmittance curve for the ITO layers.
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(b) Reflectance curve for the ITO layers
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(c) Transmittance curve for the IO:H layers.
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(d) Reflectance curve for the IO:H layers
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(e) Transmittance curve for the AZO layers.
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(f) Reflectance curve for the AZO layers

Figure 5.1: The plots of transmittance and reflectance for the as deposited single layer of TCO.

application. Also, higher transmission in 600 to 1200 nm is required for the proper functioning of the
bottom c-Si cell.

5.3. Performance As Back Electrode
From the optical and electrical properties of the TCO, it can be seen that going for a lower sheet
resistance will require thick layers, which will in turn reduce transmission to the bottom cell. This can
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be related to increased absorption [49]. Out of the nine possible layers, seven layers are chosen to be
tested as the back contact for the thin film in accordance with the electrical and optical measurement
in the above section. These are- 50 nm ITO, 100 nm ITO, 100 nm AZO, 200 nm AZO , 50 nm IO:H,
100 nm IO:H and 200 nm IO:H layers.

The reason for not choosing 200 nm ITO layer is because of its high absorptance in the red and
near IR region, which is detrimental in our application. The IO:H layers are chosen in accordance with
their high mobility. The two AZO layers are chosen in accordance with the low absorptance values even
though they have high sheet resistance values as compared to ITO and IO:H. The 50 nm AZO layer has
very high sheet resistance, so it is not used. The reason for using AZO is also motivated from literature
[88, 89]. There is a gain in terms of V፨ and J፬ when an AZO layer is used with n-type silicon layer
according to literature.

Firstly, a-SiO፱:H based cells with the above mentioned TCO layers as the back contact are developed
by using the parameters and the structure specified in chapter-4 and 2. Then electrical parameters of
these cells are measured and compared. In this comparison, an average of five best performing cells
with an area of 25 mmኼ are taken. The second step used, is the determination of the transmittance,
reflectance and absorptance of the working cells.

Although these optical parameters were determined earlier. But the optical system, in that case, is
not similar to the one utilised in our four terminal device (transparent top cell). In the earlier section,
the optical properties were determined when the TCO was deposited on the glass substrate. In four
terminal application the optical system is quite complex because it involves various a-SiO፱:H layers.
So, the optical parameters need to be remeasured in accordance with the different refractive index
materials in front of the back TCO. These two steps form the strategy by which the best TCO layer for
the thin film cell in our application is determined.

There was a problem encountered when the cells were developed with IO:H. All the cells were
found to be shunted. One reason for this can be attributed to the formation of an interfacial insulating
layer at the TCO-Silver (metal) interface. In literature, this has been reported to cause a low fill factor
[59]. This usually occurs when the cells are annealed. To avoid this in the second rerun, no cells
were annealed but the results did not improve. Only one cell out all the cells made was working.
The performance of the lone cell was very poor as compared to the cells made with other TCO back
contacts. The V፨ and fill factor of the cell were- 0.851 V and 0.351 respectively. With a single working
cell that to with a low V፨ fill factor product it was not viable to continue on making more IO:H back
contact cells. This opens an interesting possibility to develop IO:H based bifacial a-SiO፱:H cells. This
could be a good future project.

The electrical parameters of the cells are mentioned in the table 5.3.

Table 5.3: Electrical Parameters of the cells with different back TCO layers.

Material Thickness (nm) V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
ITO 50 0.94±0.018 10.50±0.32 0.58±0.09 5.72±0.04

100 0.95±0.002 10.75±0.53 0.65±0.01 6.64±0.08
AZO 100 0.97±0.002 10.31±0.80 0.66±0.02 6.60±0.15

200 0.97±0.004 9.45±0.78 0.59±0.01 5.41±0.30

It can be deduced that highest efficiencies cell out of the four is the one with 100 nm ITO back
contact, although the efficiency of the 100 nm AZO is nearly equal to it (6.64% Vs 6.60%). The EQE
and J-V for a cell of 100 nm ITO and 100 nm AZO back contact are shown in appendix B.3. The J፬
in the case of cell with ITO back contact is higher as compared to that made of AZO, this could be
because of the low resistivity of the ITO layer. The low resistivity of ITO layer leads to a low series
resistance for the cell with ITO back contact (experimental value from J-V measurement ≈6.40 Ωcmኼ)
as compared to the value for cell with AZO (≈7.20 Ωcmኼ). The impact of series resistance on the J፬
for thin film cells still needs to be verified with more experiments. Thus the advantage of using AZO/n
type contact as suggested in literature (specially with nc-Si) over the use of ITO/n contact is negated
by the high resistivity of the AZO film [88, 89]. The impact of series resistance is not too profound on
the fill factor (0.65 vs 0.66). Even though cells with ITO have higher J፬, they have lower V፨. The
reason for this could be higher recombination at the ITO/n interface due to higher defect density in
ITO layer. Another reason mentioned in literature is the degradation of the n layer due to diffusion



5.3. Performance As Back Electrode 39

of indium from the ITO layer [86]. As the ITO layer is deposited using Indium Oxide and Tin Oxide
(90%/10% by weight) target. This impurity acts as an acceptor impurity. This effect is lower when
AZO layers are used which is due to comparatively less Aluminium impurity atoms in AZO (ZnO/AlኼOኽ
(98%/2% by weight) target is used for AZO deposition). It was expected that the values for 200 nm
AZO were the best out of the lot, but the low fill factor in this case pegs the efficiency to less than 6 %.
A reason could be the poor quality of the 200 nm AZO layer. Till now in literature, no values regarding
the electrical parameters have been reported for bifacial a-SiO፱:H based solar cells. Hence, the values
reported in table 5.3 are the first values of electrical parameters for bifacial a-SiO፱:H based solar cells.
There is a drop in V፨ and J፬ as compared to the reference cells developed in the earlier chapter. The
reason for this can be attributed to the band offsets when TCO are used as the contacts instead of
metal contacts [90]. Next step in deciding the best back TCO, is to compare the optical properties of
the cell with 100 nm ITO and 100 nm AZO. The plots of the optical properties are presented in the
figure 5.2. From the plots of transmittance in figure 5.2a, the AZO layer is the best as it has higher
transmittance in the red and near-IR region. The pattern of the curve in the IR region could be due to
interference.
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Figure 5.2: Optical parameter- a) Transmittance b) Reflectance and c) Absorptance of the cell with 100 nm ITO and 100 nm
AZO back contacts.

The reflectance curve also contains some interference patterns. this is the reason behind the wavy
nature of the reflectance curve in the near IR region. From the absorptance curve there is parasitic
absorption in the top cell in the near IR region. The high absorptance in near UV and visible region is
because the top cell is developed to absorb in that region. The absorptance curve is nearly identical for
both the cells. It is also important to mention that no correction factor was applied to the absorptance
of the cell as the optical system used in these measurements is the same as the one which is utilised
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in this work. Thus it means that more optimisation is required to achieve ideal TCO for four terminal
devices. The reflection is also high, this means that the optical system in the thin film cell needs to be
optimised by changing the refractive index of the layers. This can be done by changing the deposition
parameters of the layers. One more thing that was observed was that the cell made with ITO layers
had more probability of having shunts. Out of 24 cells deposited on the 10 X 2.5 cmኼ of Asahi glass
only 8 had a decent performance. The number for AZO layer was 18 out of 24 cells. This means that
there is a possibilty that the deposition of TCO is not homogeneous. This may be also behind the large
standard deviation in the electrical parameters of the cells. A more controlled and uniform deposition
process needs to be developed to get more working cells, although in the next chapter where some
four terminal devices are developed, 100 nm AZO will be used. One of the reason is that the AZO
deposition is more uniform as compared to the one of ITO. The V፨ fill factor product is higher for cell
with AZO back contact as compared to the ITO (0.64 Vs 0.62). This is very important in deciding the
optimum top cell as explained in chapter-3.

5.4. Double Layer
Observing the electrical and optical results mentioned in the previous section some conclusions about
the ITO and AZO layers can be deduced. The ITO layers have lower sheet resistance and resistivity.
The AZO layers have a superior optical transmission. Also with AZO/n interface in a cell, there are
advantages associated to the V፨. With reduced contact energy barrier at the AZO/n as compared
to ITO/n contact, higher V፨ can be obtained [91]. This is because of lower workfunction of AZO
material. This can also be seen in the measured values in table 5.3. Utilising a double layer TCO is
a good solution in improving the performance of the cells [89, 90, 92, 93]. The ITO provides high
electrical conductivity whereas the AZO layer provides high optical transmission. In the multilayer
structure of AZO and ITO, the electrical properties are dominated by ITO and the optical properties
are influenced by AZO [88, 89, 93]. It is quite interseting that there are single values for the mobility
and resistivity for the double layer stacks. According to Matthiessen’s rule, the mobilty is determined
from the parallel combination of the mobilities associated to various scattering mechanisms. Hence, in
case of double layers the mobilities are determined from scattering mechanisms in both the layers. To
develop double layer TCO’s, AZO with thickness of 50 nm, 100 nm and ITO with thickness of 50 nm,
100 nm are utilised. A number of combinations of double layers could be tried but we have limited our
self to double layers having a maximum thickness of 200 nm (100 + 100 nm). Four double layers are
formed. Electrical parameters of the as-deposited TCO double layers are mentioned in table 5.4. In
the table the thickness of the layer of AZO and ITO are separately written.

Table 5.4: Electrical parameters of the double layer TCO.

AZO (nm) ITO (nm) Sheet Resistance (Ω/□) Resistivity (10ዅኽΩcm) Mobility (cmኼ/V.s)
50 50 493.00 4.93 7.66
50 100 310.00 4.66 6.45
100 50 386.67 5.80 8.34
100 100 219.50 4.39 11.50

It must be noted that four point probe was not used in these electrical measurements. This is
because variable and contradictory readings were obtained for the same sample. In four point probe
method, mechanical force is applied to the layer by the four probes. The measurements become
inaccurate and variable due to the damage caused to the ITO layer by this force. To get the electrical
parameters Hall measurements are used alone.

