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Abstract

The future of our energy supply cannot continue to depend on the use of exhaustible fossil
fuels. The successful transition to a society powered by renewable energy sources is one of
the major challenges our current generation faces. Renewable systems will only fully estab-
lish themselves if high conversion efficiencies can be obtained at a reasonable cost, in order
to compete with conventional, carbon-based sources. With this in mind, photovoltaic solar
energy can be a promising solution.

This study focuses on the investigation of the potential efficiency of a thin-film tan-
dem solar cell, combining amorphous silicon and microcrystalline silicon for a high per-
formance device. With the use of flexible, light substrates, inexpensive modules can be
manufactured in a roll-to-roll configuration to produce high efficiency products for a large
scale implementation in society. The semiconductor modelling software ASA was used to
optimise the structure of the tandem, identifying the absorber layer thicknesses that max-
imise the efficiency. Moreover, the impact of possible optical variations in the design of the
device on the performance were analysed.

To start, model parameters of single-junction amorphous silicon and microcrystalline
silicon cells were calibrated to recreate the performance of such devices based on exper-
imental data. By conducting a sensitivity analysis of the model parameters, this was ef-
fectively achieved. The single-junction models were combined in a tandem structure to
forecast the operation of the multi-junction device.

It was found that the performance of the tandem was highly sensitive to the choice of
refractive indices of the layers at the junction between the two subcells. A high mismatch
between the refractive indices of these layers and the absorber layers of the subcells results
in anincreased reflection of light to the top cell. This is beneficial for the current production
of this subcell, but is too detrimental for the operation of the bottom cell. By bringing the
refractive indices closer together, an efficiency of 13.0 % was predicted. The inclusion of
an encapsulation at the front of the cell boosts this efficiency to 13.7 %, at a top/bottom
absorber layer thickness combination of 160 nm/0.6 pm.

The possibilities of enhancing the efficiency with an intermediate reflector were ex-
amined. The optical conditions for the ideal light distribution with such a reflector were
computed to provide estimations of the potential increase in performance. For the best
performing device, an increase of the initial efficiency of 13.0 % to 13.2 % was foreseen, at
slightly thinner top cells and similar bottom cell thicknesses.

All in all, the predicted efficiencies of the amorphous silicon/microcrystalline silicon
tandem solar cell evidences the potential of these devices for the production of cheap,
highly efficient modules. The developed analysis of the ideal intermediate reflector can
be generalised to other multi-junction solar cells to establish the potential efficiency in-
crease such a layer brings along. This can help in the decision of whether the increase in
performance justifies the added manufacturing complexity and costs.
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Introduction

Since the start of the industrial revolution in the second half of the 18" century, carbon

emissions from the burning of fossil fuels have increased the concentration of carbon diox-
ide (CO,) in the atmosphere [1]. CO, is the main contributor to the greenhouse effect [2],
given that it efficiently traps the radiation emitted by the Earth. This causes the temper-
ature of the Earth to rise and triggers the well-known phenomenon of global warming.
With studies indicating that warming effects were already present as early as around the
1830s [3], we are currently living on a planet that is approximately 1 °C warmer than it was
before the industrial revolution [4].

This rise in temperature poses a serious threat not only for the existence of human be-
ings, but for nature in general. Moreover, fossil fuels are exhaustible at the rates at which it
is being consumed at the moment, making a transition to another source of energy even-
tually inevitable. For this reason, a global collaboration is needed to effectively tackle this
problem. A milestone in the right direction was the Paris Agreement of 2015, which chal-
lenges countries to limit the rise in temperature to 2 °C and preferably 1.5 °C compared to
pre-industrial levels [5]. To achieve this, it is encouraged to become carbon neutral by the
mid-21% century.

In this framework, energy transition becomes an important movement, which aims
at shifting from fossil fuels to renewable energy systems to reduce the carbon emissions.
From 2000 to 2018, the fraction of energy produced from renewable sources (mainly wind,
solar and hydroelectric) for the worldwide energy consumption increased from 6.9 % to
10.9 %, as seen in Figure 1.1.
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Figure 1.1: Comparison of the worldwide energy consumption by source of the years 2000 and 2018. Data
from [6].

However, oil, coal and gas remain our main sources of energy, mainly due to econom-
ical and efficiency reasons. Technological advancements have worked towards improving
the energy conversion and costs related to renewable energy sources, placing wind and
solar energy in a competitive position against fossil-fuelled systems [7]. The next section
addresses the importance of solar photovoltaics (PV) in this energy transition.

1.1. PVin the energy transition

The solar energy reaching the Earth is about 10 times the worldwide energy consump-
tion [8], making it an appealing form of energy for the transition to renewable energy sys-
tems. When considering the global average total installation costs of a solar PV plant, it has
dropped almost a factor 4 from 2010 to 2018, reaching a global levelized cost of electricity
(LCOE) of 0.085 $/kWh [7]. This means it can already compete with the 0.062 $/kWh LCOE
of fossil fuels [7].

Crystalline silicon technologies dominate the PV market, holding around 95 % of the
global shares. This has to do with the higher efficiencies of commercial modules when
compared to thin-film silicon (15-21 % vs 7-10 %) [9], the relative low costs and the com-
mercial status [10]. Despite this, thin-film silicon presents numerous advantages which
makes it an attractive alternative to crystalline silicon.

Thin-film silicon technologies are one of the most promising options to reduce the costs
of PV [11], given the use of abundant materials and ease of processing. By using thick-
nesses of around two orders of magnitude less than conventional crystalline silicon tech-
nologies, the production costs can be greatly reduced. Moreover, the energy payback time
is estimated to be in the order of one year, at least a factor 2 lower than crystalline silicon
modules [11]. Some processing techniques also allow exploiting the flexibility of thin-film
silicon products, making it highly suitable for building-integrated photovoltaics (BIPV) [9].

For thin-film silicon to consolidate its position in the market, module efficiencies need
to be further improved. The innovations of the FlamingoPV project aim to achieve this.
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1.2. FlamingoPV

This thesis is developed within the framework of the FlamingoPV project, which stands
for Flexible Lightweight Advanced Materials In Next Generation Of PV. It is a joint project
between Delft University of Technology and HyET Solar, a company from the HyET Group.
Situated in Arnhem, The Netherlands, HyET Solar strives for the production of inexpensive,
light and flexible solar modules with a high energy yield. This is achieved with the use of
thin-film silicon technologies (amorphous and microcrystalline silicon).

In the core of HyET Solar’s roll-to-roll manufacturing process is the use of a temporary
Al substrate on which the several layers of the solar module are deposited. Laser scribing
allows for a monolithic interconnection of the cells conforming a module. After transfer-
ring the layers of the module to a permanent carrier, the temporary Al substrate is removed.
A final encapsulation protects the module for an extended lifetime. All in all, this results in
the production of modules with a thickness under 0.5 mm, a surface density of 0.6 kgm 2
and an energy payback time of under a year [12], using only abundant and non-toxic ma-
terials.

FlamingoPV aims to achieve five deliverables [13]:

1. Lab-scale flexible amorphous silicon/microcrystalline silicon tandem cell (5 cm?) and
module (5 x 5 cm?) with 13 % stabilised efficiency.

2. Roll-to-roll produced modules sized 30 x 30 cm? of 12 % aperture area stabilised effi-
ciency with 80 % production yield.

3. Over 35 years proven lifetime of modules, with less than 20 % performance degrada-
tion.

4. Design of microcrystalline PECVD tool with CAPEX smaller than 0.2 €/W,.

5. Lab-scale flexible amorphous silicon/microcrystalline silicon/microcrystalline sili-
con cell (5cm?) and module (5 x 5 cm?) with 14 % stabilised efficiency.

The combination of these deliverables will result in PV products that can compete with
crystalline silicon technologies for large scale projects and BIPV.

1.3. Thesis objectives and outline

Among the several deliverables that FlamingoPV encompasses, this work is focused on the
first one: the development of a lab-scale (5 cm?) tandem solar cell (amorphous silicon/mi-
crocrystalline silicon) with a stabilised efficiency of 13 %. Optimisation of the cell structure
is indispensable to reach a design that maximises the energy conversion in such a multi-
layer architecture. To this end, opto-electrical simulations are a valuable tool not only in
the search for an optimal design, but also in the prediction of the performance under dif-
ferent conditions.
This study has the following objectives:

1. Understand the impact of semiconductor model parameters on the performance of a
solar cell: this will provide insights into the calibration of the model to match experi-
mental data and provide reliable predictions.
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2. Investigate the optical conditions that provide a proper light distribution in an amor-
phous silicon/microcrystalline silicon tandem device: by considering the effect of the
optical properties of the layers at the junction between the two cells, an evaluation of
the best conditions is given. Moreover, estimations of the maximum efficiency gain
with the introduction of an intermediate reflector are provided.

3. Determine the absorber layer thicknesses in an amorphous silicon/microcrystalline
silicon tandem device that maximise the conversion efficiency: by using calibrated
single-junction models, the conditions under which the performance of a tandem
device is optimised are presented.

This thesis will guide the reader through the steps undertaken to reach these objectives.
To start, Chapter 2 introduces the fundamentals in the fields of optics and semiconductor
devices, explaining the working principle of a solar cell. Thin-film silicon devices, which
are the focus of this work, are also presented. Chapter 3 deals with the experimental pro-
cesses that take place in the manufacturing of the solar cells, along with the techniques
used to characterise the devices. Then, Chapter 4 describes the semiconductor modelling
software ASA and its use for the calibration of the physical parameters to match experimen-
tal data. A sensitivity analysis performed with an automated routine provides insights into
the parameter dependence of the performance of a cell. Chapter 5 combines these findings
for the optimisation of the absorber layer thicknesses to maximise the performance of the
tandem device. Here, several structure scenarios are considered and an ideal intermediate
reflector is designed to allow the estimation of the maximum efficiency increase that can
be achieved with such a layer. Moreover, Chapter 6 provides preliminary results regarding
the deposition of single- and multi-junction thin-film silicon cells. Chapter 7 finalises with
the conclusions of this work, together with recommendations on future research directions
regarding this area of study.



Fundamentals

Fundamental concepts from the field of physics, which are indispensable for the under-
standing of the operation of a photovoltaic device, are introduced in this chapter. Sec-
tion 2.1 considers the working principle of a solar cell, discussing the optical and electrical
concepts involved, the structure of a solar cell and how to assess its performance, along
with the inherent limitations of such devices. Then, Section 2.2 reviews thin-film tech-
nologies, specifically the properties of two materials relevant to this work: amorphous and
microcrystalline silicon. Finally, Section 2.3 closes the chapter by introducing tandem solar
cells and the use of amorphous and microcrystalline silicon in such multi-junction devices.

2.1. Working principle of a solar cell

The phenomenon that describes the working principle of a solar cell is called the photo-
voltaic effect, in which the exposure of a material to light allows the excitation of electrons.
This permits the creation of a voltage or electric current [14], which can be used to perform
useful work when connected to an external circuit. The impinging light must have suffi-
cient energy to excite the electron to an allowed state, after which it must be guided to a
collection point to be used outside of the generating material.

An excited electron leaves behind a void at its initial position, which is commonly de-
scribed as a positively charged elementary particle called hole. Holes need to be extracted
from the material in a similar manner (but opposite direction) as electrons. The basic work-
ing principle of a solar cell just described can be visualised in Figure 2.1.

The lower painted areas in Figure 2.1 are known as the valence band, and the upper
ones the conduction band. The difference between these two bands is called the band gap
Eg. The details of the generation, separation and collection of electrons and holes during
the operation of a solar cell, as well as the performance and limitations of these devices, are
described in the following sections.
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Figure 2.1: Working principle of a solar cell. The painted areas represent possible states.

2.1.1. Optics

A proper starting point for the description of optics in the field of photovoltaics (PV) is the
concept of a photon. Planck introduced this conceptin 1900 [15], and suggested to consider
light as a group of discrete particles with specific energies. The energy E of a photon is given
by

Cc
E=hv=h—, 2.1
v=hy 2.1)

where £ is Planck’s constant, c is the speed of light in vacuum, and v and A are the pho-
ton frequency and wavelength, respectively. The distribution of photons for a given light
source can be described by Planck’s law when considering a black body at a specific tem-
perature T [16]. In the case of the Sun, the emission deviates slightly from this assumption.
Moreover, the spectrum changes as it crosses the atmosphere before reaching the surface
of the Earth. It is exactly this modified spectrum that acts as the energy source for solar
devices. To this end, the AM1.5 solar spectrum has been defined as a reference of the solar
radiation reaching the surface of the Earth. This spectrum is plotted in Figure 2.2.

The presence of gaps in the spectrum is notable. This is a consequence of the absorp-
tion that takes place in the atmosphere, mainly due to CO,, H,0, O, and O3 [16]. The re-
maining light is what is left for solar devices to absorb. This absorption is dependent on the
material and the energy of photons reaching it. Figure 2.3 shows the absorption coefficients
a of common materials used for solar devices.

There is a clear difference between the selected materials, which has to do with many
material-specific properties such as the atom arrangement and the band gap. Depending
on the material and its thickness (which increases the probability of being absorbed), an in-
coming photon might have enough energy to be absorbed and thereby create an electron-
hole pair, as described in Figure 2.1.

Photogeneration
Photogeneration is the most important electron-hole pair generation process in a solar
cell [14]. The optical generation rate can be computed by considering the absorption coef-
ficient a. To this end, Lambert-Beer’s law is used to describe the decay of photon flux ® as
light penetrates a distance x through a material. This is given in Equation (2.2), assuming
no reflection at the interface:

®(A, x) = P(A,0) e *W*, (2.2)
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Figure 2.2: AM1.5 solar spectrum [17]. The conversion for the top x-axis is given by Equation (2.1), in units of
electronvolt (eV).

with ®(A, x) the photon flux as a function of wavelength and position. ®(A,0) can be com-
puted from the irradiance spectrum I3 shown in Figure 2.2, by dividing the irradiance by
the photon energy at that wavelength, which is given by Equation (2.1):

A
D(A,0) = Iy —. (2.3)
hc

With this, the photogeneration rate can then be computed by multiplying the absorption
by the photon flux [14]:
G\, x) = a(V)P(A,0) e W, (2.4)

To compute the generation rate over a range of wavelengths, or up to a specified depth in a
material, Equation (2.4) can be integrated within the relevant scope.

Direct and indirect absorption

The absorption effectiveness, reflected in the magnitude of the absorption coefficient a,
depends on the nature of the electron-hole pair excitation. Two types of band gaps can be
identified, with either direct or indirect excitations. The allowed energy states are a function
of the wavevector k, commonly known as the dispersion relation. The dispersion relation
of direct and indirect band gap materials is shown in Figure 2.4.

As seen in the dispersion relations, direct band gap materials are characterised by the
alignment with respect to the wavevector of the maximum of the valence band and the
minimum of the conduction band. In contrast, these points are shifted in the wavevec-
tor space for indirect band gap materials. For the direct case, the absorption of a photon
with sufficient energy is enough to excite an electron into the conduction band, thereby
creating an electron-hole pair. By contrast, an indirect transition also requires a change in
momentum for the excited electron.

Due to conservation of momentum, the electron needs to interact with the lattice of
the material in order for this change in momentum to happen. This interaction occurs
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Figure 2.3: Absorption coefficients of some materials used in PV. Adapted from [18].

as a lattice vibration, which is called a phonon. Given the fact that an indirect transition
requires the participation of both a photon and a phonon, the absorption coefficient for
such materials is often significantly lower than for direct transition materials [8].

Reflection at an interface
The optical properties of a material can be described by the complex index of refraction,
which is given by Equation (2.5).

i =n+ix, (2.5)

where n is the index of refraction and « is the absorption index, which is related to the
absorption coefficient plotted in Figure 2.3 by Equation (2.6) [8].

_a:xl

I (2.6)

K

At the interface between two media, there is an abrupt change of these properties,
which causes some of the light to reflect or transmit. A sample diagram is shown in Fig-
ure 2.5. By matching the conditions at each side of the interface for the electric and mag-
netic waves, we can arrive at reflection and transmission amplitudes of the incoming wave.
These are called the Fresnel coefficients. The reflection coefficients for parallel (||) and per-
pendicular (L) electric field polarisation with respect to the plane of incidence are given by
Equations (2.7).