Comparing the values in table 5.4 and table 5.1. The value of sheet resistance of all the double
layers are less than the one’s for the AZO single layer of 100 and 50 nm. For example, for 50 nm single
layer of AZO the value is 1794.0 (Ω/□) while for the double layer of 50 nm AZO and 50 nm ITO it is
493.0 (Ω/□). The resistivity value is also reduced by application of ITO layer on top of AZO layer For,
50 nm single layer AZO it is 8.97 X 10ዅኽΩ cm, while for the double layer of 50 nm AZO and 50 nm ITO
it is 4.93 X 10ዅኽΩ cm. Using the notations in table 5.5 the plots of the electrical parameters Vs the
type of layers, are shown in figure 5.3. It can be seen from the figure 5.3, for single layers of ITO (for
example, 50 nm ITO has sheet resistance of 67.60) still have lowest sheet resistance and resistivity.
These layers have the highest mobility values. So two limits can be defined for the electrical properties
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of the double layers. One limit is defined by the electrical properties of the single AZO layer and the
other by the ITO single layer electrical properties.

Table 5.5: Notations for the double and single layers of AZO and ITO.

Name of the layer AZO (nm) ITO (nm)
A 0 50
B 0 100
C 50 50
D 50 100
E 100 50
F 100 100
G 50 0
H 100 0
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Figure 5.3: The plots of electrical parameters comparison between double layers and single layers.

As clear from the plots of sheet resistance and resistivity, the values for double layers lie between
those of AZO and ITO. Although the relationship is not linear, it is still possible to develop double layers
with values between the single layers. Only in the trend of mobility there is a variation. The reason for
this is not too clear.

The optical parameters of the four double layers are presented in the figure 5.4. Analysing, the
curves it can be seen that the transmittance value has decreased as compared to that for a single
AZO layer. In literature, average values of transmittance are compared and then inferences are made
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[89, 90, 93]. But, taking average in a specific range of spectrum is not a true estimator for increase or
decrease in transmittance. As, the range of spectrum can be taken such as to support the conclusion
one wants to draw. This is not done in this work. Only average absorptance is used, so as to draw
conclusions as, the TCO layer needs to have low absorptance in 600 to 1200 nm range. The average
absorptance (%) of the four double layers are presented in the table 5.6.

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

Pe
rce

nta
ge

 Va
lue

 (%
)

W a v e l e n g t h  ( n m )

 R e f l e c t a n c e
 T r a n s m i t t a n c e
 A b s o r p t a n c e

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
1 0 0

(a) Optical parameters of 50 nm AZO and 50 nm ITO.

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0
0

1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0

1 0 0

Pe
rce

nta
ge

 Va
lue

 (%
)

W a v e l e n g t h  ( n m )

 R e f l e c t a n c e
 T r a n s m i t t a n c e
 A b s o r p t a n c e

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

0
1 0
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
1 0 0

(b) Optical parameters of 50 nm AZO and 100 nm ITO.
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(c) Optical parameters of 100 nm AZO and 50 nm ITO.
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(d) Optical parameters of 100 nm AZO and 100 nm ITO.

Figure 5.4: The plots of optical parameters of the double layers of AZO and ITO.

Table 5.6: Optical parameters of the double layer TCO.

AZO (nm) ITO (nm) Absorptance (300-1200 nm) (%) Absorptance (600-1200 nm) (%)
50 50 14.17 8.88
50 100 15.94 9.95
100 50 14.26 9.58
100 100 16.37 7.90

The absorptance (%) of the four double layers are presented in the table 5.6. There is a substantial
absorptance in the double layers. This is because when the two samples are added there is almost
double the absorption as compared to the single layer. It is quite interesting that the electrical properties
are not affected by the deposition of ITO on AZO. There are two reasons why double layer TCO cells
are not utilised in this work. Firstly, the deposition process of the two TCO are in separate machines
and requires different masks. Though, special masks were used but still no working cell was obtained.
Other reason is the optical shortcomings (high absorptance) in the double layer of ITO/AZO double
layer TCO. Still, this approach of double layers can be used in future devices.
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In this work, AZO depositions at higher temperature (at 325 and 350 ∘ Celsius, heater tempera-
ture) were tried, which gave lower sheet resistance and resistivity. This is due to increased carrier
concentration and mobility at high temperature deposition [94]. Also the transmission over the spec-
trum was increased, specially in the blue region. The increased transmittance can be attributed to
Burstein–Moss effect hypothesis, which predicts that the Fermi level inside the conduction band moves
upward with increasing carrier concentration due to the filling of the conduction band by the increase
of carriers [86, 95]. Hence the optical bandgap increases. This leads to higher transmission in blue
region. Although, this is interesting for development of TCO, but when these TCO’s were applied to
thin film cell as the back transparent contact there was shunting observed. No working cells were
obtained when higher substrate temperature was used for TCO deposition. This phenomenon is called
as overfirring of the contacts. Thus the parameters at low temperature (300∘ C) for AZO were utilised
for the development of the TCO layers. A 400 nm layer of AZO was also tried but there was a drop in
V፨ and fill factor when this was done. A V፨ of 0.95 V, fill factor of 0.59 and 9.69 mA/cmኼ J፬ was
obtained. Still, more thickness series could be tried in future work.

5.5. Conclusions
The selection of the suitable TCO layer out the 9 layers has been carried out in this chapter. According
to the electrical and optical parameters 100 nm AZO layer has been found suitable for four terminal
application. In the end, a bifacial a-SiO፱:H based thin film cell utilising 100 nm of AZO layer as the back
TCO has been developed. This is a first of its kind bifacial cell of a-SiO፱:H. The first reported efficiency
of this cell is 6.60%. This cell will be utilised in the final device fabrication for the four terminal solar
cell in the next chapter.





6
Development and Characterisation

of the Four Terminal Solar Cell

6.1. Introduction
In the previous two chapters, an optimised transparent a-SiO፱:H cell structure with a 100 nm AZO back
contact has been developed. Now it becomes imperative to integrate this optimised top cell with the
c-Si bottom cell. This chapter contains the fabrication details regarding the development of the four
terminal cell and its characterisation. The first section contains the details for the development of the
large area top a-SiO፱:H cells. Next section specifies the use of conformal coating in the development
of the four terminal device. The last section contains the final steps in the development process and
the results pertaining to the performance of the final devices, utilising some of the c-Si cells developed
in our group, as the bottom cell. After the development of the four terminal cell, characterisation of its
electrical parameters will be carried out. This will be followed by analysis of the obtained parameters.
These are the main goals of this chapter.

6.2. Large area top thin film cell
To develop the four terminal cells we require a large area top cell, as the bottom cells used in this
work has a size of 3 by 3 cmኼ. The previous thin film cells had an area of 25 mmኼ. Hence, to develop
the four terminal cell, the top cell should have dimensions similar to the bottom cell. The following
sequential steps were followed to achieve a large area cell:

• Asahi glass was cut into 5 cm by 4 cm and cleaned according to the steps mentioned in chapter-2
subsection 2.3.1. The size was chosen in accordance with the size of the sample holders.

• Using the mask shown in figure 6.1a, front metal contact was put on the conductive side of the
Asahi glass.

• After the front contact metal deposition, the required a-SiO፱:H films were deposited by PECVD
so as to have the thin film cell. The dimensions of the thin film cell are 4 cm by 3.5 cm. This is
done so that the front metal bar is not fully covered by the cell.

• The back TCO was deposited in Amigo ( RF magnetron Sputtering-DPC 6), followed by deposition
of the back metal contact using the mask shown in figure 6.1b. The metal mask is covered with
an aluminium foil such that well defined back contact could be deposited.

Following the above steps, the large area thin film top cells were developed. One big recurring
problem of shunting was observed while developing these cells. Shunting means that there were
shunt paths in the cells because of which V፨ becomes zero. All the large area cells were shunted. One
reason could be the inhomogeneous deposition in Amigo. Another reason could be that when the TCO
was deposited there might be overfiring in some part of the cell and hence leading to shunts.

45
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(a) (b)

Figure 6.1: Actual image of the metal mask used for a) Front metal contact b) Back metal contact for the top a-SiOᑩ:H cell.

Back Metal Contact
Front Metal Contact

Figure 6.2: The EL image of a large top cell with 100 nm AZO as the back contact. The applied voltage is 2.2 V and current is
0.5 A.

To correctly observe the reason for this shunting problem, Electroluminescence (EL) test at various
voltages were performed to see where the majority of the shunts lie. Going at a very high voltage
damages the cell so careful monitoring of voltage is required in EL tests. In the EL image in figure
6.2, there is some glow near the metal contacts but in the centre and the edges it is dark. The dark
areas in the EL images show a non working cell. This means that shunts are present all over the
cell. These shunts could have developed when the a-SiO፱:H layers are deposited or when the TCO is
deposited. To assess the actual reason, EL images were taken of a 9 cmኼ cell with a metal back contact
as shown in figure 6.3 no bright spots in the centre area of the cell are visible. This means that not
only the TCO deposition causes the shunts, but the process of deposition of the layers of the cell is also
responsible for the shunting problem. This supports the reason that PECVD process in Amigo leads to
shunts. When looking at the EL images of a working small area (25 mmኼ) cell, with a 100 nm AZO back
contact as shown in figure 6.4. The bright glow shows that in the case of small area the discrepancy
in deposition is not present. In the image of small cell only the back contact is shown. The small cells
are deposited on a 10 cm by 2.5 cm strip, where the front contact lies on the edge of the strip. One
important thing to mention is that on an Asahi sample of 10 cm by 2.5 cm about 24 cells are made
and only 18 of the cells worked properly on an average. This amounts to a failure rate of 25%. This
implies that when we scale the area of the cells the chances of having a shunt is increased. Even with
small shunts in a large area cell, the chances of obtaining a working cell is reduced.

To remove this problem various methods were applied, such as plasma etch using CFኾ and Oxygen.
This was done to etch some of the n layer present at the edges of the cell, which was not covered
with the TCO. As there are high chances of shunts at the edges. This is clear from the dark areas
in the EL images of the large area cells. This approach was not successful. Another approach used,
was by applying a reverse bias voltage sweep across the cell so as to oxidise some of the shunt paths
[96]. By applying a voltage across the cell an increase in shunt resistance is observed, which means
that shunts present in the material are removed. But this approach was not successful on the large
area cells. Finally, it was decided to use the electrical parameters of the 0.25 cmኼ cells made with 100
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Figure 6.3: The EL image of a 9 cmᎴ cell with Silver as the back contact. The applied voltage is 2 V and current is 0.6 A.

Back Contact

Figure 6.4: The EL image of a 0.25 cmᎴ cell with 100 nm AZO as the back contact. The applied voltage is 2 V and current is 0.5
A.

nm of AZO as the back contact. The parameters mentioned in the table 5.3 are used as the electrical
parameters for the top cell.

6.3. Conformal coating
The actual fabrication of the four terminal device requires use of an adhesive between the two cells.
In this work, an acrylic based conformal coating composed of ethyl acetate and butyl acetate solvents,
commercially sold as PLASTIK 70, was used. It is a colourless, transparent, insulating and protective
coating based on acrylic resins [97]. This was chosen because of the rather simple and easy process
of applying it, as well as the electrical insulating and very high transmission as shown in figure 6.5.

Taking the absorptance of the Corning eagle XG glass substrate from appendix A.1.2, the average
absorptance in 300 to 1200 nm spectral range of the conformal coating was calculated. The absorptance
of the conformal coating is 0.63%. With the low absorptance, this coating is suitable for our application.
Considering the glass substrate as perfectly transparent, the absorption coefficient (𝛼) of the coating
can be derived by using basic optics and the measured transmittance and reflectance values [98]. The
formula of the absorption coefficient (𝛼) is shown in appendix A.1.3, equation A.2. A thickness of 1
um is considered in the calculation. The solution from this calculation did not yield meaningful result.
This is because the derived formula has meaning when there is appreciable absorption in the layer (the
absorption coefficient becomes negative for 1200 to 350 nm spectral range). Only meaningful results
are in the near UV spectrum. At 300 nm the value of 𝛼 is 2.12X10ኾcmዅኻ.

To characterise the coating, the measurements relating to this material were done by applying the
material on glass slab of 10 by 10 cmኼ area. As this material was applied by spraying, the exact
thickness of the material could not be estimated. This problem was also present when the refractive
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Figure 6.5: The transmittance and reflectance curve for the Conformal Coating used.

index was being determined. Hence to check whether this coating will increase reflection from the
bottom cell or not, a small series of tests were done. In the tests, the reflection was measured from a
c-Si wafer (S1), a c-Si wafer with a layer of conformal coating (S2), c-Si with conventional anti reflection
coating (ARC) of 60 nm Silicon Nitride (S3) and c-Si with conventional ARC and a layer of conformal
coating (S4). The plots are shown in the figure 6.6.
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Figure 6.6: The reflectance in percentage for crystalline silicon wafer with No ARC (S1), Conformal coating (S2), ARC (S3) and
ARC+Conformal Coating (S4).

It can be seen that although reflectance decreases by application of the conformal coating (S1 vs
S2) it is not enough to bring it to the level of the ARC (S3). One reason could be that as this coating
is sprayed on the sample, the layer thickness is not uniform. Visual inspection of the wafer revealed
some glossy surfaces as seen in figure 6.7, which might have caused reflection. In case of an ARC
the thickness of the Silicon Nitride layer is optimised to produce destructive interference but in case
of conformal coating the control of thickness is not possible. To do so, a new process needs to be
used such as, spin coating to produce uniform layers with the required thickness. Looking at S4, it can
be observed that although the reflection is higher in the wavelength region of 450 to 1150 nm, it is
substantially reduced in the near UV region as compared to S3. This can be attributed to absorption
in this region which can also be seen in the transmission curve. The results from these tests prove
that the conformal coating can be used as an ARC coating if the process of applying it is a controlled
process. Another interesting observation during these experiments was that the silicon wafer (with
ARC) turned black when conformal coat was applied as shown in figure 6.7. This also confirms that it
has a potential to be used as an ARC.
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Figure 6.7: Actual image used for visual inspection of the silicon wafer with different coatings. The part shown as conformal
coating contains both ARC and the conformal coat.

6.4. Final device fabrication and Results
The final four terminal device is fabricated using the a-SiO፱:H cell with 100 nm AZO transparent back
contact as the top cell. The electrical parameters of this cell are listed in table 5.3. Three different
types of c-Si cell namely- poly-Si, IBC and SHJ (Hybrid) cells developed in the PVMD group were used
as the bottom cell. To make the front contact of the bottom cell, a wire was connected with silver paste
to the metal busbar as shown in figure 6.8. This is done because the front contact of the bottom cell is
fully covered with the top cell. Then the sample was annealed for one hour to cure the silver paste. In
this way, the front connection of the bottom cell was formed. A glass slide of 700 um is used between
the top cells to provide complete electrical isolation. This also provides mechanical stability to the cell.
The electrical parameters of the bottom cells, prior to the development of the four terminal device, are
provided in the table 6.1.

Figure 6.8: Schematic of the c-Si cell the silver paste is attached to the metal busbar.

Table 6.1: Electrical Parameters of the bottom cells used for the actual development of four terminal device.

Bottom cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
poly-Si 0.67 32.76 0.59 12.87
IBC 0.71 32.86 0.70 16.33
SHJ (Hybrid) 0.68 36.27 0.63 15.54

From the above table it is clear that the bottom cells are not of very high efficiency. The performance
of these cells is lower than the bottom cells used in chapter-3. The fill factors of the poly-Si cell and the
SHJ (hybrid) cell are quite low, a probable reason of this could be the formation of a high resistance
silver-aluminium alloy, when the silver paste is applied to form the connection. This was seen in the
increased series resistance of the cells before and after addition of the silver paste and the metal
wire. These cells will be used to develop the four terminal devices. Then the new parameters will be
analysed. The EQE of the above bottom cells before applying the top cell are shown in the figure 6.9.

Thus, utilising the above bottom cells, the four terminal cells were developed. The actual images of
the devices are shown in figure 6.10. In figure 6.11, the four terminals are shown for the four terminal
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Figure 6.9: EQE of the bottom cell- a) poly-Si b) IBC c) SHJ (Hybrid) cell. The Jᑤᑔ of the cells are written in the plot.

cell with a poly-Si bottom cell. The terminal-1 and 2 refer to the front and back contacts of the top
a-SiO፱:H cell. While the terminal-3 and 4 are the front and back contacts of the bottom c-Si cell. For
the four terminal cell with IBC back contact the figure 6.12 shows the four terminals. As clear from
the image both the terminal 3 and 4 lie at the back of the bottom cell. All the measurements of the
bottom cell were taken with the front cell short circuited. This is done to avoid any possible luminescent
coupling, which might impact the bottom cell parameters[22, 23].

The electrical parameters of the bottom cell in the four terminal configuration are shown in table
6.2. As clear from the parameters obtained, there is a drop in V፨ of the bottom cell. This can be related
to the reduced current generation in the bottom cell. Mathematically, the photo current is related to
V፨ by a logarithmic function (Shockley diode equation). A quite interesting observation can be made
about the fill factor. The fill factor for poly-Si and IBC cell has increased, when they are utilised in the
four terminal configuration. For the SHJ (Hybrid) cell the fill factor has fallen. The electrical parameters
are deduced from current density-voltage plots and the EQE measurements.

Table 6.2: Electrical Parameters of the bottom cells in the four terminal configuration.

Bottom cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
poly-Si 0.66 16.72 0.61 6.73
IBC 0.64 16.71 0.76 8.13
SHJ (Hybrid) 0.66 17.38 0.58 6.65

The EQE plots of the four terminal devices are shown in figure 6.13. The EQE plots show a drop
in the J፬ of the bottom cell. Using the values of efficiencies mentioned in the table 5.3 for the top
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Poly-Si bottom cell

IBC bottom cell

SHJ (Hybrid) bottom cell

Figure 6.10: Actual image of the four terminal cell with poly-Si, IBC and SHJ (Hybrid) bottom cell from top side at the left side
and back side at the right side.

a-SiO፱:H cell with 100 nm AZO back contact and table 6.2 for the bottom cell, the efficiency of the four
terminal device can be computed. The total efficiency is the sum of the efficiency of the top cell and
the bottom cell in four terminal configuration. The corresponding values are shown in table 6.3.

Comparing the efficiency of poly-Si cell without the top cell and in four terminal configuration, there
is a rise of 0.46% (12.87 vs 13.33 %). With IBC and SHJ (Hybrid) cells, there is a loss of 1.6% and
2.29%, respectively. This huge loss in the efficiencies needs to be analysed in detail. One major reason
is the parasitic absorption in the AZO layer. It has been mentioned earlier, that eventhough optimisation
of AZO layer was tried, it is still not near the ideal TCO required for four terminal application. Putting
our focus back on the EQE plots for the bottom cells, some more loss mechanisms can be identified.
Comparing the EQE plots for poly-Si cell as shown in figure 6.14, there is a decrease in EQE values in
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Figure 6.11: Actual image of the four terminal cell with poly-Si cell, all the terminals are marked in this image.

Figure 6.12: Actual image of the four terminal cell with IBC cell, all the terminals are marked in this image.

Table 6.3: Efficiency of the four terminal devices.

Cell Efficiency(%) Total Efficiency(%)
a-SiO፱:H 6.60
poly-Si 6.73 13.33
IBC 8.13 14.73
SHJ (Hybrid) 6.65 13.25
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Figure 6.13: EQE of the four terminal cells with a-SiOᑩ:H top cell and bottom cell of a) poly-Si b) IBC c) SHJ (Hybrid) cell. The
black and red curve correspond to the top and bottom cell respectively.

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0
0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

1 . 0

EQ
E

W a v e l e n g t h  ( n m )

4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0

0 . 0

0 . 2

0 . 4

0 . 6

0 . 8

J S C = 1 6 . 7 2 m A / c m 2

J S C = 3 2 . 7 6 m A / c m 2

Figure 6.14: The comparison between EQE for poly-Si cell without top cell (black curve) and with top cell (red curve).

the visible and the IR spectrum. The probable reason for the decrease in the visible region, can be
explained on account of the absorption in the a-SiO፱:H top cell. The decrease in IR region is probably,
because of enhanced reflection from the top cell. In the other four terminal cells, similar losses are
observed.