R = 711 cos(0,) — iio cos(6;) 2 2.7a)
I i) cos(@,) + i1, cos(@y) | '
_ 711 cos(61) — fix cos(0) 2 2.7b)
711 cos(0,) + fipcos(@,) | '

where 71, and 71, are the complex refraction indices of media 1 and 2 and 6; and 6, the
incoming and transmitted angles. The average of R and R is the reflection coefficient for
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Figure 2.5: Visualisation of the reflection and transmission of a wave reaching the interface between two
different media 1 and 2 and the relevant parameters.

unpolarised light, R. Snell’s law needs to be used to compute the angle 0-:
fll sin(@l) = flg Sil’l(@g). (2.8)

Fresnel equations are only valid when medium 1 is non-absorptive (x; = 0), whereas this
condition is relaxed for medium 2. If both media are absorptive, then Equations (2.7) be-
come approximative [19], but still result in more accurate coefficients when compared to
the case when the absorption index is neglected [20].

2.1.2. Semiconductors

An introduction to the fundamentals of solar cells is impossible without a description of
semiconductor physics. Semiconductors are materials which have a relatively low band
gap Eg (typically less than 4 eV [21]), such that the conduction properties can be controlled.
Under low excitations, it can pass from being an insulating material to a conducting one.
For the remaining of this chapter, the concepts of semiconductor physics will be explained
using the example of crystalline silicon (c-Si).
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Band gap formation

Before the formation of a c-Si structure, each Si atom has quantised levels at which its
electrons can be excited. When c-Si is formed, the Si atoms will arrange themselves in a
so-called diamond structure, which allows the atoms to covalently bind with its four neigh-
bours [8]. This periodic arrangement of covalent bonds results in an interaction between
the possible states the electrons can be in, resulting in a quasi-continuous distribution of
allowed states in the conduction and valence band [15]. In the case of c-Si, the band gap
corresponds to 1.12 eV. A 2D spatial representation of the arrangement of Si atoms in their
crystalline structure can be seen in Figure 2.6.

‘ Si atom

— Covalent bond

Figure 2.6: 2D representation of the structure of c-Si.

Doping

Pure c-Si is called intrinsic, since the number of impurities in the material is very lim-
ited. This may seem favourable in terms of material purity and homogeneity. However,
the ability to introduce impurities in the periodic structure of crystals is essential for the
functioning of semiconductor devices, and is one of its main features [8]. The insertion of
impurities, also called dopant atoms, allows the control of the electron and hole concen-
trations, and transforms it into an extrinsic material. The principle of doping can be seen
in Figure 2.7.

Two cases can be identified:

a) Donor: an element with more valence electrons than Si is introduced in the lattice,
which results in free electrons (not bound to an atom). Phosphorus is typically used
as donor element.

b) Acceptor: the introduction of an atom with less valence electrons than Si leaves an
empty electron bond, which can be seen as a hole. Boron is typically used as an
acceptor element.

An n-type semiconductor has a dominance of donor atoms over acceptor atoms, and vice
versa for a p-type semiconductor. By modifying the doping concentration, the conductiv-
ity can be altered [8]. Depending on the doping, a so-called Fermi energy Er can be defined.
This is the electrochemical potential of the electrons [8], also defined as the highest occu-
pied energy level. For intrinsic materials, this energy level lies in the middle of the gap. For
p-doped materials, the energy level is shifted down towards the valence band, whereas a
shift to the conduction band is seen for n-doped materials.
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(a) n-type doping. (b) p-type doping.

‘ Si atom

. Donor atom
‘ Acceptor atom — Covalent bond

O Free electron

Figure 2.7: 2D representation of the doping procedure in c-Si where a) a donor atom is introduced and b) an
acceptor atom is introduced. Inspired by [15].

pn junctions
Interesting things happens when p-type and n-type semiconductors are put in contact
with each other. This can be visualised in Figure 2.8.
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Figure 2.8: Top view of a pn junction. Inspired by [8].

Due to a density gradient at the cross-over between the p- and the n-type material, free
electrons from the n-region will diffuse into the p-region, and the same holds for holes from
the p- into the n-region [15]. Since the free charge carriers are leaving the initially neutral
atoms, there is a positive charge build-up at the n side and a negative one at the p side (in
the region near the interface). This results in an electric field pointing from the 7 side to the
p side. This transport process continues until there is a balance between the diffusion (due
to concentration gradient) and drift (due to the electric field) forces, assuming no external
forces are acting on the junction. In the end, there is a region near the interface with a net
charge, called the depletion region. This region creates a somewhat selective membrane for
charge transport, which allows the separation of charges depicted in Figure 2.1.

The width of the depletion region at each side of the interface is dependent on the con-
centration of both donor and acceptor atoms. Assuming the electric field vanishes abruptly
at the termination of the depletion region, Equation (2.9) can be found [15].

NaXp = Ndxn, (2.9)
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where N, and Ny are the concentration of acceptor and donor atoms, respectively, and x;,
and x, are the width of the depletion region at the p and 7 side of the junction, respectively.
Therefore, a higher concentration of dopant atoms at one side of the junction is compen-
sated by an increase of the distance the electric field penetrates into the other side of the
junction. The equilibration process when a pn junction is formed can also be analysed
from a band diagram perspective. This can be seen in Figure 2.9.
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Figure 2.9: Thermal equilibrium band diagrams of a pn junction a) before contact and b) after contact.
Inspired by [15].

In a band diagram, the energy levels as a function of space are plotted. In Figure 2.9a,
the valence and conduction band energies are constant in space. The Fermi level of the
p-doped side has been shifted downwards with respect to the intrinsic level, and upwards
for the n-doped side. The fact that the shift at the n-doped side from the middle of the gap
is less with respect to the p-doped side means that the concentration of donor atoms Ny at
the right side is less than the concentration of acceptor atoms Nj at the left side.

When put into contact, diffusion of electrons and holes will happen in the depletion re-
gion. When thermal equilibrium is reached, which can be evidenced by the constant Fermi
level as a function of space, the band diagram in Figure 2.9b is obtained. The movement
of free charge carriers has created a potential barrier that develops across the depletion
region. This phenomenon is called band bending, given the notorious effect it has on the
energy of the bands. This barrier extends more into the n-doped side, as computed in
Equation (2.9) with Ng < Nj.

Metal-semiconductor junction

In order to connect the solar device to an external circuit, we need extract the charge carri-
ers from the device, which is the process depicted at the right in Figure 2.1. This is normally
done with a low resistance metal-semiconductor junction, commonly called an ohmic con-
tact. Such a contact allows good conduction in both directions between the two materials.
The contact is improved as the doping level of the semiconductor increases, when tun-
nelling will dominate the dominant transport mechanism [15].

2.1.3. Layer build-up of a solar cell
Combining the knowledge from the previous subsection, it is useful now to look at the
complete picture of a solar cell. To this end, a typical amorphous silicon (a-Si) cell is de-
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composed into its layers and subsequently analysed. The structure of such a cell is shown
in Figure 2.10.

— ARC

b)]
(48

~ glass

front TCO
FSAAANANAA—NANANANN A L HTL

A ANAANANAAA—NANANA A
a-Si(i)
back TCO

back reflector

Figure 2.10: Sample structure of an a-Si solar cell. The layer thicknesses are not to scale.

This cell is an example of a pin (or superstrate) configuration, which stands for the order
of the deposited layers (p — i — n). The role of each layer is analysed from top to bottom:

1.

ARC: anti-reflection coating. Due to a mismatch of the optical constants of the top of
the cell and the outside medium, reflection will take place according to the Fresnel re-
lations given in Equations (2.7). This partial reflection is undesired, since it decreases
the amount of light reaching the active layers. To solve this, different materials can be
used to minimise the reflection, ranging from single-layer coatings (for instance us-
ing SiO, or TiO2 [22]) to multi-layer coatings (for instance, combinations of SiO, and
TiO, to reach an average reflectance of around 4% for an air-silicon interface [23]).

. glass: it offers physical support for the deposition of the other layers. Moreover, it

serves as a protection against outdoor weather conditions.

. front TCO: front transparent conductive oxide. This is the front contact of the solar

cell, so it must be highly conductive. In addition to this, it must be highly transparent
to avoid light being absorbed before it reaches the active layers. Typical materials are
aluminium-doped zinc oxide ZnO:Al (AZO), fluor-doped tin oxide SnO,:F (FTO) and
indium tin oxide, which is a combination of In,05 and SnO, (ITO) [8].

. HTL: hole transport layer, normally p-doped amorphous silicon. The insertion of this

layer aids in the collection of holes by generating an electric field pointing from the
i-layer to the p-layer, repelling electrons from passing to the front TCO.

a-Si(i): intrinsic amorphous silicon. Also called the absorber layer, this is where the
photons are absorbed to generate electron-hole pairs.

. ETL: electron transport layer, normally n-doped amorphous silicon. Serves the same

role as the p-layer but for electrons: generates an electric field directed towards the
i-layer to block the holes and allow electrons to reach the back TCO.
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7. back TCO: back transparent conductive oxide. This layer is often inserted to enhance
reflection of unabsorbed photons reaching the back of the cell and to guide the elec-
trons to the back reflector. Typical materials are similar to the ones mentioned for
the front TCO: AZO and ITO [24].

8. back reflector: back contact of the solar device. Here, the electrons are collected. A
highly reflective material such as Al or Ag is chosen to reflect the remaining photons
back to the active layers.

With this structure, the front TCO and back reflector are the positive and negative contacts
of the cell, respectively. Some of the interfaces between layers in Figure 2.10 are not flat.
This texturing is used for two reasons:

a) Decrease reflection: light that reflects at an angle has the possibility of encountering
the interface again.

b) Increase the average path of photons: light that is refracted is scattered over a range
of angles, such that the distance it travels across the materials increases.

2.1.4. Solar cell performance

Two of the most common indicators to judge the performance of a solar cell are the current-
voltage characteristic (I — V curve) and the external quantum efficiency (EQE). These are
explained next.

I-YV curve

A common way of identifying a diode (pn junction) is with its current-voltage character-
istic, which follows the exponential relationship in Equation (2.10) known as the Shockley
diode equation [8]:

=1,

_qv_
e"ksT —1] ) (2.10)

with I the current, I, the reverse bias saturation current, g the elementary charge, V the
voltage, n the ideality factor, kg the Boltzmann constant and T the temperature. n is nor-
mally a value between 1 and 2 and is determined by the type of recombination that it dom-
inant in the used material. When exposing a diode to light, Equation (2.10) receives an
additional term due to the photogenerated current: I,,. A solar cell can be modelled as a
circuit with these two components, with additional resistances as a consequence of non-
ideal operation. The one-diode equivalent circuit of a solar cell is shown in Figure 2.11.

The inclusion of a series resistance Rs accounts for contact resistances with the semi-
conductor when extracting the current. Moreover, the shunt resistance Ry}, takes into ac-
count manufacturing defects, which could provide alternative paths for the current of the
device [25]. Taking all the components in Figure 2.11, the resulting current-voltage rela-
tionship of a solar device results in the implicit relation given by Equation (2.11).

I=1In—Io 2.11)

qV+1R) V + IR,
¢ _1]_—.
Rsh
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Figure 2.11: Equivalent circuit model of a solar cell. Inspired by [8].
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Figure 2.12: Sample I — V and P — V curve of a solar cell under illumination.

This relationship gives the possible I — V' combinations at which a solar cell can operate.
For each combination, the power P delivered is simply -V, expressed in W. Figure 2.12
plots both the current and power as function of voltage for an illuminated solar cell.

Commonly used performance indicators of a solar cell have been marked in Figure 2.12.
To start, the open-circuit voltage V,. This is the voltage delivered when the terminals of the
device are connected via an infinite resistance. Then, the short-circuit current I, which is
the current produced by the device when the terminals are connected to each other. The
Voc and I is the maximum voltage and current a solar cell can deliver, respectively. How-
ever, at both these points the power of the device equals zero, since either the current or
voltage is zero. For operation points in between these extremes, a maximum power point
MPP can be found, which represents the operation at which the largest amount power is
extracted. For this reason, it is the condition at which solar modules are often forced to
operate in.

With the definitions explained above, a new parameter can be defined: the fill factor
FF:

_ VmppIvpp

FF= ——. (2.12)
VOCISC

From a geometrical point of view, the FF is an indication of how much the shape of the
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I -V curve deviates from a rectangle marked by the points (Vi, Isc).

The most important parameter of a solar cell is its efficiency, 17, which quantifies the
maximum fraction of incoming power the device is able to transform to electricity. This is
given by Equation (2.13).

n= Vipp Impp _ VocIscFF’ 2.13)

Pin Pin
with Py, the power impinging on the cell. The reference for this power is the AM1.5 solar
spectrum, which corresponds to a power density of 1000Wm™2. This power is expressed
per unit area, such that its product with the area of the device gives the input power. On
a final note, instead of using I, the short-circuit current density Js. (in Am™2) of a solar
cell is often used for an area-independent quantification of the current under short-circuit
conditions.

External Quantum Efficiency

The external quantum efficiency (EQE) of a solar cell is the ratio between the number of
collected electron-hole pairs and the number of incident photons at a specific wavelength.
It gives an indication of the contribution of each part of the spectrum to the current pro-
duced by the device. Figure 2.13 gives an example of an EQE plot.

0.0 1 1 1 1 L 1
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A [um]

Figure 2.13: Sample EQE curve of a solar cell.

When measured under short-circuit conditions, the integration of the EQE with the cor-
responding photon flux results in the short-circuit current I:

Iy = qfo EQE(1)®(1)dA, (2.14)

with @ the photon flux, commonly defined with the AM1.5 spectrum. The upper boundary
of the integral is often substituted with the wavelength corresponding to the band gap of
the semiconductor device, since the EQE is zero above this value.
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2.1.5. Limitations
There are a number of inherent properties of solar cells that limit their efficiency, which
is why we cannot convert a large part of the incoming energy in the photons to electrical
energy. This subsection will describe the most important contributions that prevent solar
cells from being ideal.

Limited photon energy

As presented in Figure 2.1, semiconductors can be characterised by a band gap energy Eg.
When we look at the spectrum of the sun, there are many photons that have a lower en-
ergy than Eg, and can therefore not provide an electron with enough energy to be excited
to the conduction band. The energy carried by these non-absorbed photons is therefore
not converted into electrical energy. As the energy of the band gap increases, so does the
number of photons that cannot be absorbed. For instance, if we consider c-Si at a band gap
of 1.12 eV, around 20% of the photons are lost due to this phenomenon. For a-Si at a band
gap of 1.7 eV, the losses amount to around 50%.

Thermalisation

For the photons that have an energy higher than Eg, there is also a loss mechanism in-
volved. When a photon with such an energy is absorbed, an electron is excited above the
edge of the conduction band. This process is possible because there is a quasi-continuum
of states above this edge, as seen in Figure 2.1. Given the high energy state of the excited
electron, it can easily undergo interactions with the atoms of the material, losing energy to
phonons (lattice vibrations). This causes its energy to quickly drop from above the conduc-
tion band to the edge, where it is more stable. This loss of energy is called thermalisation,
given the fact that the chemical energy is lost to thermal energy in the material. The process
described above also holds for holes formed below the edge of the valence band, making
them quickly thermalise to the edge of this band. Typically, this phenomenon takes place
in a time in the order of femtoseconds to picoseconds [14], significantly faster than the time
it takes to extract excited electrons and holes.

Bulk recombination

Even after thermalisation has taken place, there is still a way generated electron-hole pairs
can be lost, and this is called recombination. There are three types of recombination hap-
pening in the bulk of a material:

1. Radiative: also called band-to-band recombination, it is more dominant in direct
band gap semiconductors [8]. This recombination happens when an excited elec-
tron in the conduction band recombines with a hole in the valence band, effectively
annihilating an electron-hole pair. As a result, a photon with the band gap energy Eg
is emitted, which easily escapes the material due to the weak absorption at this en-
ergy. The rate of recombination is proportional to the concentration of electrons and
holes in the conduction and valence band, respectively, and is typically written as [8]

R, = B(np - nopo), (2.15)

where n and p are the total electron and hole concentrations, respectively, and where
the subscript 0 indicated thermal equilibrium concentrations. The radiative recom-
bination coefficient § is dependent on the material [14].
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2. Shockley-Read-Hall: it is a non-radiative type of recombination, and happens due
to the presence of defects in the material. As a consequence of these impurities, lo-
calised energy states, called trap states, become available in the forbidden gap be-
tween the conduction and valence band. These can act as recombination centres, fa-
cilitating the capture of electrons and holes. In general, the energy is lost to phonons
in the material. Depending on the nature of the trap state, it will capture either elec-
trons or holes, but in a wide sense it depends on the electron and hole concentra-
tions, electron and hole capture cross sections and the concentration of trapping
centres. This is the most dominant recombination process in typical semiconduc-
tor operations [8].