To analyse the reflection losses, the reflectance of the four terminal devices are measured. The
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Figure 6.15: The reflectance of four terminal device. The bottom cells used in the four terminal device are mentioned in the
figure.

plot of reflectance versus wavelength for the three cells is shown in figure 6.15. The reflectance curve
shows very high reflection in the IR range, about 11.5 % of the spectrum incident on the poly-Si cell
is reflected in the 600 to 1000 nm range. This range is taken because the c-Si cell have the best EQE
values in this region. So the impact of a reduction in the high EQE region will be more profound on the
J፬. The reflectance of IBC cell is 10 % in the same spectral range whereas there is a tremendous loss
of 16.75 % for the SHJ (Hybrid) bottom cell. Another spectrum range can also be defined, as 600 to
1108 nm (bandgap of Silicon). In this range, the average reflectance is 10.92 % for the four terminal
cell with poly-Si bottom cell, 10.35% for IBC cell and 16.84% for SHJ cell. This reflectance loss clearly
accounts for a low EQE. With the reduced EQE, there is a decrease in J፬ of the bottom cell. This leads
to a low efficiency of the bottom cell.

Theoretical calculations with SRኾፓ parameters are also performed and they give an efficiency rise
of 2.72% for the four terminal cell with poly-Si bottom cell. This value is almost 4 times the measured
value. Similarly, the gain for IBC cell is 0.60% and for SHJ (Hybrid) bottom cell is 1.22%. Though in
actual device there was a loss for both the IBC and SHJ (Hybrid) case. This also supports the fact that
the loss in the bottom cell current is way to high to achieve high efficiencies. The plot of SRኾፓ are
shown in appendix B.4.

6.5. Conclusion
Finally, four terminal cells utilising a-SiO፱:H top cell and c-Si bottom cells have been developed. These
are the first four terminal cells developed using a-SiO፱:H and c-Si cells in the world. Three different
types of four terminal cells with different c-Si bottom cells were characterised and analysed. A new
type of organic adhesive called conformal coating has been studied and its optical properties have been
characterised. The anti reflection potential of this coating has also been realised. There is an efficiency
gain of 0.46% for the four terminal device when a poly-Si bottom cell is utilised as compared to the
two terminal poly-Si cell. Although there is no gain for IBC and SHJ (Hybrid) bottom cells in the first
prototypes. But with reduced reflection loss and high performing bottom cells, a larger gain can be
easily realised.
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Optical Analysis Using GenPro4

Simulations

7.1. Introduction
In the previous chapter four terminal cells have been developed. Still, there is a lot of scope in the
efficiency gain that can be realised with these devices. This chapter is dedicated to optical simulations
utilising GenPro4 [99, 100]. This software is developed in PVMD group to figure out all the important
optical parameters related to a solar cell by utilising wave and ray optics. These simulations give the
absorptance of each layer in terms of the current generated by them. This value of current is related
to the product of absorption of the layer (number of photons absorbed) and AM1.5 (Global) spectrum.
This leads to a good approximation that the absorptance of the absorber layer can be used to calculate
the short circuit current density of the cell [100]. Also, the optical losses can be estimated from the
value of the current obtained from the simulations results. The main goal of this chapter is to analyse
the room for improvement in the four terminal configuration from an optical point of view. Towards the
end of this chapter, an idealised condition is utilised to estimate the efficiency of the four terminal cell.
In this chapter, the parameters of the bottom cells mentioned in Chapter-3 will be utilised. The reason
for this is that the cells used for actual development of the four terminal cells in the previous chapter
were of inferior quality. It seems more logical to consider more optimised and higher efficiency devices
for simulation. So the simulations in this chapter are considered as a tool to investigate the potential
of the a-SiO፱:H and c-Si four terminal cell.

7.2. GenPro4 Simulations
In this section, simulation results are presented. The current generated from the top and bottom
cell, mentioned in the plots of the EQE, is calculated by taking into account the absorption in the
absorber (active) layer [100]. This current is used to calculate the efficiency of the cells by taking into
account the parameters mentioned in the table 7.1 and the table 4.3. The simulation results for top
and bottom cell are given in figure 7.1, which is followed by the results when they are used in four
terminal configuration. The structure of the top a-SiO፱:H is the one as developed in chapter-4. The
structures of the bottom cells are shown in the figure 2.5. In the simulations, only silver is shown as
the back contact, because the transmission through silver is zero for the required part of the spectrum.

In figure 7.1, the simulated EQE plots of the cells are given, when they are optically isolated (i.e.
before four terminal configuration). These values are obtained from the results of the absorption
calculated in the simulation. The concerned results are provided in the appendix B.5.1. As compared
to the experimental values of the a-SiO፱:H cell a difference in the short circuit current density in the
simulations is present. The difference in these values can be attributed to the electrical losses such
as the series and shunt resistances which come into play when measurements are done. One more
contributing factor to the losses is the recombination and deterioration at the p/i and i/n interface
[81, 82, 101]. The actual structure of the thin film cell contains some buffer layers which can have
parasitic absorption. These layers are not utilised in the device simulations. In the case of c-Si cells,
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there are reflection and shading losses due to the front metal grid. These are also not taken into
account in the simulation.
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Figure 7.1: EQE of the (a) a-SiOᑩ:H cell. (b) poly-Si cells (c) IBC cell (d) SHJ (Hybrid) cell.

Table 7.1: Electrical Parameters of the simulated cells. The Vᑠᑔ and fill factor used are taken from table. 3.2 for the bottom
cells. For the top cell the parameters (Cell-B) are taken from table. 4.3.

Cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%)
a-SiO፱:H 1.003 13.75 0.67 9.24
poly-Si 0.68 37.63 0.66 16.88
IBC 0.70 42.00 0.70 20.44
SHJ (Hybrid) 0.69 39.12 0.71 19.16

The simulation uses the structure of the layers as shown in the figure 7.2. There is texturing at
the interface between Asahi glass and the thin film a-SiO፱:H cell. The c-Si wafer used has pyramidal
texturing. Both the textures are simulated in the GenPro4 simulations. The schematic for the four
terminal cell with the poly-Si bottom cell is shown. A similar structure is used in all the other simulations.
For the IBC bottom cell the four terminal structure is shown in appendix B.5.1.

The analysis of losses in the four terminal device can be done in terms of current (absorption).
But it will be interesting to see the effect of the losses on the total efficiency of the device. For this
purpose, some of the experimental values are used. The table 7.1 contains the values of the V፨ and
fill factor from the experimental data, whereas the value of J፬(mA/cmኼ) is taken from the simulations.
The results pertaining to the J፬(mA/cmኼ) are presented in the figure 7.3. It should be clear that in the
simulations for four terminal cells an intermediate layer of 100 𝜇m of EVA (Ethylene vinyl acetate) is
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Figure 7.2: Schematic of the layer structure for the four terminal cell with poly-Si bottom cell used for simulations. The textures
present at the interfaces are not shown in this schematic.

used as adhesive in between the two cells with an intermediate glass slide to give it mechanical stability.
Usually, for this purpose industrial glues such as Tra-Bond-931-1, Loctite Eccobond 931-1 or silicon oil
have been used in literature. The reason for this is the requirement of refractive index matching with
the bottom cell so as to avoid reflection losses and electrical insulating properties of these materials.
EVA is used as the adhesive because of its nearly transparent and electrically insulating properties. As
clear from the previous chapter the use of conformal coating requires more optimisation. The optical
parameter identification of this material is difficult due to a lack of a good model for spectroscopic
ellipsometry. This is the reason for use of EVA in the optical model.

It is clear that by using four terminal approach the current in both the top and bottom cell reduces,
that means that V፨ of the two cells should be scaled accordingly. The drop in V፨ of the cells is
calculated by using ideal Shockley diode equation. It is important to note that the ideality factor in
the case of crystalline silicon cells is taken as 1 [102]. Experimental data of V፨ and fill factor from
the table 5.3 are used for the a-SiO፱:H cell. The new parameters are provided in the table 7.2. The
parameters in case of the a-SiO፱:H are mentioned only once as there is only a slight change in the
current in case of the three cases as seen in the figure. 7.3.

Table 7.2: Electrical Parameters of the simulated cells in four terminal configuration. The Vᑠᑔ for the bottom cells is scaled by
using ideal Shockley diode equation.

Cell V፨(V) J፬(mA/cmኼ) Fill Factor Efficiency(%) Total Efficiency(%)
a-SiO፱:H 0.97 9.73 0.66 6.23
poly-Si 0.67 25.49 0.66 11.27 17.50
IBC 0.69 26.53 0.70 12.81 19.04
SHJ (Hybrid) 0.68 25.55 0.71 12.34 18.57

The total efficiency of the four terminal cell is calculated from the values of the efficiencies from
the table 7.2 by adding the efficiency of the top a-SiO፱:H cell with the bottom cell. Thus the total
efficiency that can be obtained is 17.50% for the poly-Si cell, 19.04% for IBC cell and 18.57% for the
SHJ (Hybrid) cell as shown in the table 7.2. Thus a gain of 0.62% is achievable with a poly-Si bottom
cell, this gain is calculated by taking the reference efficiency from the table 7.1. There is a loss of
1.40% when IBC and 0.59% when SHJ (Hybrid) cell is utilised in four terminal topology.

A contrasting view as compared to the calculations from SRኾፓ in the table 3.3 in chapter-3 is obtained
from the above calculations. Some of the reasons for this could be -

• The top cell used in calculations for SRኾፓ has a metal back contact hence the EQE is higher as
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Figure 7.3: EQE of the four terminal cells with top cell of a-SiOᑩ:H cell and bottom cell of a) poly-Si b) IBC c) SHJ (Hybrid) cell.
The black and red curve correspond to the top and bottom cell respectively.

compared to the ones used in the simulation of the four terminal cells. This is because of the
increased optical path length due to back reflection from the metal back contact.

• The open circuit voltage of the bottom cell is taken to be constant in four terminal configuration
in the calculation of SRኾፓ. Whereas in the case of simulations, it is taken into account according
to the ideal Shockley equation.

• It is assumed in the calculations of the SRኾፓ, that the top cell does not absorb anything after
the wavelength of approximately 600 nm. This aspect is not taken into account in the optical
simulations.

7.2.1. Reflection Losses
Looking at the absorptance of the layers in the four terminal cell with the poly-Si bottom cell as shown
in the figure 7.4, some important observations can be made. The reflection losses, account for 6.23
mA/cmኼ, which is almost 13.5% of the absorption in the whole four terminal device. The value of
reflectance is estimated from the absorptance in the air medium. This is because air is also simulated
as a material, hence reflection loss is essentially the absorption in the air medium. There is a combined
2.68% loss (parasitic absorption) in the p and n layer a-SiO፱:H top cell. The poly-Si layer used in the
c-Si cell accounts for 2.33 % of the total absorption. This parasitic loss is specific to the poly-Si cell
only.

From the simulations and the figure 7.4, it can be seen that reflection loss is the dominant loss. The
reason for this is that the optical system in case of four terminal cell has some interfaces that are not
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Figure 7.4: Pie chart of the absorption of the four terminal cell with poly-Si bottom cell. The absorption is in terms of current
density mentioned near the corresponding area (mA/cmᎴ).

optimised for reduced reflection. This is because the materials utilised in the four terminal device have
different refractive indexes. The comparison between the reflection loss for the bottom cell without
and with the top cell is shown in the table 7.3.

Table 7.3: Reflectance at the air top cell glass interface in terms of current density (mA/cmᎴ).

Cell Without Top Cell With Top Cell
poly-Si 2.64 6.23
IBC 2.23 6.31
SHJ (Hybrid) 2.18 6.00

It can be seen that reflectance for four terminal case almost becomes 2.5 times the reflectance
when the bottom cell is utilised without the top cell. Considering the result of one of the simulation i.e.
poly-Si cell in four terminal configuration, the total reflectance can be divided into separate reflectance
terms from the different interfaces of the four terminal device. This is done because GenPro4 takes
into account reflection from all the interfaces and gives the sum of those values in the final results.
Five major interfaces can be defined in these simulations as shown in the figure 7.5, with the specific
reflectance terms- Rኻ, Rኼ, Rኽ, Rኾ and R respectively. This is done to see which interface contributes
the maximum to the total reflectance. Even though there are some other interfaces in the actual
structure, but simulation results did not give any major influence on the losses due to them. Hence
they are not shown separately. The five major components as defined earlier can be identified by
carefully modulating the thickness of the layers [103]. This is shown in appendix B.5.2. It must be
noted that the schematic shown in figure 7.5 is only a sketch, the actual path of light will be determined
by Snell’s law.

From simulation results, the values of corresponding reflectance terms are shown in table 7.4. The
corresponding simulation results are shown in appendix B.5.2 and in the appendix table B.2.

Similarly, the reflectance components for the IBC and SHJ (Hybrid) cell can be estimated. The sim-
ulation results for those are mentioned in appendix B.5.2. Reducing the reflection losses by application
of anti reflective coatings (ARC) and texturing on the front side of the top cell looks promising, although
this will add to the processing steps. According to literature, this will lead to a significant drop in the
Rኻ term. A set of simulations were done, where the use of a single layer ARC of magnesium fluoride
(MgFኼ) (quarter-wave coating) as an ARC is studied. Although ideally if a material with 1.22 refractive
index is used, the best single layer ARC film can be developed. The thickness of the material is taken
according to the quarter wave coating at 500 nm. The refractive index of the ARC material is taken to
be constant and without any absorption [104].
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Figure 7.5: Schematic of reflection losses at the interfaces of the four terminal device. To determine the exact path of light
Snell’s law should be applied.

Table 7.4: Numerical value of each reflectance term in terms of current density (mA/cmᎴ) obtained from the simulations.

Reflectance Term Numerical value
Rኻ 1.82
Rኼ 2.29
Rኽ 1.16
Rኾ 0.05
R 0.90

It is also interesting to note that by using pyramidal texturing, which is similar to the one used on
crystalline silicon-lower reflection was observed. This is also supported by literature [25]. Three tests
were done to see the influence of texturing on the front surface of the glass. These were- no texture,
pyramidal texturing, texturing similar to the Asahi glass bottom texture. The pyramidal texturing on
the glass surface needs a lot of experimental optimisation steps. This is because there is a requirement
to achieve a balance between the etching time and the concentration of acid for achieving pyramidal
structures. Also, the TCO at the bottom of the glass needs to be protected from the etching steps. This
process is quite complex and time consuming process hence it was not tested experimentally. Though,
this kind of approach has been applied in the case of perovskite and c-Si tandem device fabrication to
reduce reflection losses [105]. But till now there is no good procedure available to apply this with thin
film a-SiO፱:H cells.

Combining both the ARC and pyramidal texturing on the front side of the glass there is a reduction
in reflection losses. The schematic shown in the figure 7.6 shows the pyramidal texturing and ARC
of magnesium fluoride (MgFኼ) of 90 nm thickness. This structure was used for the simulations. The
simulation results pertaining to the ARC materials and texturing are presented in the table 7.5 and 7.6.
Clearly, the reflectance of the four terminal device can be reduced by almost 30%, when a pyramidal
texturing with an ARC coating is used. The GenPro4 results for the different bottom cell with an ARC of
MgFኼ are provided in appendix B.5.2. Simulations with double ARC coatings of MgFኼ and AlኼOኽ/CeFኽ
were also tried but the results did not give a significant reduction in the reflection loss.

Table 7.5: Reflection losses in terms of current density (mA/cmᎴ). Only the results with pyramidal texturing which is similar to
silicon wafer are given.

Bottom Cell Reduced Reflection loss
poly-Si 4.28
IBC 4.44
SHJ (Hybrid) 4.14
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Figure 7.6: Schematic of the layer structure for the four terminal cell with poly-Si bottom cell used for simulations. The textures
present at the interfaces in the two cells are not shown in this schematic.

The same approach as explained above is used to calculate the new reflectance terms. The new
reflectance terms after the application of an ARC and pyramidal texture are shown in the table 7.6.
Comparing these results with the previous results in the table 7.4, the term Rኻ has reduced by 97%.
This means that this approach is promising for reducing the reflection loss from the front side of the
glass substrate which is used for a-SiO፱:H cell. The Rኼ term has also reduced, but a rather interesting
observation is the increase in the Rኽ, Rኾ and R terms. Though this increase is less than the overall
reduction, still this is quite interesting. A reduction of almost 30% in total reflectance is obtained by
utilising ARC and pyramidal texture.

Table 7.6: Numerical value of each reflectance term in terms of current density (mA/cmᎴ) obtained from the simulations with
ARC and pyramidal texturing.

Reflectance Term Numerical value
Rኻ 0.06
Rኼ 1.64
Rኽ 1.35
Rኾ 0.14
R 1.09

With texturing and ARC coating, there is an increment in the current for both the top and bottom
cells. The J፬ of the a-SiO፱:H cell has improved by almost 0.64 mA/cmኼ (9.73 vs 10.37 mA/cmኼ). The
J፬ of the top cell is taken from the average of the results in figure 7.7. Thus the new efficiency of
the top cell becomes 6.64% (10.37 mA/cmኼ ⋅ 0.97 vs ⋅ 0.66). This value is now used to calculate the
new total efficiency of the four terminal cells. By taking the electrical parameters from the table 7.2
and the J፬ from the simulation with reduced front reflection from the figure 7.7, the efficiency of the
four terminal cells is calculated. An efficiency of 18.30% (6.64+11.66%) with the poly-Si bottom cell
is obtained. Thus an improvement of 1.42% (18.30% vs 16.88%) can be realised if front texturing
and an ARC coating are used in four terminal configuration. This gain is 0.80% larger as compared to
the efficiency when no front reflection reduction approach was applied (18.30% vs 17.50%). Similarly,
for IBC cell, an efficiency of 19.89% (6.64+13.25%) is obtained. There is no gain in the four terminal
cell with IBC bottom cell. For the SHJ (Hybrid) cell an efficiency of 19.39% (6.64+12.75%) can be
obtained. This implies that by reducing the front reflection- an increase of 0.23% (19.39% vs 19.16%)
can be obtained. From the table 7.5, it can be observed that the reflection loss for IBC bottom cell is
the highest. More simulations were performed to verify this fact. The results of the simulations also
support that reflection in case of IBC cell is maximum, out of the three bottom cells. More analysis into
this odd behaviour of IBC cell needs to be explored.

From the above results, it becomes clear that optimum ARC coupled with a textured front surface
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Figure 7.7: EQE of the four terminal cells with top cell of a-SiOᑩ:H cell and bottom cell of a) poly-Si b) IBC c) SHJ (Hybrid) cell
after reduction of front reflectance. The black and red curve correspond to the top and bottom cell respectively.

reduces reflection losses and hence increases the total efficiency of the four terminal cells. More
optimisation targeting the specific reflectance terms can further reduce the overall reflection.

The loss component Rኼ accounts for almost 37% of the total reflection loss. This component can
be reduced further by optimising the rear texture of the Asahi substrate used for the thin film cell.
For this purpose simulations were performed. In the simulations, the height, as well as the width
of the textures (Asahi textures), was changed. Another set of simulations were done by using three
of the textures developed in PVMD group. Only a slight reduction in reflection was obtained. This
could be because these textures are not optimised for use as rear textures. More optimisation of these
textures is not performed in this work. Another approach that could be utilised is the application of an
intermediate layer. This requires an optical model, so as to calculate the refractive index of the layer.
This approach can be utilised in future work. The reflectance component from AZO and EVA interface
(Rኽ) also contributes to the total reflection loss. The reduction of this can be accomplished by adding an
intermediate layer between the two materials. The intermediate layer must be non absorbing. Another
approach could be to modulate the refractive index of AZO layer by changing the amount of Aluminium
in AZO or its deposition parameters [106]. Though this optimisation may be beneficial according to
optics but will require significant optimisation to obtain appreciable electrical parameters (V፨ and fill
factor) for the top cell. The other two components (Rኾ and R) can also be reduced by using some
refractive index grading or buffer layers.
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7.2.2. Ideal Conditions
A calculation can be done by considering an ideal ARC and the best texture such that there is no excess
reflection loss when the top cell is applied. Thus all the excess reflected photons are transferred to the
bottom cell absorber layer. So, the current in the bottom cell becomes the sum of the current calculated
from reduced reflection loss (in term of current density) from the table 7.3 and the generated current
mentioned in table 7.2. This will yield enhanced efficiencies, which can be seen in the table 7.7. This
table is with an idealised assumption that the reflection by the top cell is mostly in the longer wavelength
range (near-IR), hence the loss can be directly added to the bottom cell current. The other electrical
parameters are taken from the table 7.2.