3. Auger: dominant in indirect band gap or highly doped semiconductors, this recombi-
nation process involves three particles. After the electron and hole have recombined,
the energy is transferred to a third particle, either a hole or an electron. The excita-
tion energy of the third particle is quickly dissipated as phonons to the lattice of the
materials, which then results in heat. Depending on whether the material is heavily
n-type or p-type doped, the excitation of the third particle will mostly occur to an
electron or a hole, respectively. The sum of these two recombinations determines the
total Auger recombination rate [8]:

Ra = Ree + Renh = Can®p + Cpnp?, (2.16)

where C,, and C,, are proportionality constants for the occurrence of electron-electron-
hole (eeh) or electron-hole-hole interactions (ehh), respectively.

Surface recombination

Besides bulk recombination, surface recombination often plays an important roll in limiting
the efficiency of solar devices. Unlike bulk recombination, which happens in the interior
of a material, surface recombination is the phenomenon that happens at the surface of a
material. Due to the termination of the material structure present in the bulk, there are
many unpaired valence electrons, which results in the so-called dangling bonds. These act
as effective recombination places for the arriving carriers from the bulk. For pure semicon-
ductors, surface recombination may dominate over bulk recombination [8].

Light utilisation

Ideally, a solar cell would absorb all of the incoming light with enough energy in the proper
layer (intrinsic layer in Figure 2.10). Nevertheless, this is not possible due to the following
reasons:

1. Reflection: a mismatch between the refractive indices, as described in Section 2.1.1,
can partially reflect the incoming wave. As there are many interfaces before the light
reaches the desired absorption layer, the effect is enhanced.

2. Incomplete absorption: the absorption is determined by the absorption coefficient a
and can be modelled by Lambert-Beer’s law, as mentioned in Section 2.1.1. Given the
exponential decay, one would need an infinitely thick material to absorb all the pho-
tons with enough energy, regardless of the absorption coefficient. The finite thick-
ness of real solar cell devices therefore limits this complete absorption.



2.2. Thin-film silicon devices 19

3. Parasitic absorption: only the electron-hole pairs generated in the desired layer can
be separated and collected. However, absorption also takes place in the layers of the
device located before in the path of the light. This absorbed part of the spectrum is
therefore not available for the desired absorber layer, which is why this phenomenon
is called parasitic absorption.

2.2. Thin-film silicon devices

Typical c-Si solar cells, which are classified under first generation solar cells, have absorber
layers of over 100 um. This has to do with the fact that its band gap is indirect [26], which re-
sults in a low absorption coefficient and the need of a thick layer to absorb enough photons.
For direct band gap transitions, a much thinner absorber layer is sufficient, which brings us
to the second generation solar cells: thin-film (TF). With thicknesses up to tens of microme-
tres [27], the amount of material needed is much less, and the production throughput is
enhanced. However, the electrical properties also change drastically and need to be de-
scribed for a proper understanding of such devices. The focus of this work lies in thin-film
silicon devices, specifically on amorphous silicon (a-Si) and microcrystalline silicon (pc-Si).

2.2.1. Amorphous silicon

The first a-Si layers were deposited in 1969 [28], where a variation of the material properties
with temperature was observed. With the ability of doping this amorphous structure in
1975 [29], the first a-Si solar cell was created in 1976 [30], which had an initial efficiency of
2 %. The current world record is held by AIST from 2015 [31], developing a 1 cm? cell with
a stabilised efficiency of 10.2%. This was achieved with the following set of parameters:
Jse = 16.36mAcm 2, V,,c = 0.896V and FF = 0.698 [32]. The material properties of a-Si are
described next.

Atomic structure

The arrangement of silicon atoms in an amorphous network differs from the structure
present in the crystalline phase. Unlike c-Si, there is a wide distribution of bond lengths
and angles. For this reason, short-range order is present, but it is not possible to talk about
long-range order [33]. The disorder present in the material gives rise to silicon bonds that
have not been saturated due to the absence of another Si atom in the neighbourhood. This
gives rise to a so-called dangling bond, and effectively acts as a recombination centre.

The electronic properties of the material just described would be unsuitable for elec-
tronic applications [24], which is where hydrogen comes into play. By introducing hydro-
gen in the atomic structure, the unsaturated bonds can be linked to a hydrogen atom, re-
moving a possible recombination centre [33]. It is said then that the unpassivated dangling
bond is now passivated. This allows dangling bond densities to be reduced from values of
10'¥ cm™3 to around 10'® cm™3 [27]. A 2D representation of the atomic structure the de-
scribed material, denoted hydrogenated a-Si (a-Si:H), can be seen in Figure 2.14. a-Si and
a-Si:H are often used interchangeably.

Density of states
Due to the local order present in a-Si:H, we can speak of a valence and a conduction band,
as in the case of c-Si. However, the edges of these bands are not very well defined, and
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Figure 2.14: 2D representation of the atomic structure of a-Si:H.

this has to do with the disorder present in the material. This gives rise to tail states that
extend into the normally forbidden gap of c-Si, at both the valence and conduction band
edges [24]. Moreover, the presence dangling bonds introduces electronic states around the
centre of the gap [34]. All these available states can be visualised in Figure 2.15.

log(N)

Figure 2.15: Density of electronic states N of a-Si:H as a function of energy E. DB: dangling bonds, VB:
valence band, CB: conduction band. Inspired by [24].

The states below the valence band edge and above the conduction band edge in terms
of energy are non-localised, which means that holes in the former and electrons in the latter
behave as free charge carriers [24]. This labels these states as extended states. Carriers in
the states between these edges have a localised nature and are given the name localised
states. In the case of a-Si:H we cannot speak of a band gap given the continuity of states
as a function of energy. Instead, the term mobility gap (Emob) is used, which separates the
localised and extended states [35], and is shown in Figure 2.15.

Enob is highly dependent on the deposition conditions: a decrease in temperature and
increase of hydrogen in the silicon network both result in the increment of the mobility gap
value [34]. This has to do with the influence of the deposition parameters on the growth of
the material, which will be further explained in Section 3.1.1.

Staebler-Wronski effect

In 1977, Staebler and Wronski observed the decrease of photoconductivity and dark con-
ductivity after a long exposure of a-Si:H to light [36]. This effect, called the Staebler-Wronski
effect (SWE) was later attributed to the creation of dangling bonds, which act as recombina-
tion centres and therefore decrease the mobility of the charge carriers. However, the effect
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is reversible, such that the initial state of the material can approximately be obtained af-
ter annealing at temperatures of 150 °C to 200 °C [37]. This passivates the bonds that were
broken during the exposure to light. The SWE reduces the efficiency of a-Si:H solar cells to
about 85 % of its initial efficiency, and the degradation stops after about 10° hours of expo-
sure [8]. This is the reason the efficiencies of a-Si:H cells are denoted as initial or stabilised,
depending on whether the cell has undergone the mentioned period under light exposure.

The SWE can be decreased by introducing more hydrogen during the deposition of the
material or by increasing the deposition temperature [38], as long as the material remains
amorphous and does not change to a more crystalline phase. Moreover, by decreasing the
absorber layer thickness, the electric field is enhanced, which allows for a better extraction
of charge carriers despite the mobility reduction the SWE brings along [39].

2.2.2. Microcrystalline silicon

In 1967, the first layers of microcrystalline silicon (uc-Si), also called nanocrystalline sili-
con (nc-Si), were described [40]. For many years, there was a disbelief that such a material
would be suitable as an absorber layer in a solar cell. The first successful pc-Si absorber
layer, which could be used in a solar cell, was produced in 1990 [41]. In 1994, the first
pc-Si solar cells were created, with an efficiency of 4.6 % for a 5 mm? device [42]. The cur-
rent world record is, like for a-Si:H, held by AIST from 2018 [31]. With Js. = 28.74 mAcm 2,
Voc = 0.550V and FF = 0.750, an efficiency of 11.9 % was obtained on a 1 cm? cell [43]. As a
material, pc-Si differs in a lot of ways from a-Si. This is introduced below.

Atomic structure

Microcrystalline silicon can be seen as an intermediate phase between the highly-ordered
c-Si material and the disordered a-Si phase. It is generally considered as being composed
by crystalline grains located in a matrix of amorphous tissue, with occasional voids (gaps
where no material is present). These crystalline grains have sizes ranging from a few nanome-
tres to microns [34]. The exact composition of the material will depend on the deposition
parameters, but a general visualisation can be seen in Figure 2.16.
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Figure 2.16: Structural composition of pc-Si. Inspired by [44].

As with a-Si, hydrogen is an important component during the deposition for the passi-
vation of dangling bonds in the amorphous tissue, which is why the material is often called
hydrogenated jic-Si (pc-Si:H). But more importantly, it is crucial during the growth process
to actually obtain a microcrystalline structure [34], since the reduction of the hydrogen
content during the deposition may give rise to a continuous amorphous material instead.
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Density of states

The density of states of puc-Si:H has not, in general, been considered as a superposition of
its phases (c-Si and a-Si:H) [34]. However, given the fact that it is a material with struc-
tural defects, states in-between the conduction and valence band can be expected. Dan-
gling bonds will primarily provide these states, since it is believed that tail states cannot be
present in the extent as it is with a-Si:H due to their incompatibility within the crystalline
grains. Unlike a-Si:H, a proper description of the DOS is not yet available [34].

Material growth

To increase light absorption in pc-Si:H, the material is often grown on textured substrates.
For a-Si:H, the material growth on common textures allows for a high /., while maintain-
ing a proper V,. and FF. However, the V,. and FF seem to deteriorate when pc-Si:H is
grown on similar substrates [45], and this is attributed to the effect of cracks/voids that
arise during the deposition. Given that pc-Si:H has a lower optical absorption than a-Si:H,
the absorber layers need to be grown thicker, such that good control of the material quality
as it is being deposited is needed. Instead of V-shaped craters, the smoother U-craters of
the texture seem to be favourable for a crack-free material [46].

Besides the crack formation in pc-Si:H, it is also important to avoid the formation of
pure a-Si:H. This happens often in the first layers of the deposition, and is commonly know
as the incubation zone. This can have detrimental effects for the performance of solar
cells [34], and can be avoided by adjusting the deposition parameters for the first nanome-
tres of pc-Si:H.

2.2.3. pc-Si:H vs a-Si:H
In this section, the most important characteristics of pc-Si:H and a-Si will be considered, in
order to highlight the individual features of each material.

Optical properties

The optical absorption as a function of energy is presented in Figure 2.17. From the figure,
it is evident how a-Si:H has an enhanced optical absorption for high energy photons, but
fails to reach the absorption of pc-Si:H for energies lower than around 1.75 eV. This has to
do with the presence of a crystalline phase in pc-Si:H, which have a lower absorption due to
the indirect band gap. The absorption of a-Si:H drops quickly as the energy decreases due
to the relatively large band gap of the material, whereas jc-Si:H is still able to absorb more
photons. From an optical perspective, pc-Si:H absorber layers need to be made around 10
times thicker to be able to absorb low energy photons.

Electrical properties

The level of disorder present in a-Si:H is much higher than in pc-Si:H, which can locally
present highly ordered, crystalline structures. For this reason, intrinsic pc-Si:H presents
better conduction properties, with dark conductivities of around 107 Scm™!, compared to
around 1072 Scm™! for intrinsic a-Si:H [47]. This enhances the charge transport properties.
Moreover, doped pc-Si:H layers also present noticeably higher conductivities when com-
pared to a-Si:H [34], which is why they are often found in doped layers of a-Si:H cells. Both
pc-Si:H and a-Si:H cells still need to rely on drift for the carrier collection at the front and
back side, which is why they both follow the pin or nip structure.
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Figure 2.17: Absorption coefficients of a-Si:H and pc-Si:H. Adapted from [42].

Stability

As discussed above, the performance of a-Si:H solar cells is compromised after a long expo-
sure to light. This effect does not seem to affect pc-Si:H, as firstly observed in 1994 [42]. De-
spite this advantage, the growth control is more crucial for pc-Si:H than for a-Si:H. Growing
thick layers of pc-Si:H without electrical deterioration is a challenge, specially when aiming
for high deposition rates [48].

2.3. Tandem devices

Multi-junction solar cells use multiple semiconductor materials simultaneously for an im-
proved light utilization. In the case of tandem devices, two solar cells are stacked on top
of each other, allowing the impinging light to pass through each cell successively. Prefer-
ably, the top and bottom materials have a different band gap [34]. By allowing light to strike
the higher band gap material first, the high energy photons are partially absorbed in this
subcell, at the same time allowing the photons with an energy below this band gap to pass
through. This part of the light spectrum is then available for the second subcell with a lower
band gap absorber layer, which is located at the bottom.

The impact of the arrangement of solar cells in a tandem structure on the performance
of the device is important to understand its benefits. Effectively, the operation of a tandem
solar cell resembles the connection of two solar cells in series. This means that, ideally, the
Voc of the tandem corresponds to the sum of the individual open circuit voltages of each
subcell:

t

ytand _ 0Py ysbot, (2.17)

Moreover, the Jy is limited by the lowest short circuit current of the top and bottom sub-
cells:

Jand = min (732, J50"). (2.18)

If one of the subcells produces a higher current than the other one, this will be lost in the
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other subcell, thereby not fully taking advantage of the current produced in the stack. For
this reason, it is of utmost important that the subcells produce the same current, a con-
dition that is referred to as current matching. Finally, the computation of FF is a difficult
task. It is generally said to be located in between the FF of each subcell when the current is
matched, and is higher than both when this is not the case [34].

Based on the description of tandem cells provided above, two main advantages over
single-junction devices can be identified:

1. Better spectral utilisation: the energy of highly energetic photons is exploited by the
larger band gap material, such that the generated electron-hole pairs can be extracted
at a high voltage difference. If compared to a single-junction, lower band gap mate-
rial, these high energy electron-hole pairs would quickly thermalise and lose its en-
ergy as heat, as described in Section 2.1.5.

2. Decrease in resistive losses: as the current delivered by a tandem is lower than single-
junction devices because the light spectrum is shared, the ohmic losses decrease as
the current is extracted from the cell through the TCO and metal contacts [34]. By
delivering power at a higher voltage, less energy is lost to heat.

There are many possible combinations of materials for the creation of tandem solar
cells, but certain choices of band gap values can ensure better performances. Increasing
the band gap of one of the subcells could ensure a higher combined V., but will at the
same time produce a lower Ji.. This could limit the Ji. of the total device, as described
above. When considering the case of ideal absorption and current matching between both
cells, the combination of a-Si:H as top and pc-Si:H as bottom cell in a tandem device is the
optimal band gap combination [49]. This tandem is described in the next section.

2.3.1. Micromorph cell
Micromorph tandem solar cells use a-Si:H and pc-Si:H as top and bottom cells, respectively.
In 1994, the same year the first successful pc-Si:H solar cell was created, the same group
reported the first a-Si:H/pc-Si:H device, with an initial efficiency of 9.1 % [50]. This tandem
was given the name micromorph (microcrystalline and amorphous). The current world
record is, again, held by AIST [31]. In 2015, they were able to produce a 1 cm? cell with a
stabilised efficiency of 12.7 %, given Js. = 13.45 mAcm 2, V. = 1.342V and FF = 0.702 [51].
The micromorph cell is considered to be one of the most promising concepts when
considering both costs and efficiency [52]. The abundance of silicon and the relatively low
processing temperatures greatly reduces the costs. Moreover, a-Si:H and pc-Si:H can be de-
posited with the same equipment, by varying the deposition conditions. Nonetheless, the
presence of a-Si:H still makes it prone to light-induced degradation. Furthermore, careful
attention needs to be paid to the layer depositions to ensure uniformity and a proper layer
build-up given the high sensitivity of the efficiency to the layers’ properties and thicknesses.

Structure

Figure 2.18 presents the structure of a micromorph solar cell. The front and back part of the
cell are the same as the example presented in Figure 2.10, and serve the same purpose as
described in that section. The difference lies in the absorber layers of the cell. Light passes
first through the top a-Si:H cell, after which it has a second opportunity to be absorbed in
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Figure 2.18: Sample structure of a micromorph solar cell. ARC: anti-reflection coating, TCO: transparent
conductive oxide, IR: intermediate reflector. The layer thicknesses are not to scale.

the bottom pc-Si:H cell. In the single-junction, the electrons that arrived at the n-doped
a-Si:H were directly collected by the back TCO and back reflector, to be used in an external
circuit. In the tandem, we see that it is actually the electrons of the puc-Si:H that are being
absorbed in these back layers. In the same way, the holes that are being collected from the
cell are the ones generated in the top cell and arriving at the p-doped a-Si:H. Two more
aspects are worth looking into: the tunnel-recombination junction and the intermediate
reflector.

Tunnel-recombination junction

At the junction between the n-doped a-Si:H and the p-doped pc-Si:H, the so-called tunnel-
recombination junction (TR]) takes place. It must allow the transport of electrons from
the n-doped side and holes from the p-doped side towards each other. At the junction,
it should provide a proper environment for these charge carriers to recombine, thereby
allowing the flow of current throughout the cell. This can be achieved with a high concen-
tration of states at the interface [24], such that recombination is enhanced, as explained in
Section 2.1.5.

The charge carrier transport near the junction is enhanced by the process of tunnelling,
which allows a particle to overcome a sufficiently low potential barrier. This allows charge
carriers to recombine even if they are in the neighbourhood of the interface of the junc-
tion. The tunnelling process is improved with a high doping concentration and thin doped
layers [24], which effectively lowers the barrier that electrons and holes need to tunnel
through. Finally, the reduction in thickness is also important to limit the parasitic absorp-
tion across the junction.

This junction has received special attention in multi-junction devices because a proper
construction is needed to avoid a drop in the performance of the cell. Several studies report
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that the substitution of the n-doped a-Si:H by n-doped pc-Si:H in the TR] is desirable [53,
54], since pc-Si:H can be more easily doped and presents better electrical properties. As an
alternative, the use of a double n- or p-doped layer at the TR] can have a positive impact.
Studies report both the use of double 7n [55] and p [56] doped layers. Finally, an oxidation
process at the interface can help in boosting the number of recombination centres [53].

Intermediate reflector

When comparing the structure of the micromorph cell in Figure 2.18 to the structure of a-
Si:H in Figure 2.10, it is notable that the a-Si:H subcell in the tandem case does not have a
back reflector to allow light to pass through the top cell again. In turn, this light is allowed
to pass through to the bottom pc-Si:H cell. Effectively, this means a reduction of the current
produced by the top cell when compared to the single-junction case. This could be coun-
teracted by increasing the thickness of the intrinsic a-Si:H layer, but this has a detrimental
effect for the V,, as the recombination would increase. In order to solve this, a thin layer
called intermediate reflector (IR) can be introduced to provide a suitable optical environ-
ment for the reflection of some of the light, while still allowing the rest to go through to the
bottom cell.

Figure 2.19 illustrates the principle of the use of an IR.
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Figure 2.19: Illustration of the reflection and transmission of light a) without an IR and b) with an IR at a
junction between materials A and B.

Without an IR, some of the light will be reflected and some transmitted, depending on
the optical values of the materials at the junction (see Section 2.1.1). By choosing a material
with suitable optical properties, the reflection of some light can be increased to allow the
top cell to generate more current at the same thickness. In some cases, the thickness of the
intrinsic a-Si:H can even be decreased if sufficient light is absorbed, thereby decreasing the
impact of the SWE by enhancing the collection of charge carriers [39]. This can result in
an improved current matching for the micromorph cell, since it is the top cell which often
limits the total current of the device.

The first use of an IR reported ZnO as a suitable material [57]. Using silicon oxide has
also been reported as an adequate IR material [58], which could reduce the thickness of the
intrinsic a-Si:H by 40 % [59].



Experimental details: device fabrication
and characterisation

This chapter focuses on the experimental aspects regarding the manufacturing and char-
acterisation of thin-film silicon devices. To this end, Section 3.1 introduces the deposition
processes used for the fabrication of cells, along with insights on the relevant physical and
chemical mechanisms taking part. Then, Section 3.2 describes both the roll-to-roll fabri-
cation process used at HyET and the adaptation to a lab-scale setting. Finally, common
characterisation techniques are explained in Section 3.3.

3.1. Deposition techniques

Several deposition techniques are used for the fabrication of thin-film devices: PECVD,
magnetron sputtering and evaporation. In this section, the physical principles of each de-
position technique are introduced and explained.

3.1.1. Plasma-Enhanced Chemical Vapour Deposition

Plasma-Enhanced Chemical Vapour Deposition (PECVD) is often used in the PV field for
the deposition of thin-films, given several advantages such as a high quality material de-
positions at relatively low temperatures [60]. Moreover, it presents the ability of changing
the target material properties over a wide range by adjusting the deposition parameters,
thereby being able to produce both doped and undoped a-Si:H and pc-Si:H films.

The first thing to consider is the concept of a plasma. A plasma is an ionised gas that
is electrically neutral on a macroscopic scale [60]. For PECVD processing, the ionisation
is often caused by the action of an electric field provided by capacitively coupled plates,
which provides enough energy to free electrons from the atoms forming the gas, commonly
known as the precursor gas. This action creates new free electrons, ions and radicals, which
preserves the plasma state.

The bulk of the plasma is neutral, but at the boundaries there is a space charge region
called sheath boundary [60]. This causes the majority of the electrons to stay confined
within the plasma, whereas positive ions reaching the boundary are accelerated away from
the plasma. Moreover, neutral radicals are allowed to diffuse through this boundary to-
wards the substrate where the thin film is to be deposited.

27
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For the deposition of a-Si:H and pc-Si:H, a combination of SiH, and H, is used as pre-
cursor gases. These molecules are dissociated in the plasma, thereby allowing the creation
of several possible Si H,, radicals. Chemical reactions within these radicals and the precur-
sor gases determine the generation and annihilation rates of each species, which ultimately
defines the steady state concentration of each molecule [61]. In this sense, short-lifetime
species such as SiH, and SiH have a low concentration in the plasma, and can be distin-
guished from long-lifetime species like SiHs, having one of the highest concentrations of
all radicals [61].

Growth of a-Si:H

SiH; is the main radical responsible for the growth of a-Si:H. As the SiH; diffuses and reaches
the substrate, some of the incoming radicals are reflected back towards the plasma. Others
interact with the surface of the film in two possible ways: with H at the surface of the film
(detaching the H from the surface and creating SiH,, thereby leaving a dangling bond) or
with a Si dangling bond (such that the radical is attached to the surface given the formed
Si-Si bond, resulting in film growth) [61].

Growth of pc-Si:H

Along with SiHj, H is important for the formation of pc-Si:H films. This is why the input
flow of SiH, is diluted with hydrogen by adding the precursor gas H,. The atomic hydro-
gen is generated by the plasma and diffuses to the surface of the substrate to attach itself
to dangling bonds. This causes the surface to be almost free of dangling bonds. This ac-
tion, plus the local heating due to exothermic reactions involving hydrogen, is thought to
improve the diffusion of SiH; to an energetically favourable location, which leads to more
ordered structures. These ordered structures serve as nucleation sites for the epitaxial-like
film growth that forms the pc-Si:H material [61].

Impact of deposition parameters

Deposition parameters such as the temperature, pressure, power, gas flow rate and com-
position of the gas all influence the type and quality of the material being deposited. By
increasing the power delivered to the capacitively charged plates, a higher electric field is
experienced by the plasma. This increases the dissociation rate of the gas, which could
lead to higher deposition rates. However, it also leads to a higher ion bombardment, which
can damage the structure of the thin film. This can be fixed by increasing the excitation
frequency of the plasma, given that the sheath boundary is then decreased and the ion
acceleration is reduced [33].

The temperature of the substrate has an influence on the reaction rates at the surface
of the film. It influences, among other things, the concentration of defects in the material,
as it can result in a variation of the number of dangling bonds to which the SiH; can adhere
to [61]. An increase in the pressure results in more inelastic collisions between the com-
ponents of the plasma, which reduces the energy of the ions reaching the substrate. This
influences both the optical and electrical parameters of the film [60]. Finally, the concen-
tration of the gases present in the plasma and the different reaction rates will determine the
abundance of ions and radicals, which regulate the type of material that is being deposited.
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3.1.2. Magnetron sputtering

Magnetron sputtering is one of the most used techniques for the deposition of TCOs such
as indium tin oxide (ITO) and aluminium-doped zinc oxide (AZO) because of the relatively
high deposition rates and ease of upscaling [60]. Unlike PECVD, sputtering is a type of
physical vapour deposition (PVD), since no chemical reactions are involved. The technique
is based on the transfer of the required material from the ‘target’ to the substrate by striking
it with ions.

This is done by ionizing a gas between two electrodes which provide a sufficiently high
electric field, resulting in the creation of a plasma. The ionised particles of the gas (often
argon) are then accelerated towards the electrode where the target material is located. The
bombardment of ions causes some of the target molecules to be knocked out, after which
they reach the surface of the substrate to form the required film.

The magnetron sputtering technique includes the addition of a magnetic field between
the substrate and the target. This causes the electrons to move in spirals in the plasma,
which increases their travelled path and therefore the number of argon atoms that will be
ionised [61]. The result is an increase in the deposition rate. As with PECVD, careful atten-
tion needs to be paid to the deposition parameters. Ion bombardment at too high energies
can lead to a deterioration of the electrical properties of the film [62].

3.1.3. Evaporation

Evaporation is another type of PVD process, in which a target metal is heated above its
melting point. Therefore, it turns to a gaseous phase and eventually condenses on the sur-
face of the substrate [8], forming a coating. The heating of the metal can be done thermally
or by an electron beam. In the former case, a high current is passed through a resistor to
reach the desired temperature. In the latter, an electron beam is emitted and focused using
a magnetic field in order to hit the target metal, causing its temperature to rise.

3.2. Device fabrication

In this section, the fabrication of the solar devices is described. The large scale module
production done by HyET Solar is explained, along with a downscaling adaptation for the
production of cells in a lab environment.

3.2.1. HyET Solar’s R2R processing

At HyET Solar, the production of flexible, thin-film silicon modules is done with a so-called
roll-to-roll (R2R) manufacturing process. An aluminium roll is used as a temporary carrier
on which the active layers are place, which unrolls at the start of the deposition machines
at a constant rate. The roll is 1.4 m wide and is typically several hundred meters long. This
is advantageous in terms of processing homogeneity and the possibility of easily scaling up
the length of the rolls [63]. The details of the manufacturing process, taken from [63], are
described next.

1. Alfoil texturing: a wet-etching process in diluted NaOH is performed to create crater-
like structures that will lead to an enhancement in the light scattering. After the etch-
ing, the residues on the Al foil are cleaned in an acidic bath of diluted H3PO, followed
by a brush.
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. Front TCO deposition: fluorine-doped tin oxide (FTO) SnO,:F is deposited by atmo-

spheric pressure chemical vapour deposition (APCVD) on the textured Al foil for its
use as a front TCO. The use of the Al carrier allows a deposition temperature of about
500 °C, at which a 700 nm thick layer of high-quality material is deposited.

. Silicon deposition: the doped and intrinsic silicon layers are deposited by plasma-

enhanced chemical vapour deposition (PECVD) in a superstrate structure at an RF
frequency of 13.56 MHz and a temperature of 200 °C. The deposition machine con-
secutively deposits a p-doped, intrinsic and n-doped a-Si:H, such that the active
layer stack is complete after one pass in the machine. In the case of a tandem prod-
uct, a second pass is necessary.

. Interconnection: with the use of laser scribing, the cells conforming a module are

monolithically interconnected. This involves a scribe penetrating through the FTO
and a-Si:H layers, after which it is filled with an isolating glue to separate the adjacent
cells electrically. A second scribe goes only through the a-Si:H layers and will connect
the n- and p-doped layers of adjacent cells during the deposition of the back contact,
which will ensure a series interconnection. Finally, a lift-off ink is deposited next to
the latter scribe. This will help in breaking the connection of the back contacts of the
different cells.

. Back contact deposition: a back contact of AZO/Al is deposited by sputtering, with

typical thicknesses of 80 nm and 300 nm, respectively. This back contact fills the un-
filled laser scribe and covers the lift-off ink, both described in the previous step. After
dipping the back contact in a solvent and brushing, the rough structure at the lift-off
ink causes it to detach from the cell, thereby removing the back contact at this site
and discontinuing the back contact to ensure the cells are isolated.

. Permanent carrier: in this step, the stack of layers is transferred to the permanent

carrier of the module. This material, a polymer, ensures the flexibility is maintained
and provides an encapsulation from the back.

. Removal of Al substrate: with a similar wet-etching procedure as for the texturing of

Al in the first step, this layer is now completely etched away, since this is the side of
the module where light will enter. A visual inspection ensures all the Al from the foil
has been removed.

. Encapsulation: in this final step, the modules are cut to size and encapsulated from

the front side. After adding the electrical connectors, the product is ready.

With this procedure, both a-Si:H and a-Si:H/uc-Si:H can be produced. The final mod-

ules are composed of 28 cells, each with an area of 591 x 1 cm? [64, 65].

3.2.2. Lab-scale processing

The R2R processing at HyET Solar described in Section 3.2.1 is scaled down to a lab setting
for its application in the TU Delft facilities. Al foil samples of 10 x 10 cm? are provided by
HyET Solar, which are cut from the same roll used in their production. Some processing
steps are adapted to accommodate for the available equipment at the Else Kooi Laboratory
(EKL). These are described next.



3.2. Device fabrication 31

Temporary Al substrate texturing

Wet-etching is a widely used technique for the texturing of solar cell substrates, which
increases the light capture and enhances scattering. Either alkaline [66] or acidic solu-
tions [67] are used for this purpose, thereby roughening the surface where the layers of
the cell will be deposited. The idea is that the surface morphology is adapted by all layers
to create a scattering effect at each material interface.

As with the R2R production, an alkaline solution is used for the texturing of the 10 x
10 cm? Al foils. In this case, a potassium hydroxide (KOH) solution is used. The resulting
morphology is highly dependent on the temperature of the etching bath, the concentration
of the solvent and the etching time. The optimisation of these parameters was performed
by D. Rajagopal [68] within the framework of FlamingoPV. The best texturing was chosen
such that light is scattered efficiently, while at the same time ensuring proper growth con-
ditions for the silicon layers.

This was achieved by etching the Al foils for 2 minutes at a temperature of 70°C in a
10 % solution of KOH diluted in water. After this step, the foils were cleaned in a 1 % diluted
in water phosphoric acid (H3PO,) solution, at the same temperature. This was needed for
the removal of the etching residues. Finally, the substrates are dried with a N, gun.

To give an indication of the surface morphology, a recreation of an AFM scan of an Al
foil textured with the conditions described above is shown in Figure 3.1. Such a texturing
results in a root mean square (RMS) roughness of about 418 nm and a correlation length of
5.235um. The resulting modulated surface texture (MST) provides a suitable growth both
for a-Si:H and pc-Si:H layers.
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Figure 3.1: Sample AFM scan of a textured Al foil.

Layer depositions

Prior to the layer depositions, the textured foils are cleaned in consecutive ultrasonic baths
of acetone and isopropyl alcohol (IPA) for 10 minutes each. After proper drying with a N,
gun, the foils are ready for deposition.

A multi-chamber cluster tool named AMIGO is used for the deposition of the front TCO
and silicon layers. It is composed by six deposition process chambers (DPC). The first five
are for thin-film processing by PECVD, whereas the last one is used for sputtering deposi-
tion of AZO. The DPCs are connected by a cylindrical transfer chamber (TC) located in the
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middle, which is equipped with a robot arm for the transfer of the deposition substrates.
All the DPCs and the TC are pumped down to vacuum. Finally, a load lock chamber (LLC)
allows the interaction with the outside for the addition of new substrate holders or the re-
moval of finished depositions, with a total of 5 slots.

The first layer to be deposited is the front TCO which, unlike the R2R production at
HyET Solar, is formed of AZO. To this end, the magnetron sputtering chamber DPC6 is used,
powered by a radio-frequency (RF) generator at 13.56 MHz. The deposition of doped and
undoped a-Si:H layers is also at RE whereas very-high frequency (VHF) is used for the pc-
Si:H layers at 40.68 MHz. DPCI1 is used for p-doped materials by adding diborane (B,Hg)
as one of the precursor gases, DPC2 for n-doped materials by adding phosphine (PH3) and
DPC3 and DPC4 for intrinsic a-Si:H and pc-Si:H, respectively.

The area of the electrodes is 12 x 12 cm?. The grounded electrode is the top one, on
which the substrate is placed. The gas inlet is mounted at the bottom electrode, which
has multiple holes closely packed for a uniform gas injection and a stable plasma over the
whole surface of the electrode. For the layer depositions, the standard recipes were used.
The most important parameters for each layer are defined in Table 3.1.

Table 3.1: Summary of the deposition conditions of the layers used in the fabrication of a-Si:H and pc-Si:H
cells. The values are taken from the standard recipes defined for the AMIGO cluster tool. *: 2% in H,.
##:200 ppm in H,.

Layer Power [W] Pressure [mbar] T I[°C] Gas  Flow rate [sccm]
AZO 300 2.6 300 Ar 20
SiH, 0.8
. CH, 2.3
a-SiC:H(p) 12 2.2 300 B,H,* 20
H, 170
a-Si:H (i) 2.8 0.7 300 SiH, 40
SiH, 1
. PH, 1.2
a-SiOx:H(n) 11 1.6 300 H, 100
CO, 2
SiH, 0.8
o B,Hg** 10
He-SiOg:H(p) 12 2.2 300 % o, L6
H, 170
s SiH, 3.5
pe-Si:H (i) 40 4 180 H, 120
SiH, 1
PH 1.2
-SiOx:H 11 1. 3
pe-SiOx:H(n) 5 300 H, 100

co, 1.6
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Back reflector

The back contact/reflector is deposited by means of electron-beam evaporation using a
PROVAC PRO500. The metal to be evaporated is located at the bottom and multiple cells
can be placed on a rotating disc at the top, ensuring a homogeneous deposition. With this
procedure, 300 nm of Al is deposited to serve both as a back contact and a reflector.