Table 7.7: Efficiency of the simulated cells in four terminal configuration, taking into account no excess reflection from the top
cell.

Cell Efficiency(%) Total Efficiency(%)
a-SiO፱:H 6.23
poly-Si 12.86 19.09
IBC 14.78 21.01
SHJ (Hybrid) 14.17 20.40

Thus a gain can clearly be seen in all the three cases- a gain of 2.21% (19.09 vs 16.88%) for
the poly-Si bottom cell, 0.57% for IBC (21.01 vs 20.44%) and 1.24% (20.40 vs 19.16%) for the SHJ
(Hybrid) based four terminal cells. The gain is calculated by taking the single cell efficiencies from the
table 7.1.

Another important loss that can be identified from the simulation is the parasitic absorption in the
p and n layer of the top cell. The magnitude of this loss is almost equal for every four terminal cell
irrespective of the bottom cell. The values of current loss in these layers are mentioned in the table
7.8.

Table 7.8: Parasitic absorption in terms of the current density (mA/cmᎴ) in the p and n layer of the top cell when used in the
four terminal stack.

Cell p-layer n-layer
poly-Si 0.93 0.30
IBC 0.93 0.29
SHJ (Hybrid) 0.93 0.29

So, almost 1.23 mA/cmኼ of current is lost in the carrier selective layers of the top cell as a parasitic
loss. This loss is almost 12.64% of the total current, generated by the top cell in four terminal config-
uration. Thus if this loss is reduced, more current can be generated from the top cell, as well as more
photons will be transmitted to the bottom cell. This can be done by making the layers thin and more
transparent. Although a 100% reduction seems far fetched in an idealised scenario, the impact of this
reduction can be analysed. Considering this loss to be zero, one can clearly see that if the current from
p layer is transferred to the top cell and the n layer current is transferred to the bottom cell, the total
efficiency will be enhanced. The results of the total efficiency are shown in the table 7.9. This is done
by taking V፨ and fill factor from the table 7.2.

Table 7.9: Efficiency of the simulated cells in four terminal configuration, taking into account no parasitic absorption in the top
cell n and p layers.

Cell Efficiency(%) Total Efficiency(%)
a-SiO፱:H 6.82
poly-Si 11.40 18.22
IBC 12.95 19.78
SHJ (Hybrid) 12.47 19.29

This clearly shows an increased efficiency (except the IBC cell) as compared to the single cell
efficiency. A gain of almost 1.34% is obtained when poly-Si cell is used as the bottom cell. Although
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with the SHJ (Hybrid), a gain of 0.13 % is obtained. The parasitic losses can be reduced by using
thin layers. But, the thickness of the layers have already been experimentally optimised to obtain
appreciable electrical parameters. So, this approach is not used in simulations. Other way to reduce
this loss is to make transparent layers. But that needs more optimisation on the deposition parameters
so, as to change the refractive index and extinction coefficient of the layers. This task is left for future
work.

This means that if the above two losses are reduced to an idealised situation, one can expect to
obtain total efficiencies, which are shown in the table 7.10. In these calculations, the short circuit
current density is taken such that both the losses are taken to be in an ideal condition. Then this
current is essentially the sum of the generated current, excess current from the reflection losses and
the current from the parasitic absorption.

Table 7.10: Efficiency of the simulated cells in four terminal configuration, taking into account no reflection losses and no parasitic
absorption in the top cell n and p layers.

Cell Efficiency(%) Total Efficiency(%)
a-SiO፱:H 6.64
poly-Si 12.99 19.63
IBC 14.92 21.56
SHJ (Hybrid) 14.32 20.96

This idealised situation shows the potential of four terminal approach- a gain of 2.75% for poly-
Si (19.63 vs 16.88%), 1.12% for the IBC (21.56 vs 20.44%) and 1.8% for the SHJ (Hybrid) (20.96
vs 19.16%) as compared to two terminal devices can be obtained. These results are comparable to
the values, obtained from the efficiency calculated by utilising SRኾፓ parameter. Thus in an idealised
condition, the utilisation of four terminal approach can yields efficiencies in excess of 21%.

It is not possible to compare the results from Chapter-6 with the results from this chapter as
the bottom cells used in the actual development of the four terminal devices do not have the same
performance as the ones used in the simulation. Simulations are performed to identify the major loss
mechanisms and provide an insight into, how these losses can be reduced. The aim of these simulations
is not to replicate the experimental results in chapter-6.

Although the results from this chapter give an insight into the performance of the four terminal cells,
they still can be improved by more optimisation. This opens up the possibility to develop dedicated top
cell with reduced reflectance and a specific textured substrate. If all the additional losses are reduced,
high efficiencies can be realised for a four terminal device.

7.3. Conclusions
The potential of the four terminal approach can be seen from the calculations utilising the simulation
results from GenPro4. With the addition of a top a-SiO፱:H cell on a c-Si based cell, higher efficiencies
can be obtained. The simulation results show that with an average performing poly-Si cell (16.88%)
efficiency of almost 17.50% can be realised by simple application of a top a-SiO፱:H cell. Further analysis
of the optical system points to two factors limiting the efficiency of the device. These are- Reflection
losses and parasitic losses. Measures such as, pyramidal texture and ARC coating on the front side
of the top cell, lead to a reduction of 30% in reflection losses. An idealised condition where both this
losses are reduced, shows that efficiencies in excess of 21% can be obtained (this also depends on the
electrical parameters of the bottom cell).
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In past, many combinations of four terminal mechanically stacked solar cells have been developed,
but in this thesis, a novel combination was developed. The novel device built in this work utilises
an a-SiO፱:H top cell and c-Si bottom cell. Three types of bottom cells (Polycrystalline-Silicon (poly-Si),
Interdigitated back contact (IBC) and Silicon heterojunction (SHJ (Hybrid)) are used to develop the four
terminal cells. To accomplish the task of developing the four terminal device a systematic approach
was followed. Firstly, the optimum configuration, as well as the efficiency gain of the four terminal
cells, was assessed. This was followed by optimisation to achieve a suitable a-SiO፱:H based thin film
cell. For the purpose of utilising the a-SiO፱:H cell as the top cell transparent conductive oxide (TCO)
was required. The TCO was used as the back electrical contact of the top cell. After the selection of the
optimum TCO layer, the final fabrication process of combining the top and bottom cell was undertaken.
Finally, the devices fabricated were characterised and analysed. In the last part of the work, the devices
were analysed using optical simulations.

Coming to the first step towards the development of the four terminal device, it was necessary
to determine the best suitable combination for the top and bottom cell. For this purpose, numerical
parameters called Response 4T (Rኾፓ) and Spectral Response 4T (SRኾፓ) were developed. From these
parameters, not only the suitable combinations but, the efficiency gain of a four terminal device as
compared to the two terminal conventional device was also determined. The parameters show that it
is theoretically possible to boost the efficiency of a c-Si cell by placing an a-SiO፱:H cell on top of it. The
results of the numerical parameters suggest an absolute efficiency gain between 0.82% and 3.94% by
utilising four terminal topology.

Optimisation of the top a-SiO፱:H cell and the TCO for its back contact was also undertaken in this
work. The target of this optimisation was not only to obtain the best top cell in terms of electrical
parameters (high V፨ fill factor product) but also to achieve high transmittance in the red and near IR
spectrum. The reason for this is to have an appreciable current generation from the bottom c-Si cell.
The optimum cell structure comprised of 5 nm p-a-SiO፱:H layer, 175 nm i-SiO፱:H-layer and 25 nm n-
nc-SiO፱:H. The best TCO obtained was 100 nm AZO. An a-SiO፱:H cell with 100 nm AZO as back contact
having an efficiency of 6.60% ( V፨ of 0.97 V, 10.31 mA/cmኼ J፬ and 0.66 fill factor) was developed.
This is one of the first efficiency reported for a bifacial a-SiO፱:H cell. Double layer of indium tin oxide
and aluminium doped zinc oxide based TCO were also developed and analysed.

A dedicated fabrication process utilising a new type of adhesive called conformal coating was utilised
to develop the final device. This work is the first instance where a conformal coating is used as an
adhesive. The anti reflection property for application in the c-Si based cell of the conformal coating is
also reported. This easy to apply coating not only has anti reflection properties but is also water and
dust resistant. The first prototypes of the four terminal devices were built utilising some of the c-Si
cells developed in PVMD group. These are the first four terminal mechanically stacked devices that
are based on an a-SiO፱:H top cell and c-Si bottom cell in the world. An efficiency rise of 0.46% was
obtained for the four terminal device based on poly-Si bottom cell. This gain is a clear indicator of the
potential of the four terminal solar cell concept.

To investigate efficiency potential in more detail, optical simulations were performed. This was
done by utilising an in house developed optical simulation tool- GenPro4. Reflection losses, as well as
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parasitic losses, were studied and analysed in detail. Reflection losses from interfaces in the complex
optical system of the four terminal device were determined. Strategies such as utilisation of front
texturing and anti reflection coating for the top cell lead to a decrease in reflection loss by almost 30%.
The impact of reducing these losses on the efficiency of the final device was also determined. The
final results of simulations after the reduction of losses ascertain an increase in efficiency of 1.12% to
2.75% for the bottom c-Si cell.