Post-processing

After all the layers of the solar cell have been deposited, some processing is needed before
the device performance can be tested. These steps are performed at the lab facilities of
HyET Solar. In the same way as the roll-to-roll processing is done, the cell needs to be
transferred to a permanent carrier. This is done by gluing a polymer with epoxy to the back
contact in a heated press. Then, a partial etching of the temporary Al foil is done. Around
80 % of the total thickness is etched in a NaOH solution at 70 °C, in order to leave some of
the Al for the busbars. After this, a thermal annealing step at 170 °C for 20 minutes is needed
to release mechanical stresses in the cell. Following this, etching-resistant tape is placed at
the stripes of the busbars and the final 20 % of Al is etched away in the same NaOH bath.
The final result is a set of 4 cells, each with an area of 5 x 1 cm?.

3.3. Characterisation techniques

3.3.1. Material characterisation: Raman spectroscopy

Raman spectroscopy is an optical characterisation technique used to investigate the struc-
ture and chemical composition of a material [69]. When illuminating a material with light,
most of the incident photons will scatter elastically (Rayleigh scattering), which means the
frequency of the photons after scattering is unchanged. A very small fraction of the pho-
tons will scatter inelastically (Raman scattering), such that a shift in the energy of the pho-
ton occurs after the interaction. This is a consequence of the exchange of energy between
the incoming photon and molecular vibrations of the material, known as phonons. The
amount of energy exchanged with the phonon depends on the vibration frequency of the
molecular bond [69].

By analysing the intensity of the scattered spectra for different energy shifts, an indi-
cation of the relative abundance of vibration modes of different frequencies is obtained.
These vibration modes can be compared to known frequencies of molecular bonds, thereby
revealing the chemical structure of the material. The frequency of the shifted energy is of-
ten expressed in terms of the wavenumber (in units of cm™).

In this work, this technique is used to give an indication of the crystallinity of a de-
posited silicon sample. Crystalline silicon, being a highly ordered material, presents a sharp
Raman peak at a shift of 521 cm™!. On the other hand, a disordered amorphous silicon
material has a wide range of bond angles, lengths and energies, resulting in a broader spec-
trum with a main mode centred at 480 cm™! [70]. The intensity of each peak is proportional
to the concentration of the material in the sample. Figure 3.2 depicts the normalised spec-
trum of an amorphous, a microcrystalline and a crystalline silicon layer.

The fraction of crystalline material can be computed with Equation (3.1):

I
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Figure 3.2: Raman spectra of crystalline, microcrystalline and amorphous silicon layers. The spectra are
normalised such that the area under each curve is the same.

with X, the crystalline fraction, I and I, the intensities of the scattering peaks of crystalline
and amorphous silicon, respectively, and y the ratio of cross sections between crystalline
and amorphous silicon. The latter quantifies the difference in probability for a scattering
event between the different materials and is often set to 0.8 [71]. The intensities of the
scattering peaks for crystalline and amorphous material are often quantified by integrating
fitted Gaussian curves centred at 521 cm™! and 480 cm™!, respectively. In Figure 3.2, the
depicted microcrystalline spectrum corresponds to a crystallinity of around 80 %.

3.3.2. Performance characterisation: I-V characteristic and EQE

The I -V characteristic of a solar cell is usually measured under Standard Test Conditions
(STC): AM1.5 spectrum (1000Wm™2) at a constant device temperature of 25°C. A solar
simulator is used to approximate the required light spectrum, which is often achieved by
superimposing a halogen and a xenon lamp and the use of appropriate filters. Before a
measurement, the spectrum is calibrated with reference solar cells in order to ensure a con-
sistent spectrum. Then, the current at different voltage biases is measured. This gives the
so-called I -V curve, from which performance indicators of the solar cell can be retrieved,
as explained in Section 2.1.4.

The external quantum efficiency is measured by considering the impact of photons ata
specific wavelength on the current delivered by the cell. This is done by using a monochro-
mator to filter photons in a narrow band from a broad spectrum light, such as the one
produced by a xenon lamp [8]. This monochromatic light is chopped with a certain fre-
quency, after which it is shone on the cell. The small perturbation in the current of this
chopped light is measured with a lock-in amplifier, such that the contribution to the cur-
rent from this signal is isolated. Moreover, the photon flux of the monochromatic light is
measured with a calibrated photodiode. The ratio between the current and the flux, scaled
with the inverse elementary charge 1/¢, is the EQE. Often, white light is superimposed to
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the monochromatic light to ensure a similar cell operation as under STC, which has an
impact on the charge carrier occupation distribution [34].

When measuring the EQE of a tandem device, the response of each subcell is not di-
rectly measured as in the single-junction case. This has to do with the fact that the total
current of the device is limited by the lowest current of the two subcells. Therefore, if the
response of subcell 1 is to be measured, it must be ensured that this is the cell with the
lowest current, such that it will dominate the response of the total device. This is often
achieved by applying a bias light to subcell 2. The wavelength of this light is chosen such
that it only triggers a response in subcell 2, and produces a current that is higher than the
one in subcell 1. The same principle holds when measuring the EQE of subcell 2.






Thin-film modelling: ASA

This chapter introduces the thin-film semiconductor modelling performed with ASA. Sec-
tion 4.1 starts with an introduction of the simulation package, followed by a description of
the optical and electrical modelling in Section 4.2. Then, Section 4.3 illustrates the possibil-
ities within ASA with a sample simulation file and its output. An automation routine for the
optimisation of simulation uploading to the ASA web interface, given the name autASA4, is
presented in Section 4.4. Finally, a sensitivity analysis of the solar cell performance on the
model parameters is carried out in Section 4.5, followed by its use in the calibration of the
model for reference a-Si:H and pc-Si:H solar cells.

4.1. Introduction

The modelling of solar cells has proven to be an essential tool in the field [72]. By describing
the optical and electrical properties of a solar device in a model, accurate predictions can
be made, along with the analysis of aspects that could be improved to further increase the
performance. The insights obtained with a simulation can then be used as a starting point
for the actual fabrication of a solar device. Modelling is specially useful when attempting to
match the currents of different subcells in a multi-junction device [39], which would oth-
erwise be an expensive and time-consuming experimental task. Moreover, the impact of
the change of model parameters can readily be observed, and the results of the simulations
can provide insights into non-measurable quantities.

Advanced Semiconductor Analysis (ASA) is a simulation program developed for the mod-
elling of amorphous and crystalline semiconductors [73], from Delft University of Tech-
nology. Its opto-electronic simulation capabilities allows for the numerical computation
of both the optical and electrical components, which are necessary for the prediction of
the operation of a solar cell. It is a 1D steady-state device solver, which includes a com-
plete description of the DOS as a function of energy, optical models for the calculation of
the absorption profile with textured interfaces and a model for the tunnel-recombination
junction [73], among others.

Given the completeness of ASA for thin-film simulations, it is used in this work for the
modelling of single-junction a-Si:H and pc-Si:H cells, along with the inclusion of both ma-
terials in a micromorph device. The physical models and the use of ASA for this work are
described next.

37
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4.2, Description of the model

4.2.1. Optical modelling

In order to simulate the absorption of light in a solar device, advanced optical models are
needed. This becomes increasingly difficult with the introduction of textured interfaces to
increase the optical path length, which is a fundamental requirement for thin-film devices.
To this end, the optical properties of the layers forming the solar device and the morphology
of the interfaces should be included for an accurate description of the optical model [73].

As a first approximation, the equations presented in Section 2.1.1 can be used to com-
pute the photo absorption, making use of Lambert-Beer’s law for the absorption in a layer
and Fresnel’s coefficients for the behaviour of light at an interface. This model is available
in ASA, but does not take into account the texturing of interfaces, which is why the more ad-
vanced optical absorption model GenPro3is used. Building up from GenProl and GenPro2,
GenPro3 introduces a semi-coherent treatment of light [73].

When light reaches a textured surface, its reflected and transmitted parts will decom-
pose in a specular and a diffuse component, depending on the morphology of the interface.
The specular component is the non-scattered one, which will continue the path of the in-
coming light. This type of transmitted or reflected light is considered to be coherent given
that the phase of the wave is maintained, such that interference effects may appear. On the
other hand, the diffuse component appears as a consequence of the scattering of light from
the angled planes that form the rough texture, transmitting and reflecting light over a wide
range of angles. This light is treated as incoherent and cannot form interference fringes.

In GenPro3, the specular and diffuse component of light are treated as described above.
The fraction of incoming light that is scattered is called haze, which is computed both for
the reflected and transmitted light. This is done using the scalar scattering theory, which
describes light with a complex scalar field [73]. The angular intensity distribution (AID) is
also computed using this approach.

For the characterisation of the interface textures of the fabricated cells, AFM scans are
used. A typical profile can be seen in Section 3.2.2. The height functions of the AFM scan
are provided to GenPro3, with which it is able to compute the haze and angular distribution
functions. Based on this, absorption profiles as a function of wavelength and position can
be computed. By integrating with the desired light spectrum, the optical generation rate
Gopt can be calculated.

4.2.2. Electrical modelling

Given the steady-state, one-dimensional treatment used in ASA, the semiconductor equa-
tions that describe the physical phenomena during the operation of a solar cell can be sim-
plified. Starting from the Poisson equation, the continuity equation for electrons and holes
and their respective current densities, the assumptions made lead to the following set of
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equations [73]:
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with p [Ccm™3] the space charge density, € [CV~!cm™!] the permittivity, ¢ [V] the elec-
tric potential, g the elementary charge (1.602-107'9C), J, and J, [Ccm™2s™!] the elec-
tron and hole current density, respectively, Gopt [cm~3s7!] the optical generation rate, Rpe¢
[cm~3s7!] the net recombination-generation rate, D, and Dy, [cm?s™1] the electron and
hole diffusion coefficient, respectively, n and p [cm~3] the free electron and hole concen-
trations, respectively, un and [cm?V~!s7!] the electron and hole mobility, respectively,
¥ [eV] the electron affinity, kg the Boltzmann constant (8.617-107°eVK™!), T [K] the tem-
perature, Nc and Ny [cm ™3] the effective density of states in the conduction and valence
band, respectively, and Eg [eV] the band gap energy.

Physical interpretation of model equations

Equation (4.1) represents Gauss’ law, one of Maxwell’s equations. It accounts for the impact
of a given space charge density distribution p on the formation of an electric potential ¢.
For an amorphous material, p can be written as

P:Cl(P‘”*‘Ploc—”lloc"'Né—N;), (4.6)

with pjoc and njoc the concentration of localised holes and electrons, respectively, and N(i]1
and Nei1 the concentration of free, ionised donor and acceptor atoms, respectively, all in
cm™3 [74]. In contrast to crystalline silicon, not all dopant atoms are ionised at room tem-
perature. N(ij has a positive sign because, if the electron of a donor atom has been ionised,
it leaves behind an atom that has a net positive charge. The same analysis explains the
negative sign for N.

Equations (4.2) and (4.3) quantify the conservation of electrons and holes in a steady-
state condition. By considering a differential, one dimensional volume, any difference be-
tween the optical generation rate and the net recombination-generation rate in this volume
is compensated by an inflow or outflow of electrons or holes, represented by the current
densities J, and Jp, respectively. This ensures that the number of electrons and holes is
constant with time, allowing for a steady state operation.

The physical phenomena that can result in a movement of electrons or holes, thereby
generating current densities J,, and Jp, are described in Equations (4.4) and (4.5). The first
term in the right-hand-side of these equations represents a diffusion current, allowing for
the transport of charge carriers when a concentration difference is present in the spatial
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dimension x. The second term, on the other hand, accounts for the drift current as a con-
sequence of the spatial electrical properties.

In the square brackets, the terms represent the presence of an electric field described by
the spatial variation of the potential ¢, a band edge energy misalignment and a difference
of the effective density of states at the band edges for the respective transport bands. In the
case of electrons, the misalignment of the conduction band is quantified by the variation of
the electron affinity y, whereas the band gap energy Eg is also included for the holes to ac-
count for an added difference in valence band edge energies this may cause. All these terms
are proportional to the concentration of charge carriers and their mobilities, represented
in the pre-factor of the square brackets.

Density of states
To accurately describe the availability of electronic states in amorphous silicon, ASA uses
the so called DOS model, which takes into account the quasi-continuous density of states
present in a-Si:H. This was shown in Figure 2.15. In order to model the extended states, the
conduction and valence band are described as a parabolic function of energy, as typically
done with c-Si. The localised states have two components: the band tails and the dangling
bonds. The band tails are modelled with an exponentially decaying function, each with its
characteristic energy. Given that a dangling bond can have either a positive, negative or
neutral charge state, it can be seen as the superposition of a donor-like and an acceptor-
like state [74]. This is modelled as two Gaussian distributions of equal width in the gap,
whose centres are separated by the so-called correlation energy.

It is assumed that the mobility of the localised states is zero [74], such that all electron
transport occurs above the conduction band edge and hole transport below the valence
band edge.

Recombination

Unlike c-Si, the defects in the gap of an a-Si semiconductor are continuous, which gives a
continuous recombination rate as a function of energy. Assuming the localised states are
non-interacting, the contribution of all recombinations centres can be obtained by inte-
grating over the energy of the gap states [73].

The conduction and valence band tail states can be interpreted as single-level states,
which are neutral or either negative or positive, respectively, for each tail. These charge
states can be achieved by the emission or capture of electrons or holes. Given that each
energy level can be considered a trap state for charge carriers, the theory of Shockley-Read-
Hall recombination can be used, which was presented in Section 2.1.5. Therefore, the re-
combination rate for the tail states is proportional to the emission and capture coefficients
of electrons and holes, their concentrations and the number of states available at the stud-
ied energy. After discretisation, the total contribution of these states is found by adding
over the rates over the discretised energy levels, obtaining the total recombinations rates
Ry and Rcg. Moreover, the concentration of electrons and holes in the conduction and
valence band tails, respectively, is computed by considering the Fermi-Dirac distribution
at each energy level, thereby obtaining the localised charge concentrations ngg and p}gz.

The approach is different for the computation of the recombination rate in the dan-
gling bonds, given that each state can have three possible energy levels. Here, the Sah and
Shockley multilevel statistics need to be used [74]. Similarly to the Shockley-Read-Hall case,
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emission and capture rates of electrons and holes are considered, this time with respect
to two energy levels (represented by the two Gaussian distributions in the DOS described
above). Occupation functions are formulated for the three energy states and the total con-
tribution is computed by summing over the discrete energy states. This provides us with
the recombination rate of the dangling bonds Rpg, and the concentration of electrons and
holes in these states: nBE and pgg, respectively.

The net recombination-generation rate Ry present in Equations (4.2) and (4.3) is com-
puted by adding the contributions of both tail states and the dangling bond states [73]:

Rpet = Ry + Rcg + Rpg. 4.7

In a similar way, the localised charge concentrations pjo. and nj, in Equation (4.6) are
given by

VB DB
Ploc = Ploc T Ploc’ (4.8)
Nloc = nl%lz + nBE. (4.9)

Tunnel-recombination junction

For junctions at the boundary of two cells in the modelling of a tandem device, the so-called
Delft modelis used. This uses the trap-assisted tunnelling model at such junctions, which is
based the Shockley-Read-Hall recombination formula and enhances the concentration of
charge carriers in the presence of high electric fields [73], thereby favouring recombination.
Moreover, at regions of high electric field, charges are allowed to tunnel through localised
states by defining an effective mobility [73]. In the normal model, these states would oth-
erwise have a zero mobility given their local nature. This model is only active for the layers
comprising the tunnel-recombination junction: n-doped a-Si:H and p-doped pc-Si:H.

Solving the model

The electrical description of the modelling in ASA has been described above. To solve Equa-
tions (4.1)-(4.6), ASA solves for the electric potential ¢ and the free carrier concentrations n
and p [73]. The boundary conditions for this set of coupled differential equations need to
be given at the front and back of the electrical stack of layers. To this end, ideal ohmic con-
tacts are chosen. This assumes a perfect collection of charge carriers by setting an infinite
surface recombination at the boundaries and a neutral charge [73]. Finally, finite differ-
ence models are implemented for the numerical computation of the solution. For more
information on the numerical solution methods, consult the ASA manual [73].

4.3. Sample simulation and input file

In order to illustrate the functionalities of ASA, a sample input file is considered, along with
the most important results of the simulation of a pin a-Si:H single-junction cell. The elec-
trical and optical parameters are defined in a .cas file. Specific characterisation of materials
can be included by providing .in input files during the simulation, such as to indicate the
complex refractive indices of the materials or the texture of an interface. In this section,
the .cas file presented in Appendix A.1 is run in ASA. This is the default amorphous silicon
simulation file for ASA.
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Simulation structure
The structure of the cell can be seen in Figure 4.1.

b))
[44

~ glass [1.5 mm] A

SnO [650 nm]

OO O L a-SiC:H(p) [10 nm]

a-Si:H () [450 nm]

—/\/\/\/\/\/\/\,\/\/\/\/\/\/\/—H a-Si:H(n) [20 nm]

Ag [300 nm]

Figure 4.1: Simulation structure used as reference for the modelling of a-Si:H. The layer thicknesses are not
to scale.

The interfaces that are textured in this default example are indicated in the figure. The
front layers (glass and SnO) and back layer (Ag) are modelled only optically, whereas the
three silicon layers are modelled opto-electrically. This is a common approach and will be
used throughout this work.

J—V curve
As a first characterisation of the cell, a / — V plot can be made. This plot is shown in Fig-
ure 4.2.

0
0.0 0.2 0.4 0.6 0.8
V[V]

Figure 4.2: J -V curve of the simulation of the reference a-Si:H cell.

From this curve, the different operating conditions of the cell can be examined. Impor-
tant performance values like the V. and the Js; can be extracted from the x- and y-axis
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intercepts, respectively. Moreover, the maximum power point, as defined in Section 2.1.4,
can be determined, along with the fill factor FF and the efficiency . All these values are
summarised in Table 4.1.

Table 4.1: Performance parameters of the reference a-Si:H pin simulation.

Simulation‘ Voo Vwmep | Jsc  Jumpp | Pupp | FF
™M | mAam™?] [wm?| [- \
a-Si:H | 0.763 0591 | 15.23 11.83 | 69.91 | 0.60 | 6.99

EQE
In order to check the response of the cell for different photon wavelengths, an EQE curve
can be constructed, as seen in Figure 4.3.

1.0

0.8

0.6

EQE [-]

0.4

0.2

0.0 1 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0

Wavelength [um]

Figure 4.3: EQE curve of the simulation of the reference a-Si:H cell.

The presence of interference fringes is slightly noticeable, and has to do with the tex-
turing of the interfaces. As many of the interfaces have not been textured, the specular
component of light still plays a role, which due to its coherence is susceptible to interfer-
ence effects. The highest response is seen to be at around 580 nm. In order to analyse the
optical reasons for the decreased response outside this range, a plot of the absorption per
layer can be made, as seen next.

Absorption per layer and total reflection
Figure 4.4 shows the absorption per layer and the total reflection of the device as a function
of photon wavelength.

For low wavelengths, there is a high absorption in the layers where light has passed
before reaching the intrinsic a-Si:H layer, specially the a-SiC:H(p) layer. This energy is lost
as parasitic absorption. For higher wavelengths, this parasitic absorption also takes places,
specially in the SnO and the Ag back reflector. As a consequence of the band gap of a-Si:H,
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Figure 4.4: Absorption per layer and total reflection as a function of photon wavelength of the simulation of
the reference a-Si:H cell. The colours are the same for each layer in the structure of the cell in Figure 4.1.

no more light is absorbed beyond a certain wavelength, and remains largely available for
other layers to be absorbed, as can be seen beyond 800 nm. Finally, all light that is not
absorbed is reflected, given the nearly zero transmittance of the back reflector. This total
reflection is a consequence of the refractive index mismatches along the different layers of
the stack, which causes some of the incoming light to return.

4.4. Automating ASA: autASA

Having considered the capabilities of the modelling of solar cells in Section 4.3, the opti-
misation of a cell can now be considered. This is normally done by running a large num-
ber of simulations where parameters are changed independently. Then, the impact of the
variation of each parameter on the performance of the device can be analysed and under-
stood, giving the user an indication of the ideal parameters to be used in an experimen-
tal framework. For this work, the web interface of ASA was used to access the modelling
software. The process of running a vast number of simulations in such an environment is
time-consuming and often error-prone.

Given the extensive number of simulations that needed to be run for this work, an au-
tomation routine was implemented in Python to speed up the upload and analysis of the
results of simulations in the web interface of ASA. The main features and working principles
of this routine, given the name autASA, are explained next.

4.4.1. Directory structure
The directory structure for the use of autASA is shown in Figure 4.5.

Directories

e cas: all the simulation files describing the optical and electrical characterisation of
the cells are placed in this directory. All files must have a .cas extension.
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autASA

- cas

Hin

H.l zipped_files

H] unzipped_files
- autASA.py

" readSimData.py
U unzip.sh

Figure 4.5: Directory tree and necessary files to run autASA.

in: the input files necessary to run the simulations are placed in this directory, such
as complex refractive indices of materials or interface texturing profiles. This set of
input files should be the union of the input files required by the files in the cas direc-
tory. All files must have a .in extension.

zipped_files: directory where the results of the simulations will be downloaded into
in a zipped format from the web interface of ASA.

unzipped._files: directory where the files from the folder zipped_files will be unzipped
into. Each simulation file in the cas directory will have a corresponding folder with
the same name as the input file, where the output of the simulation is placed.

Files

* autASA.py: main python code that runs the automation routine. It makes use of Se-
lenium Python to access the functionalities of Selenium WebDriver, which is a frame-
work able to interact with a browser and send a series of commands without having
to manually control the actions.

* unzip.sh: bash code called within autASA.py to unzip the files in the zipped_files di-
rectory into the unzipped_files folder, ensuring the proper unzipped directory names
are chosen.

* readSimData.py: python code used to process the unzipped output of the simula-
tions. It is called within autASA.py, and is given a keyword in order to indicate the
desired parameter to be plotted.

4.4.2. Code execution flowchart
The logical structure of the automation routine implemented in autASA.py is described in
the flowchart of Figure 4.6.
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Figure 4.6: Flowchart of the automation routine implemented in autASA.py.

Some of the actions mentioned in the blocks of Figure 4.6 are described below.
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e [Initialisation: this step involves starting the webdriver (Chrome) and accessing the
url https://asa.ewi.tudelft.nl/login. The login details should be defined in
autASA.py in order to access the simulation program. Once the user is logged in, the
program deletes all old simulations in the ‘Completed Jobs’ tab.

e Input job description: the job description is retrieved from the cas file basename
(without the .cas extension). This, along with the upload of the .cas and .in files, is
done for each file in the cas directory.

* Retrieve names of completed jobs: this action is done by looping through all the rows
in the table that is generated in the ‘Completed Jobs’ tab. The set of all completed
job descriptions is compared to the set of files uploaded at the beginning in order to
determine if all the simulations are done.

* Run readSimData.py: when running this script, the user is asked to input the desired
parameter to be plotted of the recently downloaded simulations. The options are V,
Ve, Jse, Jmpp, Pvpp, FF and efficiency. Moreover, the EQE and J — V curves can be
displayed.

With the above algorithm, it takes about 3 s for the browser to open and to log in, 3 s for
a job to upload and about 2.5s for a job to be downloaded and deleted. All these times
include the loading time of the internet browser. The post-processing of the data, including
the unzipping and the plotting of results, occurs nearly instantly. As a reference, the code
written for autASA.py is included in Appendix B.

4.4.3. Example: variation of the effective density of states

In this section, the use of autASA and the post-processing of the data will be illustrated
with an example of 4 simulations where the effective density of states at the edge of the
conduction band, N¢, was varied for the intrinsic a-Si:H layer. The plot of the / — V curves
and EQE are shown in Figures 4.7 and 4.8.

With autASA, the impact of the change of this parameter could be quickly computed
and plotted. The results agree with what one could physically expect of a cell that under-
goes this change. An increase of N¢ for the intrinsic a-Si:H layer results in a higher free
electron concentration, such that the current delivered by the cell is enhanced. This ef-
fect is the greatest for electrons generated by the absorption of short wavelength photons,
as seen in Figure 4.8. On the other hand, the increase of charge carriers leads to a higher
recombination, which is evidenced in the decrease of V.
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Figure 4.7: ] -V curves of the simulations where N was varied for the intrinsic a-Si:H layer. The legend
indicates the changed parameter in units of m=3.

1.0
— 1-10%
1-10%
1-10%7
_ 1-10%®
o
o4
M
0'0 1 1 1 1
0.4 0.5 0.6 0.7 0.8 0.9

Wavelength [pum]

Figure 4.8: EQE curves of the simulations where N¢ was varied for the intrinsic a-Si:H layer. The legend
indicates the changed parameter in units of m=3.
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4.5. Sensitivity analysis

Although the impact of the change of a specific model parameter in one of the layers of a
solar cell can often be predicted qualitatively, the exact dependence of the operation of the
device given this change is generally not known a priori. This makes it difficult to give a
quantitative indication of the change.

When considering the use of simulations for the prediction and optimisation of the per-
formance of a solar cell, it is of great importance to obtain a model that correctly describes
the system. The description of the layers defined in ASA include a large number of param-
eters, specially in the definition of the density of states of the localised states. For a single
opto-electrical layer, around 30 parameters need to be defined. This imposes a challenge
when trying to match the results of a simulation with experimental data of the modelled
device.

In this work, the mentioned matching between simulated results and experimental
work was pursued. To this end, knowledge about the impact of the variation of optical and
electrical parameters on the performance of the simulated cell was needed. This includes
parameters such as the V¢, Jsc, FF and 1, but also the response of the device for short-
and long wavelengths quantified in the EQE. To this end, simulations were performed in
which single parameters were varied in a certain range [a, b], where after the difference in
the mentioned parameters was computed. The parameters were varied in a range of typical
values it could attain, guided by the default value set in ASA, the value in the reference sim-
ulation cas file analysed in Section 4.3, other studies where ASA was used [75] and physical
insights.

The difference was calculated in relative terms, as indicated in Equation (4.10).

_ Xp—Xa
= X,

AX

) (4.10)

with AX the relative difference of parameter X and X, and X}, the value of X for the results
of the simulation when inputting the lower and upper value in the varied range, respec-
tively. In this case, X € {V,, Jsc, FE n}. For the spectral response, a distinction was made
between the impact on short- and long-wavelength photons. This was quantified by in-
tegrating the EQE from 300 nm to 550 nm and from 550 nm to 800 nm. Again, a relative
comparison was done for the variation of a parameter in a range [a, b] to obtain useful in-
formation about the difference, as seen in Equation (4.11).

y y
f EQE, (1) dA - f EQE, (1) dA
AEQE|Y = =% X

- , 4.11)
f EQE, (1) dA

where (x, y) € {(300nm, 550nm), (550nm, 800 nm)}. In this way, the impact of changing pa-
rameters in the simulations on the EQE can be known for the higher and lower range of the
spectrum independently.

This analysis led to an overview of the sensitivity of the model parameters on the per-
formance of the simulated solar cell. The results are gathered in Table 4.3. The reference
simulation file was not the default .cas file from ASA introduced in Section 4.3, but one in-
troduced later in Section 4.6.1. The structure of the cell can be seen in Figure 4.9 and was
used because it reflects the optical properties of the system that will be analysed in this



50 4. Thin-film modelling: ASA

work. In order to have a clear overview of the results, the relative differences in the pa-
rameters for each variation range were grouped depending on the impact: negligible, low,
moderate and high. The symbols that are assigned to each group are summarised in Ta-
ble 4.2. For a reference to the actual relative percentage differences, the reader is referred
to Table C.1 in Appendix C.

Table 4.2: Reference symbols used in Table 4.3 to indicate the degree to which the variation of a model
parameter impacts the performance indicators of the solar cell.

Impact Relative difference Svmbol
pac range [%! ymbo
| Negligible (-1,1) ~
(_5) _1] -
Low (1.5) +
(—15,-5] -—
Moderate 5.15) i
. <-15 -
High =15 +++

Table 4.3: Symbolic results of the sensitivity of the open-circuit voltage V;, short-circuit current density Jsc,

fill factor FF, efficiency 1, EQE for the range 300 nm to 550 nm (labelled as EQE;) and for 550 nm to 800 nm

(labelled as EQE,) to the variation of model parameters in ASA simulations. The abbreviations are described
in Nomenclature.

Parameter Variation Unit Relative difference A
range Voc | Jse | FF | n [EQE; [EQE,
Layer thickness nm
Front TCO [500-900] ~ — ~ — —— —
Front AZO [0-5] ~ ~ ~ ~ ~ ~
[5-50] -~ | - | ~ | - | 2| -
a-Si:H(p) [5-25] ~ | = | = =] =
a-Si:H(i) [150-450] — | = == | == |+ 4+
a-Si:H(n) [5-25] ~ - ~ - ~ _
Back AZO [0-5] ~ 4+ | o~ |+~ | ++
[5-100] ~ ~ ~ ~ ~ —
Back reflector [100-500] ~ ~ ~ ~ ~ ~
Band gap eV
a-Si:H(p) (1.8-2.0] ++ |+ |+ [+ ]+ ]+
[2.0-2.2] SR R I R R
a-Si:H(i) [1.6-1.9] A+ = | || = | -
a-Si:H(n) [1.6-1.9] ~ + ~ + ~ +
Mobility m2Vv-1lg1
Electron
a-Si:H(p) [1-107%-1-1077] | -~ T ~]~T+7]+
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Table 4.3: Symbolic results of the sensitivity of the open-circuit voltage V,,, short-circuit current density Jg,

fill factor FF, efficiency 1, EQE for the range 300 nm to 550 nm (labelled as EQE;) and for 550 nm to 800 nm

(labelled as EQEy) to the variation of model parameters in ASA simulations. The abbreviations are described
in Nomenclature.

Parameter Variation Unit Relative difference A
range Voc | Jsc | FF n |EQE; |EQE;
a-Si:H(i) [1-107%-2-1073] ~ |+ | A [ ]
[2-1073-1-107?] ~ + + + + -
a-Si:H(n) [1-107%-1-1072] ~ ~ ~ ~ ~ ~
Hole
a-Si:-H(p) [1-107°-1-107%] ~ ~ |+++|+++] - +
[1-1074-1-1073] ~ ~ + n - ~
a-Si:H(i) [1-107°-1-1073] e T
a-Si:H(n) [1-107°-1-1073) ~ ~ ~ ~ ~ ~
Activation -
energy
a-Si:H(p) [0.1-0.45] ~ ~ - - _ ~
[0.45-0.6] —— S P S e _
a-Si:H(n) [0.1-0.3] ~ ~ - - ~ ~
[0.3-0.6] — | = | == =] - _
DOS ext. m3
Nc
a-Si:H(p) [1-10%°-1-10%8] — [ ~ == ==T7T =
a-Si:H(i) [1-10%°-1-10%®] — |+ | = | = [+ +
a-Si:H(n) [1-10%5-1-10%8) ~ ~ ~ ~ ~ ~
Ny
a-Si:H(p) [5-10%°-5-10%] ~ ~ |+44]++4] - n
[5-10%6-1-10®] ~ o~ | -]~
a-Si:H(i) [1-10%°-1-10%8] SR IR R IR R
a-Si:H(n) [1-10%°-1-10%8) ~ - ~ _ - _
DOS loc.
CB tail
e.char eV
a-Si:H(p) [0.01-0.1] ~ ~ ~ ~ ~ ~
a-Si:H(i) [0.01-0.06] - ~ ~ — ~ ~
[0.06-0.1] SR R [ DU PR
a-Si:H(n) [0.01-0.1] ~ ~ ~ ~ ~ ~
n.emob m3evV!
a-Si:H(p) [1-10%5-1-10%) ~ ~ ~ ~ ~ -
a-Si:H(i) [1-10%6-1-10%) - ~ ~ ~ ~ ~
a-Si:-H(n) [1-10%6-1-10%% ~ ~ ~ ~ ~ ~
c.neut (all) [1-10716-1.10713]| m3s7! ~ ~ ~ ~ ~ -
c.neg (all) [1-10716-1.10713]] m™3s7! | ~ ~ ~ ~ ~ ~
e.range (all) [0.1-1] eV ~ ~ ~ ~ ~ ~
VB tail
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Table 4.3: Symbolic results of the sensitivity of the open-circuit voltage V,,, short-circuit current density Jg,
fill factor FF, efficiency 1, EQE for the range 300 nm to 550 nm (labelled as EQE;) and for 550 nm to 800 nm
(labelled as EQEy) to the variation of model parameters in ASA simulations. The abbreviations are described
in Nomenclature.