8.1. Recommendations
From the work undertaken in this thesis, several recommendations for future work on this promising
approach can be drawn. Some of these are-

• The calculations of Response 4T (Rኾፓ) and Spectral Response 4T (SRኾፓ) suggest that if a top cell
with higher V፨ fill factor product is utilised, higher efficiencies of the four terminal approach will
be realised. So, development of a device with higher V፨ fill factor product should be done.

• The optimisation of the top cell of a-SiO፱:H can also be done by changing the material properties
such as, the bandgap of the absorber or activation energy of the doped layers. Development of
thin and more transparent carrier selective layers for the top cell should be done. This will reduce
parasitic absorption in the four terminal cell. Large area thin film cells should be developed.

• A glass substrate with optimised texture could be used instead of the Asahi glass substrate for
the deposition of the top cell.

• A more rigorous optimisation of TCO should be undertaken. To do so, deposition parameters of
the TCO layer could also be varied.

• Double layers of ITO/AZO are good alternative to the single TCO layers but still they need more
analysis and characterisations.

• The conformal coating used in this work, should be analysed and characterised in more detail. A
dedicated process to apply a uniform thickness coating can be developed in future.

• Actual utilisation of the front texture and anti reflection coating for the top cell should be done.
A more in-depth analysis into the type of texture for the top cell could be undertaken.

• One interesting thing that can be done, is the utilisation of a substrate configuration for the top
cell. In this way the optical system can be simplified, as there will be no need of an intermediate
glass between the top and bottom cell. This will require the use of transparent substrate, which
can have dedicated texturing to enhance the four terminal device performance.

• The simulation tool, takes the absorptance value as the difference between the incident photon
flux and the outgoing photon flux. This does not correctly yields the exact value of short circuit
current in a four terminal device. So, a new model to take this into account should be used.

• If a top cell with textured surface and an ARC coating is utilised, then the ARC on the bottom c-Si
can be removed. This will require more optimisation. This opens up the possibility to develop
dedicated bottom cells for the four terminal application.
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A.1. General
A.1.1. Shockley equation

𝐽(𝑉ፚ) = 𝐽ኺ ⋅ (𝑒𝑥𝑝(
𝑒 ⋅ 𝑉ፚ
𝑛𝑘𝑇 ) − 1) (A.1)

Here n is the ideality factor. in case of ideal conditions it is equal to one. Jኺ is the reverse saturation
current density, e is the elementary charge, k is Boltzmann constant, T is temeprature and Vፚ is the
applied voltage.

A.1.2. Optical parameters for Croning Eagle XG glass substrate
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Figure A.1: The plot of the transmittance and reflection (in percentage) versus the wavelength for the Croning XG glass .

From the values of transmittance and reflectance, the absorptance of the Croning Eagle XG glass
can be computed. The average value in the spectral range of 300 to 1200 nm is 1.5%. This value will
be used to correct for the absorptance for different materials deposited on the Croning Eagle XG glass
substrate. The plot of transmittance and reflectance is shown in Figure. A.1.

A.1.3. Absorption Coefficient
From the experimentally determined transmittance (T) and reflectance (R), the value of absorption
coefficient (𝛼) can be determined by using the below mathematical equation.
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𝛼 = −1𝑑 ⋅ 𝑙𝑛
𝑇

(1 − 𝑅)ኼ (A.2)

In the above formula d is the thickness of the layer. This formula is based on some approximations.
The substrate on which the layer whose R and T are measured has perfect transmittance. The layer
has appreciable absorption. In low energy spectrum (above 1200 nm) the formula is not valid.

A.1.4. Material Depositions
The parameters used for the deposition of the a-SiO፱:H cell were taken from the work of Erwin Guijt
and Do Yun Kim [42]. The temperature of deposition for n and p layer was 300 deg Celsius for the i
layer it was 200 was deg Celsius. The bandgap of a-SiO፱:H intrinsic layer was 1.96 𝑝𝑚 0.07 eV. The
activation energy of the p layer was- 0.52 𝑝𝑚 0.04 eV and for n (nc-a-SiO፱:H) layer was 0.14 𝑝𝑚 0.02
eV. The bandgap of p layer was- 2.01 𝑝𝑚 0.03 eV and for n (nc-a-SiO፱:H) layer it was 2.62 𝑝𝑚 0.06 eV.
The deposition parameters for the AZO, ITO and IO:H were taken from the past work done in PVMD
group. The heater temperature of deposition for AZO was 300 deg Celsius.
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B.1. Chapter-3
B.1.1. Derivation for Spectral Response 4T (SRኾፓ)
The derivation of this parameter can be obtained from the definition of conversion efficiency of a solar
cell. Conversion efficiency or efficiency(𝜂) can be mathematically written as,

𝜂 = 𝑂𝑢𝑡𝑝𝑢𝑡𝑃𝑜𝑤𝑒𝑟
𝐼𝑛𝑝𝑢𝑡𝑃𝑜𝑤𝑒𝑟 (B.1)

In case of solar cells, the Output power is defined as the product of open circuit voltage (V፨) ,
fill Factor (FF) and short circuit current density (J፬). The input is taken as the integral of the AM 1.5
(global) spectrum as shown in figure. 3.3. According to the definition of J፬ (taken to be positive
value), it can be written as shown below,

𝐽፬ = ∫
ኾኺኺኺ

ኼዂኺ
𝐸𝑄𝐸(𝜆) ⋅ 𝜙(𝜆) ⋅ 𝑞 ⋅ 𝑑(𝜆) (B.2)

The limits of integration are taken according to the AM1.5 spectrum and these wavelength values
are in nanometer. Here the photon flux (𝜙(𝜆)) at the specific wavelength and elementary charge (q)
are taken. To calculate the photon flux (𝜙), AM1.5 (Global spectrum) was used. Mathematically, the
spectral irradiance (I(𝜆)) as a function of wavelength at AM 1.5 can be related to the photon flux at
that wavelength as shown below,

𝜙(𝜆) = 𝐼(𝜆) ⋅ 𝜆
ℎ𝑐 (B.3)

In the above equation h is the Planck’s constant and c is the speed of light in vacuum. Thus
equation. B.2 can be written as shown below,

𝐽፬ = ∫
ኾኺኺኺ

ኼዂኺ

𝐸𝑄𝐸(𝜆) ⋅ 𝐼(𝜆) ⋅ 𝜆 ⋅ 𝑒
ℎ𝑐 ⋅ 𝑑(𝜆) (B.4)

Using equation B.4 to write the output response of the PV cell, and taking the terms V፨ and FF
inside the integral. They are taken as constants. The output becomes,

𝑂𝑢𝑡𝑝𝑢𝑡 = ∫
ኾኺኺኺ

ኼዂኺ

𝐸𝑄𝐸(𝜆) ⋅ 𝐼(𝜆) ⋅ 𝜆 ⋅ 𝑒 ⋅ 𝑉፨ ⋅ 𝐹𝐹
ℎ𝑐 ⋅ 𝑑(𝜆) (B.5)

Finally, the spectral response 4T (SRኾፓ) can be defined mathematically as follows,

𝑆𝑅ኾፓ =
𝐸𝑄𝐸(𝜆) ⋅ 𝐼(𝜆) ⋅ 𝜆 ⋅ 𝑒 ⋅ 𝑉፨ ⋅ 𝐹𝐹

ℎ𝑐 (B.6)

This term can be decomposed to get the unitless Rኾፓ term, which is independent of the spectrum.
The quantity SRኾፓ has a unit of 𝑊𝑚ዅኼ𝑛𝑚ዅኻ, which is same as that of Spectral irradiance. To take into
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account all the units involved in the calculations a factor of 10ዅዃ is multiplied to the results obtained
from the equation 3.3.

So the efficiency of the cell as defined in equation B.1 becomes,

𝜂 = ∫ኾኺኺኺኼዂኺ 𝑆𝑅ኾፓ ⋅ 𝑑(𝜆)
∫ኾኺኺኺኼዂኺ 𝐼(𝜆) ⋅ 𝑑(𝜆)

(B.7)

Hence from the computation of SRኾፓ, we can determine the efficiency of the PV cell. It is also
important to mention that there is a slight difference in the efficiency calculations from SRኾፓ and the
experimental value of efficiency, which is due to errors present in the J-V measurements as well as the
errors present in the integration involved. This error is between 0.5 to 1% as compared to experimental
values.

B.2. Chapter-4
The Genpro4 results pertaining to the reference cell and the optimised cell-B are shown in figure B.1.
It can be seen that with the new cell structure an gain of 0.52 mA/cmኼ can be obtained, although this
may seem very low, but if we go in more detail and compare the EQE of the two cells, we can see that
this gain lies in the blue green part of the spectrum. This increase in the specific part of spectrum is
most important in our application.

(a) (b)

Figure B.1: GenPro4 results of the (a) Reference a-SiOᑩ:H cell (b) New optimised a-SiOᑩ:H cell(Cell-B)

B.2.1. Bias EQE
To verify whether there is some scope of further development regarding the thickness of layers of the
thin film cell a biased EQE test is performed. In this test the optimised cell is given an reverse bias,
and then the EQE is measured. As the optical system remains same, no additional optical losses occur.
In thin film cells the quantum efficiency is bias dependent as the collection of charges is field assisted.
Hence by applying a reverse bias the charge collection should increase. In case the cell is optimised
such that all the charge carriers are already collected, no influence of reverse bias should be observed
[70]. Otherwise if this is not the case then it means that the collection of charge carriers is poor. The
EQE plots at reverse bias voltage ranging from 0 to 4 volts in steps of 0.5 volts is shown in figure B.2.
The voltage was limited at 4V as after that some transients effects were observed. Even at 3.5V some
transients can be seen. The reason of this could be some field build up in the absorber layer, or could
be due to loading effect in the measuring instrument.

From these measurements no significant gain in the J፬ was obtained, this means that the a-SiO፱:H
cell device structure is not having large parasitic absorption.
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Figure B.2: The EQE at reverse bias voltage (in volts) of the optimised Cell

B.3. Chapter-5
Error margins (Standard Deviation) for the sheet resistance and resistivity of the TCO layers are negli-
gible. Hence, the error margins are not shown. For example the error in resistivity of the 50 nm ITO
layer is 2.21 X 10ዅኽ. Standard deviation for mobility and carrier concentration.