Parameter Variation Unit Relative difference A
range Voo | Jse | FF | n [EQE;[EQE,
e.char eV
a-Si:H(p) [0.01-0.1] ~ ~ n ¥ ~ ~
a-Si:H(i) [0.01-0.05] ~ + - - | 4+ | ~
[0.05-0.1] JORN PR Y D N
a-Si:H(n) [0.01-0.1] ~ ~ ~ ~ ~ ~
n.emob m3eV!
a-Si:H(p) [1-10%5-1-10%) ~ ~ n n ~ -
a-Si:H(i) [1-10%6-1-10%7] ~ ~ ~ + + ~
[1-10%7-1-10%%) + S R R T
a-Si:-H(n) [1-10%6-1-10%%) ~ ~ ~ ~ ~ -
cneut (all) [[1-10716-1-1078]| m3s7T | ~ ~ ~ ~ ~ -
c.pos (all) [1-10716-1.1071%]| m™3s7! | — ~ ~ - _ ~
e.range (all) [0.1-1] eV ~ + - ~ ++ ~
Dangling bonds
n m_3

a-Si:H(p) [1-10%1-1-10%%]
[1-10%4-1-10%]
a-Si:H(i) [1-10'8-1-10%1] - ~ | — ] —= ] =~ ~
[1-10%1-1-10%%]
[1-10%2-1-10%3]
a-Si:H(n) [1-10%1-1-10%]

ceneut (all) [[1:10716-1.1073)| m3st | —— | = | —— | —— | - -
cepos(all) [[1-10716-1-10713]| m3s7! | —— | - - | —| - ~
ch.neut (all) |[[1-10716-1-10713]| m3s7! —— — —_ | —= - -
chneg (all) [[1-10716-1-10733]| m3s! | — | - | — | —— | ~ -

For every change in the model parameters in Table 4.3, all the other values in the simulation
file were left unaltered. For those rows where no unit is present, the parameter assumes the
same unit as the row above.

In many cases, it was observed that the rate of change of several performance indica-
tors did not change uniformly in a certain range, showing an asymptotic behaviour. It also
happened that a uniform increase was followed by a decrease in performance indicators,
or vice versa. In all these cases, the variation range of the parameter was split into differ-
ent parts to observe the contrasting behaviour of the performance indicators. Examples
can be seen in the activation energy of the doped layers of a-Si:H and the concentration of
dangling bonds in a-Si:H(i).

Itis worth mentioning that this sensitivity analysis only includes the variation of param-
eters separately and does not treat the impact of simultaneous parameter changes. More-
over, some of these independent variations are not a perfect indication of reality, since it
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is in many cases impossible to change a unique parameter. For instance, it is known that
the change in band gap of the absorber layer in an a-Si:H cell has an impact on the com-
plex refractive index of the material, given the way light will interact differently with this
layer. However, this is not included in the simulations performed. Despite these limita-
tions, the results give a clear indication of the impact of the simulation parameters on the
operation of the solar cell. This becomes important when calibrating the model in order
to match experimental data. The model parameters can then be adjusted accordingly with
the information contained in Table 4.3.

4.6. Calibration of the model

In order to use ASA for the prediction and optimisation of the performance of a micro-
morph cell, it is important to have a properly calibrated model. Given the use of two cells
stacked on top of each other, it becomes difficult to predict the impact of the model pa-
rameters of one subcell on the performance of the total device. For this reason, the model
parameters for an a-Si:H and a pc-Si:H cell were calibrated independently. The sensitiv-
ity data presented in Table 4.3 is used to choose which parameters need adjustment. The
quality of the calibration will be evaluated with the resemblance between simulated and
experimental performance indicators: Vi, Jsc, FF, n and the EQE. All this information can
be obtained by comparing the /- V and EQE curves of the results.

Once this calibration is completed, the two separately adjusted models can be com-
bined to arrive at a reference simulation file for the micromorph device. Only then can
optimisation of the device performance start. This is discussed later in Chapter 5. To start,
the model calibrations for the a-Si:H and pc-Si:H cells are described next, along with the
experimental data taken as a reference for this calibration.

4.6.1. Validation of HyET a-Si:H single-junction solar cell
Reference cell
The structure of the reference a-Si:H cell produced at HyET is shown in Figure 4.9.

FTO [700 nm]

AZ0O [20nm] —
ek a-SiC:H(p) [10nm]

a-Si:H () [300 nm]

k— a-Si:H(n) [10 nm]
AZ0O [80nm]

Al [300 nm]

Figure 4.9: Simulation structure of an a-Si:H solar cell produced at HyET. The layer thicknesses are not to
scale.

The complex refractive indices of the materials used in the simulation are plotted in
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Appendix D.1. The experimental data used to calibrate the model of the a-Si:H cell was
obtained from HyET Solar. Typical J — V and EQE curves of their roll-to-roll manufactured
device were used. The same deposition conditions can be expected for a micromorph de-
vice, with the addition of some extra layers for the pc-Si:H cell. For this reason, it serves as
valid reference measurements for the calibration of the model.

The J -V and EQE curves are presented in Figure 4.10, along with the performance of
the device in Table 4.4. The optical structure of the cell shown in Figure 4.9 was imple-
mented in ASA, using the electrical parameters of the default simulation file. These results
are also included for reference.

—— HyET ASA reference
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Figure 4.10: Typical performance of a HyET flexible cell and results of the default ASA simulation: a) /- V
curve and b) EQE .

Table 4.4: Performance parameters Vy, Jsc, FF and 7 of a typical a-Si:H flexible solar cell produced by HyET
Solar, along with the values of the default ASA simulation file.

a-Si:H cell Vo VI Joc [ImAcm™2] FF [-] n [%]
HyET 0.890 13.76 0.63 7.72
ASA reference 0.767 14.00 0.657 7.05

From these results, it can be seen that the ‘ASA reference’ simulation serves as a good
starting point for the calibration of the model. It resembles the J;c and FF of HyET’s cell, but
has a V. far below the required one. All in all, it ends up with an efficiency a bit lower than
HyET’s. Even though the Jy is closely matched, it is evident from the EQE plot that there
is still some optimisation to be done regarding light management. The response for short
wavelengths is still too low, whereas the EQE is overestimated for the higher wavelengths.
Despite this, the interference pattern of the simulation seems to follow the fringes of HyET’s
cell, which is an indication that the layer thicknesses have been chosen correctly.

Tuning the model

In this section, the steps followed to arrive at a match between the simulated and the exper-
imental cell from HyET is introduced. The changes are split into groups, depending on the
intended impact of the variation of those parameters. These groups will be considered one
by one, presenting the results cumulatively. The legends in the figures indicate the group it
belongs to. The summary of all the changes can be found in Table 4.6.
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Change 1: band gap

As a start, realistic band gaps were chosen for the a-SiC:H(p) and a-Si:H(i) layers. For the
p-doped layer, it was increased from 1.85 eV to a higher band gap of 1.95 eV, which is more
typical for this material. Moreover, the band gap of the absorber layer was chosen to be
1.7 eVinstead of 1.75 eV, given the information available about this layer produced at HyET.
The results of the mentioned changes are seen in Figure 4.11.
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Figure 4.11: Results of the band gap adjustment with respect to the reference ASA simulation.

Change 2: V.

An increase in the V. can be experienced without a major change in the other parameters
by decreasing the density of states at the edges of the conduction and valence band, N¢
and Ny, respectively. For uniformity between the layers, these parameters were decreased
from 6-10%® m™3 to 2-10%® m™3 for all the a-Si:H layers. The results are seen in Figure 4.12.
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Figure 4.12: Results of the V. adjustment with respect to ‘Change 1.
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Change 3: blue response of EQE

Whereas the change in the red response of the EQE is mostly dependent on the texture
properties, the blue response has a major dependence on the electrical properties. This
has to do with the fact that short-wavelength photons will be absorbed regardless of the
texturing given their high absorption coefficient in this region. Therefore, the dangling
bond density of a-Si:H(p) was decreased from 8- 102*m=3 to 1-10%* m~3, and the electron
capture rate of positively charged dangling bond was decreased from 5-107¥m=3s7! to
1-107* m™3s7! for all layers. The impact of the changes is shown in Figure 4.13.
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Figure 4.13: Results of the EQE blue response adjustment with respect to ‘Change 2’.

Change 4: FF

By decreasing the dangling bond density of the absorber layer from 5-10'm™ to
2-102Y m~3, the FF was increased to the desired values, accompanied by an increase in
the V;c. The results are seen in Figure 4.14.
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Figure 4.14: Results of the FF adjustment with respect to ‘Change 3".
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Change 5: J

The red response of the EQE was still too high, and could be adjusted by changing the
scattering properties of the interfaces. The haze is computed with the default scattering
profile from the ASA simulations, and the angular distribution function (ADF) was chosen
such that it matches the Jg.. The results are shown in Figure 4.15.
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Figure 4.15: Results of the Js. adjustment with respect to ‘Change 4".

Change 6: final adjustments

To reach the desired cell performance, small adjustments were made: increase the band
gap slightly from 1.95eV to 1.98 eV of the p-doped layer, decrease the activation energy of
a-Si:H(n) from 0.3 eV to 0.25 eV and increase the characteristic energy of the exponential
valence band tail of the intrinsic layer from 0.045eV to 0.05eV. With these final adjust-
ments, the resulting /— V curve is identical to the experimental one and the EQE is slightly
overestimated around the red, as seen in Figure 4.16.

—— HyET e match HyET

16 1.0
0.8 r °® 2

T06F O s

EQE

04r ¢ .

J [mAcm™2]

0.2 .

0.0 :
0.3 0.4

0 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.5 0.6

V [V]

@J-V.

Figure 4.16: Final results of the model calibration of the HyET a-Si:H cell.
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The simulated cell performance is shown in Table 4.5. The final calibrated .cas file is
shown in Appendix A.2.

Table 4.5: Results of the model calibration of HyET’s a-Si:H cell.

a-Si:H cell Voe [Vl Jsc [ImMAcm™2] FF [-] n [%]

HyET 0.890 13.76 0.63 7.72
match HyET  0.888 13.75 0.63 7.68

Table 4.6: Overview of the changes of model parameters with respect to the default ASA simulation file to
match the solar cell performance of a typical a-Si:H cell from HyET.

Changed Parameter
h ID Desi i
Change esired impact Parameter Old value New value
Change 1 Start with realistic Eg(i) [eV] 1.75 1.70
8 band gap values Eg(p) [eV] 1.85 1.95
Nc¢(pin) [m~3] 6-10%6 2.10%
Change 2 Increase Vi Ny(pin) [m~3] 6- 1026 9.1026
Increase blue npe(p) [m™3] 8-10% 1-10%
h
Change 3 response of EQE ce.pos(pin) m3s7!] 5.107%®  1.107"
Change 4 Increase FF npp() [m3] 5-10%! 2-10%!
Change 5 Decrease J. ADF - -
Eg(p) [eV] 1.95 1.98
Change 6 Obtain a closer match E,.t(m) [eV] 0.30 0.25
e.charyg (i) [eV] 0.045 0.05

4.6.2. Validation of pc-Si:H single-junction solar cell

Reference cell

No reference pc-Si:H cell from HyET Solar was available, since this is still an ongoing study
within FlamingoPV. In order to calibrate a model for this absorber material for its use in the
micromorph device, a reference pc-Si:H cell developed by H. Tan et al [76] was used. The
structure of this reference pc-Si:H cell is presented in Figure 4.17.

The complex refractive indices of the layers used in the simulation are shown in Ap-
pendix D.2. It was observed in the simulations that the original thickness of the AZO (800 nm)
was too detrimental for the blue response of the EQE. This can be attributed to the refrac-
tive index of AZO available for the simulations, which might not match the exact optical
data used in the mentioned work. To improve the response for short-wavelength photons,
the thickness of this layer was slightly reduced to 600 nm for the simulations.

A reference file from ASA was used as a starting point for the electrical parameters in the
simulation of the pc-Si:H cell. The performance and the desired final output from H. Tan
et al [76] are shown in Table 4.7, along with the J — V curve and EQE in Figure 4.18. In the
remaining of this section, the latter cell will simply be called ‘Tan’. The starting value of /g
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Figure 4.17: Simulation structure of a jic-Si:H solar cell from [76]. The layer thicknesses are not to scale.

is reasonable considering the calibration goal, but the EQE is still underestimated over the
majority of the spectrum. Moreover, an interference pattern is present in the default tex-
turing defined in ASA, which can be addressed by increasing the scattering at the textured
interfaces. With respect to the V;, a considerable gain is needed to approach the desired
value. Finally, the major deviation of the default simulation file in ASA from the calibration
goal is the low FE which compromises the performance of the cell.

Table 4.7: Performance parameters Vy, Jsc, FF and n of the calibration goal of a cell described by H.
Tan [76], along with the values of the default ASA simulation file.

pe-Si:H cell Voc [Vl Jec [IMAcm™2] FF [-] n [%]

Tan 0.545 24.4 0.707 9.4
ASA reference  0.439 20.9 0.438 4.0
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Figure 4.18: Results of the default ASA pc-Si:H simulation and the calibration goal from a cell in H. Tan et
al [76]: a) J—V curve and b) EQE. No target J — V curve was provided.

Tuning the model

As with the calibration of the a-Si:H cell, the steps followed to obtain a reasonable match
with experimental data of the pic-Si:H cell are described here. The same methodology is fol-
lowed. The summary of the changes is seen in Table 4.9. To avoid changing model param-
eters to unrealistic values, many parameters were marginally changed from their default
values. Moreover, calibration parameter values described in K. Ding et al [75] were taken as
an indication of possible values the model parameters could attain.

Change 1: V.

To increase the V; of the simulated cell, the effective density of states of both band edges
Nc and Ny of the intrinsic layer was decreased from 3-10?° m~3 to 2.5- 10> m~3. Moreover,
the density of dangling bonds n of the intrinsic layer was decreased from 2-10?! m~ to
3-10%° m~3, which also gave a boost in the FE The results are seen in Figure 4.19.
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Figure 4.19: Results of the V; adjustment with respect to the default simulation file in ASA.
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Change 2: FF

Even with the V,. adjustment, the FF is seen to be far below the required value. To improve
this, the activation energy of the n-doped layer was decreased from 0.25eV to 0.1 eV, and
the mobility of the charge carriers in the intrinsic layer was improved: from
45-103m?V-1s1t075-103m?V st andfrom5-107*m?V~1s71t030- 10 m?V-1ts~!
for electrons and holes, respectively.
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Figure 4.20: Results of the FF adjustment with respect to ‘Change 1'.
Change 3: Jg.

The interface texturing was changed to improve the /. as well as to remove the interference
effects for high wavelength photons. In the fabrication of the cell, a modulated surface tex-
ture (MST) was implemented in the front electrode, which enhances the scattering proper-
ties. To match this, an AFM scan of a MST developed within the framework of FlamingoPV
was used as input for the optical model of the simulation. As seen in Figure 4.21, no inter-
ference pattern is present and the J is slightly improved.
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Figure 4.21: Results of the Jsc adjustment with respect to ‘Change 2’.
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Change 4: final adjustments

Final adjustments in the definition of the dangling bonds were made to match the electrical
performance of the calibration goal: the concentration of dangling bonds in the p-doped
and n-doped layer were decreased from 4-10>>m ™3 to 1-10>>m™3 and from 4-10®°m~3 to
1-10%* m~3, respectively. Finally, the electron capture rate of positively charged dangling
bonds and the hole capture rate of negatively charged dangling bonds of all layers were
both decreased from 1-107¥ m3s™! to 3-1071* m3s~!. The final results of the calibration is

seen in Figure 4.22.
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Figure 4.22: Final results of the model calibration of the pc-Si:H cell.

The performance of the matched simulated cell is shown in Table 4.8. The final cali-
brated .cas file is shown in Appendix A.3.

Table 4.8: Results of the model calibration of a jic-Si:H cell from H. Tan et al [76].

pc-Si:H cell Vi [Vl Jsc [mAcm™2] FF [-] n [%]

Tan 0.545 24.4 0.707 9.4
match Tan 0.546 24.3 0.701 9.3
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Table 4.9: Overview of the changes of model parameters with respect to the default ASA simulation file to
match the solar cell performance of the pc-Si:H cell.

oy Changed Parameter
Change ID Desired impact Parameter Old value New value
Nc (D), Nv() [m™3] 3.10%° 2.5-10%°
Change 1 Increase Vi " 2.102 3.1020
Eact(n) [eV] 0.25 0.1
Change 2 Increase FF pe() M2V-1s71] 45-1073  7.5-1073
pn () m?Vv-1s™1 5-107% 30-107*
Change 3 Adjust Jsc Include MST - -
npp(p) m~] 4-10% 1-10%
: npp(n) [m~3] 4-10% 1-10%4
Change 4 Obtain a closer match ce.pos(pin) m-3s-1] 1.10-13 3.10-14
ch.neg(pin) [m=3s7!'] 1.-1071®  3.107"*







Performance optimisation of micromorph
cell using ASA

5.1. a-Si:H/pc-Si:H tandem model in ASA

In order to use ASA for the prediction and optimisation of a micromorph device, it is crucial
to properly calibrate the modelling parameters such that it resembles experimental data.
This is a difficult task given the vast number of parameters that can be adjusted for each
layer in the model. However, the operation of a tandem device can be seen as the series
connection of two independent cells connected by means of the tunnel-recombination
junction. This gives the possibility of independently calibrating the single-junction cells
and then combining them in a multi-junction device. In this section, the calibrated models
of the a-Si:H and pc-Si:H solar cells described in Section 4.6 are used as a starting point for
the simulation of a complete micromorph device.