Table B.1: Standard deviation in mobility and carrier concentration of the as-deposited TCO layers.

Material Thickness (nm) 𝜇 (cmኼ/V.s) N (10ኻዃcmዅኽ)
ITO 50 0.27 1.10

100 0.23 1.49
200 0.21 1.68

IO:H 50 2.06 0.08
100 1.82 0.73

AZO 50 0.02
100 0.03 0.04
200 0.05

The EQE of the two cells with 100 nm of AZO and 100 nm of ITO back contact are shown in figure
B.3. There is an interesting observation about the response in the near UV and blue region of the
spectrum, the 100 nm AZO cell has higher response. The reason of this is not too clear. The J-V curve
of one of the best cells with 100 nm of AZO and 100 nm of ITO back contact are shown in figure B.4.
The value of series resistance per unit area of the 100 nm AZO cell is 0.000719 𝜔/mኼ and for 100
nm ITO is 0.000644 𝜔/mኼ. The value of shunt resistance per unit area are 0.131 𝜔/mኼ for 100 nm
AZO and 0.133 𝜔/mኼ for 100 nm ITO. The shunt resistance values are almost similar for the two cells.
These values are for only one cell, but in the chapter-5 the average values are shown.

B.4. Chapter-6
The SRኾፓ plot utilising the experimental values of the cells used for actual fabrication of the four terminal
device are shown below. Maximum efficiency rise of 2.72% can be obtained when the poly-Si cell is
utilised as the bottom cell. The plots for the three different bottom cells are shown in figure B.5. There
is a gain of 0.60% for the IBC bottom cell and a gain of 1.22% for the SHJ (Hybrid) bottom cell.
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Figure B.3: The EQE of the two cells with 100 nm of AZO and 100 nm of ITO back contact.
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Figure B.4: The JV of the two cells with 100 nm of AZO and 100 nm of ITO back contact.

B.5. Chapter-7
B.5.1. Simulation
The simulation results are compared with the measured EQE plots in the plots shown in figure B.6. The
measured values can be found in table 3.2, only the best cells are compared. The simulated results
are mentioned in figure B.8. The J፬ values are the current in the c-Si layer. The a-SiO፱:H parameters
are mentioned in chapter-5. Exact match between the simulated and measured values is not possible
due to various electrical losses due to recombination, series and shunt resistance. Errors could also be
due to the measurement apparatus of EQE and J-V. The error is between 3-6% for the values.

The schematic structure for the four terminal cell with IBC bottom cell is shown in figure. B.7.
Here are all the simulation results with the actual GenPro4 plots are shown. The numbers in

the box signify the actual absorption in the material. As air is also simulated as a material, hence
reflection losses are estimated to be the absorption in the air medium. Similarly, the short circuit
current generated by the cell is equal to the absorption in the absorber or active layer. The names
of the layers for the simulations are- p-Sioxnew is the p-a-SiO፱:H, intrinsic-Siox is the i-a-SiO፱:H, n-
Sioxnew is the n-nc-SiO፱:H for the top cell. For the bottom cells, the name of the layers are- SiN-IBC
is SiN ARC, c-Si-doped is the poly-Si, Sio2 is the silicon oxide and c-Si is the crystalline silicon wafer.
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(a) (b)

(c)

Figure B.5: SRᎶᑋ plot for the four terminal device with bifacial a-SiOᑩ:H top cell and a) poly-Si b)IBC c)SHJ (Hybrid) bottom cell.

The Asahi glass is simulated by using a glass of 1000 um thickness and a layer of FTO. The results are
presented in the figure B.8.

The results for the simulation results when the cell are in four terminal are shown in figure B.9.

B.5.2. Calculation of the components of the reflection losses
The simulations corresponding to the reflection losses in case of a poly-Si four terminal device are
presented. To calculate these values the thickness of the layers are changed. To get Rኻ the glass
of the top cell is made infinite. Similarly, to get the sum of Rኻ+Rኼ, the thin film cell p layer is made
infinitely thick. Likely for the sum of Rኻ+Rኼ+Rኽ+Rኾ the c-Si cell is made infinitely thick. In this way,
the reflectance components are computed. The simulation results can be seen in figure B.10.

The simulation results for IBC and SHJ (Hybrid) cell are shown in the figure B.11. As the optical
system remains same for computation of the first three reflection terms, thus only results for the case
with infinite crystalline silicon cell and metal back contact.

The magnitude of the various reflection losses for the four terminal cell with poly-Si bottom cell is
shown in table B.2.

The reflection losses are shown in figure B.12. It is clear that at the top glass and air interface
almost 4% light (in comparison to total absorption) is lost to reflection which is in accordance with
literature and Fresnel’s equations [100]. It can be seen that the reflection component from the second
interface i.e. the textured glass and thin film cell contributes the maximum to reflection. This was not
expected as Asahi glass is specifically designed to improve the optical path length. A possible reason
could be that the texturing used still needs more optimisation.
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Figure B.6: GenPro4 results comparision with measured values for a) a-SiOᑩ:H b) poly-Si c) IBC d) SHJ (Hybrid) cell, when
simulated without the top cell.

Figure B.7: The schematic structure for four terminal cell with IBC bottom cell. All the layers are not shown in this schematic.

B.5.3. Optimum refractive index and thickness calculations
According to Fresnel equations, the optimum refractive index (n፨፩፭።፦፮፦ for a single Anti reflective
coating can be calculated by utilising the formula given below,

𝑛፨፩፭።፦፮፦ = √𝑛፠፥ፚ፬፬ ⋅ 𝑛ፚ።፫ (B.8)

Putting the values for glass as 1.5 the formula yields an optimum refractive index of 1.22. The
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(a) (b)

(c)

Figure B.8: GenPro4 results for a) poly-Si b) IBC c) SHJ (Hybrid) cell, when simulated without the top cell.

Table B.2: Numerical value of reflectance from the five major interfaces in terms of current density (mA/cmᎴ).

Reflectance Term Numerical value
Rኻ 1.82
Rኻ+Rኼ 4.11
Rኻ+Rኼ+Rኽ 5.27
Rኻ+Rኼ+Rኽ+Rኾ 5.32
Rኻ+Rኼ+Rኽ+Rኾ+R 6.22

material that is nearest to this is magnesium fluoride (MgFኼ) with a refractive index of approximately
1.38 [107]. For the calculation of optimum thickness quarter wave coating was used, this yielded a
result of 90.57 nm for MgFኼ at 500 nm wavelength. The formula used is shown below,

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝜆
𝑛፨፩፭።፦፮፦ ⋅ 4

(B.9)

Double layer ARC can also be utilised to further reduce reflectance from the top cell. The utilisation
of double layer not only adds to the production steps but also requires calculations and simulations
to determine the optimum refractive index and thickness. A simple approach is explained below to
calculate the refractive index for double layer coating. The mathematical relation which is applied
pertains to one single minimum [108]. In these quarter wave coating was used for both the layers.
The mathematical relation is shown below,
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(a) (b)

(c)

Figure B.9: GenPro4 results with the top cell for a) poly-Si b) IBC c) SHJ (Hybrid) cell.

𝑛ኻ
𝑛ኼ
= √

𝑛ፚ።፫
𝑛፠፥ፚ፬፬

(B.10)

where, nኻ implies the refractive index of the first coating and nኼ is the second coating refractive
index. The first coating faces the air medium. With the first layer of MgFኼ, this gives a value of
1.69 for the other layer. Thus the materials that can be chosen for the double layers are- Aluminium
Oxide (AlኼOኽ) with a refractive index of 1.77 and Cerium Fluoride (CeFኽ) with a refractive index of 1.64
[109, 110]. The quarter wave thickness at 500nm for AlኼOኽ is 70.62 nm and for CeFኽ is 76.22 nm.
The refractive index of these materials are mentioned in table B.3. Only three materials were tried in
the simulation although more materials can be applied [111, 112].

Material Refractive Index
Magnesium Fluoride (MgFኼ) 1.38
Aluminium Oxide (AlኼOኽ) 1.77
Cerium Fluoride (CeFኽ) 1.64

Table B.3: Refractive Index of some available ARC materials suitable for glass substrate.

Only the best results with front pyramidal texturing and single layer ARC (with quarter wave thick-
ness) are shown in figure B.13. The simulation results used to calculate the reflectance terms for the
four terminal cell with poly-Si bottom cell after the reduction in reflection loss by using front pyramidal
texturing and single layer ARC are presented in figure B.14.
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(a) (b)

(c) (d)

(e)

Figure B.10: GenPro4 results for Infinite Thick a) Top Glass b) Thin Film Cell c) First EVA layer d) Crystalline Silicon cell e) Metal
Back Contact

B.5.4. AFM
The three textures with (𝜎፫፦፬) of 430.1 nm, 326.5 nm and 737 nm, utilised in simulations to reduce
Rኼ component. The below AFM images were supplied by Dr.Guangtao Yang of PVMD group, TU Delft
as shown in figure B.16. The image shown in b is zoomed in.
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(a) (b)

(c) (d)

Figure B.11: GenPro4 results for infinite thick a) c-Si-IBC b) IBC metal back contact c) c-Si-SHJ (Hybrid) d) SHJ (Hybrid) metal
back contact
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Figure B.12: The values of the reflectance terms.
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(a) (b)

(c)

Figure B.13: GenPro4 results for a) poly-Si b) IBC c) SHJ (Hybrid) cell, when simulated with the top cell having pyramidal
texturing and quarter wave thickness ARC.
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(a) (b)

(c) (d)

(e)

Figure B.14: GenPro4 results for Infinite Thick a) Top Glass b) Thin Film Cell c) First EVA layer d) Crystalline Silicon cell e) Metal
Back Contact after reduction of reflection loss. These are for poly-Si based four terminal cell.
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(a) (b) (c)

Figure B.15: The AFM images of the three textures used for simulations.

(a) (b) (c)

Figure B.16: The parameters of the three textures. These were obtained from Gwyddion software.
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