5.1.1. Simulation structure

The simulation of a micromorph device was done by stacking the active layers of the a-
Si:H cell on top of the pc-Si:H cell, with the inclusion of front and back optical layers. The
structure of the device is shown in Figure 5.1. Some important considerations with respect
to the build up from single-junction structures:

1. Back reflector: in contrast to the pc-Si:H calibration model, the back reflector was
changed from Ag to AZO/Al, as with the a-Si:H model. This back reflector is a more
realistic scenario for the manufacturing of a low-cost product at HyET Solar and will
therefore be used for the rest of this chapter. For an inclusion of Ag as back reflector,
refer to Section 5.4.

2. Interface texturing: with the single-junction models, texturing was only applied to
certain interfaces and default scattering properties defined in ASA were used. This
was done in such a way that the EQE of the experimental data was approximated,
since the exact interface morphology was not known for those cells. In the interest
of the FlamingoPV project, a modulated surface texture was developed, as described
in Section 3.2.2. Such a texturing enhances scattering, while at the same time allow-
ing a proper growth substrate for the silicon layers. For this reason, the AFM scan

65
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Figure 5.1: Structure used for the simulation of a micromorph solar cell in ASA. The layer thicknesses are not
to scale.

of the developed texture on Al foils is used as input for the texturing of the inter-
faces. Furthermore, it is assumed that all subsequent layers of the cell follow this
same texture. It has been reported that this can lead to an overestimation of the EQE
atlong wavelengths [77], given that the features of the texture are in reality smoothed
with increasing thickness. Nevertheless, in the absence of the knowledge of how this
smoothing is developed, it serves as a good approximation of the EQE in general. The
overestimation is assessed in the final paragraph of Section 5.3.2 for completeness.

3. TRJ: in contrast to single-junctions, a tunnel-recombination junction will form at
the union of the two subcells. The modelling of such a junction is described in Sec-
tion 4.2.2.

4. Absorber layers’ thicknesses: the thicknesses of the intrinsic layers of the top and bot-
tom cells will change with respect to the single-junction cases. Given the new device
structure, a redistribution of the light in the layers can be expected. The goal is to
find the optimal thicknesses of the intrinsic layers in the remaining of this chapter.
For this reason, the thicknesses of the a-Si:H(i) and pc-Si:H(i) layers have not been
specified in Figure 5.1 yet.

5.1.2. Device performance

With the device structure defined in Figure 5.1, a simulated thickness series of the top
and bottom cells was performed, varying the absorber layers’ thicknesses from 100 nm to
500 nm and 500 nm to 4000 nm, respectively. The results of the efficiency, short-circuit cur-
rent, open-circuit voltage and fill factor of all these possible combinations are plotted in
Figure 5.2. From the efficiency plot, it is clear that higher efficiencies can be achieved when
compared to the single-junction devices. In the simulated thickness range, a maximum ef-
ficiency of 12.1 % is attained, whereas this was limited to 7.7 % and 9.3 % for the a-Si:H and
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Figure 5.2: Simulated micromorph solar cell parameters for different absorber layer thicknesses of the
calibrated a-Si:H and pc-Si:H single-junction cells.

pc-Si:H cell, respectively. This is accomplished by delivering a significantly higher voltage
with a higher fill factor, which compensates the drop in current given the fact that the two
cells need to share the incoming light.

The behaviour of the V,,c throughout this thickness range is what can be experimentally
expected. In general, thinner layers are beneficial for the V,,. given the reduction in recom-
bination losses. The bottom left plot in Figure 5.2 proves this behaviour, where both thin
top and bottom cells have a positive impact in the V,.. A total difference of around 80 mV
between the maximum and minimum V. can be expected, which is quite significant and
should be taken into account when designing a micromorph device.

The trend in the FF, shown in the bottom right plot in Figure 5.2, indicates that this
parameter is mostly dependent on the thickness of the bottom cell, given the nearly hor-
izontal contour lines. Moreover, the high values of the FF in the tandem device evidence
that the FF of the bottom cell, with an initially higher value than the top cell, dominates
the behaviour of the cell. This is a manifestation of the fact that the bottom cell is limiting
the current of the total device. This can also be seen in the plot of the short-circuit current,
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since the highest current is achieved at the combination of the thinnest top cell and the
thickest bottom cell.

In order to analyse this more thoroughly, it is instructive to look at the short-circuit
currents delivered by each subcell during their operation in the tandem device. This anal-
ysis provides information on the current-matching condition. The absolute difference in
current of each subcell is plotted in Figure 5.3. The way these currents are calculated is
explained in Section 5.1.3.
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Figure 5.3: Short-circuit current difference between the a-Si:H and pc-Si:H cell in a micromorph device
(AJsc = Jscpc—si — Jsc,a-si) for different absorber layer thickness combinations.

All the combinations of thicknesses have a negative value, indicating that the current
delivered by the top cell is always higher than the current of the bottom cell, in these op-
erational ranges. Such large differences in current shown in Figure 5.3 are generally unde-
sirable for the operation of a tandem device because the excess current will be dissipated
in the bottom cell, causing the device to heat up. All in all, given the fact that high efficien-
cies are only achieved for quite thick bottom cells (around 4 um) and that even at this point
there is a high current mismatch, the direct superposition of calibrated single-junction cells
is not a guarantee of proper tandem device operation.

This behaviour can be explained by considering the light management around the lay-
ers that form the TRJ, which sets a different optical environment compared to the single-
junction cases. To this end, the real component of the complex indices of refraction, n, of
two layers at each side of the TR] are plotted in Figure 5.4.

The refractive indices of the non-oxide layers have similar values for all wavelengths,
such that it results in low reflections at the interfaces between such layers. This can be
seen from the Fresnel coefficients explained in Section 2.1.1. However, the first layer of the
bottom cell (uc-SiOx:H(p)) has a significantly lower refractive index over the whole spec-
trum. This results in a high reflection at the a-Si:H(n)/puc-SiOx:H(p) and pc-SiOx:H(p)/pc-
Si:H(i) interfaces and, therefore, less light is available for the intrinsic layer of the bottom
cell. For wavelengths below 800 nm, this is beneficial for the current production of the top
cell, since the reflected light has another chance to be absorbed in this cell. Nevertheless,
higher-wavelength photons are also considerably reflected, which cannot be used by the
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Figure 5.4: Refractive indices n of the layers around the junction between the top and bottom cell. The order
of the labels in the legend matches the order of the layers the incoming light passes through.

top cell and are therefore lost to parasitic absorption in other layers or escape the device.
Both these contributions results in a reduced current production of the bottom cell, with
the consequence of limiting the current of the micromorph device. To tackle this com-
plication, Section 5.2 will consider different solutions to the optical management in the
micromorph cell.

5.1.3. Section appendix: simulation of each subcell’s J.

Ideally, the currents produced by each subcell should be the same, given that the total cur-
rent of the device is limited by the lowest current of the subcells. For this reason, it is also
instructive to consider the current difference each cell delivers under short-circuit condi-
tions for each thickness combination. Experimentally, the current of a subcell can be mea-
sured by integrating its EQE over the AM1.5 spectrum. As explained in Section 3.3, a bias
light of appropriate wavelength should be applied to the device in order to only measure
the response of one of the subcells. From a modelling point of view, such a bias light can
be chosen in a simulation. However, it was observed that the quality of the resulting EQE
was highly dependent on the intensity of the chosen bias light, and often resulted in arte-
facts. Examples of common errors are shown in Appendix E. Moreover, a bias light should
be accompanied by a forward bias voltage in order to ensure a short-circuit operation of
the desired subcell, given that the non-targeted subcell will reverse bias the targeted sub-
cell [34]. The choice of this bias voltage is a difficult task and has a large influence on the
EQE of the measured subcell [78].

Besides the sensitivity of the bias light and voltage on each subcell’s EQE, it was found
to be computationally demanding. For this reason, a different approach was adopted to
retrieve each subcell’s Js. during its operation in the micromorph device. Normally, all
the silicon layers are modelled opto-electrically, whereas the front and back layers are only
modelled optically. In order to model the electrical behaviour of one of the subcells in the
tandem, only this cell is modelled electrically. The layers of the other subcell are added as
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purely optical layers. In this way, the light distribution is the same as in the original case,
with the difference that the electrical component of only one cell is isolated. To get the J
of each subcell, two simulations need to be run independently. The short-circuit current
densities are then computed from the resulting / — V curves.

This approach was validated by comparing the current delivered by the micromorph
device to the currents of the subcells as a function of the absorber layer thickness of the
top cell. This was done for a simulation structure where the current of the tandem is first
limited by the top cell and becomes bottom cell limited after the top cell has reached a
certain thickness. Figure 5.5 shows this comparison for a 1 um thick bottom cell.
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Figure 5.5: Short-circuit current densities of simulations of a micromorph cell and the currents delivered by
each subcell as a function of the thickness of the top cell, with a constant bottom cell thickness of 1 um. The
subcells’ Jsc was computed by only modelling the desired cell electrically.

It is clear that the short-circuit current of the device follows the minimum of the cur-
rents of the subcells. This is an indication that the currents delivered by the subcells, com-
puted with the approach described above, are a proper way of circumventing the need of
calculating the individual EQEs for an estimation of the current matching conditions.

5.2. Optical considerations at the TR] layers

In Section 5.1, the micromorph cell was simulated as a direct combination of the layers of
each calibrated subcell. This resulted in a poor light management at the TR]J, such that high
efficiencies could only be achieved at very thick bottom absorber layers. This section will
consider two possible solutions: the adjustment of the refractive index values at the TR]
and the introduction of an intermediate reflector layer.

5.2.1. Sensitivity analysis of refractive indices
In order to demonstrate the principle of the variation of the index of refraction at the layers
forming the TRJ, two extra scenarios will be considered:

1. Scenario I: reference simulation structure, including the individually calibrated sub-
cells in the tandem device. Presented in Section 5.1.
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2. Scenario 2: increase the refractive index of the puc-SiOx:H(p) layer to similar values as
the neighbouring layers.

3. Scenario 3: decrease the refractive index of the a-Si:H(n) layer to similar values as
pc-SiOx:H(p).

From a modelling perspective, the two new scenarios are implemented by modifying the
refractive indices of these layers, while leaving the electrical parameters untouched. To en-
sure realistic indices of refraction are used, reference optical values of materials that could
replace the considered layers are implemented.

Scenario 2: modification of the refractive index of pc-SiO,:H(p)

In order to test whether the light management in the micromorph cell can be improved by
increasing the refractive index of the pc-SiOx:H(p) layer, its refractive index was changed to
that of pc-Si:H(p), which is predefined in ASA. The refractive indices of the layers that are
now around the TRJ are plotted in Figure 5.6.
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Figure 5.6: Refractive indices n of the layers around the junction between the top and bottom cell of
scenario 2. The order of the first four labels in the legend matches the order of the layers the incoming light
passes through. The dashed line indicates the previously assigned refractive index values of the p-doped
layer of the bottom cell.

Comparing the refractive indices of the pc-Si:H(p) and pc-SiOx:H(p) layers, there is a sig-
nificant increase over the whole spectrum. In this new layer, the refractive index is shifted
upwards and the difference between high and low wavelengths increases. The difference
with the rest of the layers around the TR] decreases, so a reduction in the reflection at this
interface can be expected. The impact on the performance of the cell is plotted in Fig-
ure 5.7, again showing the four performance indicators of the micromorph device.

When considering the efficiency, there are two key factors that result in a better tandem
design when compared to scenario 1. Firstly, the maximum efficiency achieved in the con-
sidered thickness ranges was increased from 12.1 % to about 13 %. Secondly, the thickness
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Figure 5.7: Simulated micromorph solar cell parameters for different absorber layer thicknesses for
scenario 2.

ranges where this maximum efficiency is reached has shifted to thicker top cells and thin-
ner bottom cells. This is an indication that more light is being delivered to the bottom cell
at the expense of less light for the top cell. This is also seen in the /s plot in the top right,
given that the tandem device is delivering higher currents.

A similar behaviour of the V,, is observed as in scenario 1, which is to be expected given
that the electrical parameters are left unchanged. However, slightly higher values are ob-
served. This can be attributed to the increased illumination of the bottom cell, which log-
arithmically increases the open-circuit voltage of this subcell. This increased illumination
is greater than the decreased illumination of the top cell, so the combination results in a
gain in V,.. Finally, the trend of the FF has drastically changed, given that the bottom cell
is not limiting the current for all cases. For a more thorough analysis, the current difference
between the subcells is plotted again. This is shown in Figure 5.8.

In contrast to scenario 1, it can be seen now that a current matching between the sub-
cells can be obtained for the simulated thicknesses. The shape of the contour lines of the
FF plotin Figure 5.7 change from a vertical orientation to a horizontal orientation when the
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Figure 5.8: Short-circuit current difference for scenario 2 between the a-Si:H and pc-Si:H cell in a
micromorph device (AJsc = Jscpc—si — Jsc,a-si) for different absorber layer thickness combinations.

current-matching condition is crossed, which evidences the fact that the current-limiting
cell has the greatest impact on the overall fill factor of the tandem. A similar behaviour is
seen for the Js. plot on the top right. Having a look again at the efficiency in Figure 5.7, the
highest values are obtained when the subcells are current-matched.

It can be concluded that the increase of the refractive index of the p-doped layer at the
TRJ distributes the light more evenly over the subcells and results in an enhancement of
the efficiency of the tandem. In this way, considerably thinner bottom cells (4 um vs <1 um)
and slightly thicker top cells (150 nm vs 100 nm) can be used.

Scenario 3: modification of the refractive index of a-Si:H(n)

This scenario will consider the decrease of refractive index of the n-doped layer of the top
cell to the predefined values of a-SiOx(n) in ASA. The relevant refractive indices are plot-
ted in Figure 5.9. In contrast to scenario 1, there is a noticeable difference between the
refractive indices of the intrinsic and n-doped layer of the a-Si:H cell. Therefore, significant
reflection can be expected at this interface. However, the reflection at the TR] will be less
because these refractive indices are closer together. Finally, a high reflection at the inter-
face between the p-doped and intrinsic layer of the bottom cell can be expected again. The
performance of the tandem in scenario 3 is presented in Figure 5.10.

Scenario 3 results in a significant deterioration of the maximum efficiency that can
be achieved, dropping from 12.1 % in scenario 1 to 10.7%. This maximum efficiency is
achieved, again, at the thickest simulated bottom cell, which is an indication that the un-
even distribution of light negatively influences the performance of the cell. All the per-
formance indicators in Figure 5.10 follow the same trends as in Figure 5.2, with different
absolute values. The Js: and V, both drop as a consequence of the increased reflection in
scenario 3. This has a positive impact on the FF, but it does not compensate for the other
losses. For completeness, the current matching condition for this scenario is included in
Figure 5.11.

The difference in current between the top and bottom cell has increased even further
when compared to scenario 1. This leads to the conclusion that the reduction of the re-
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Figure 5.9: Refractive indices n of the layers around the junction between the top and bottom cell of
scenario 3. The order of the first four labels in the legend matches the order of the layers the incoming light
passes through. The dashed line indicates the previously assigned refractive index values of the n-doped
layer of the top cell.

fractive index of the n-doped layer of the top cell to reduce the reflection of the TR] does
not result in a better overall light management the tandem. This is because the reflection
is already too high at the intrinsic/ p interface of the top cell.

Overview of the scenarios
To summarise the conclusions to be drawn from the different scenarios, Table 5.1 presents
the efficiencies at a typical top/bottom cell thickness combination of 200 nm/2 um.

Table 5.1: Micromorph efficiency at a top/bottom cell thickness combination of 200 nm/2 pm for the
considered scenarios.

Simulation Efficiency [%]

Scenario 1 11.1
Scenario 2 12.5
Scenario 3 9.6

This remarks the importance of a proper refractive index choice at the layers where
the top and bottom cells are united. For the considered simulation structure, the highest
efficiency is achieved when the indices of refraction are close to each other (scenario 2),
thereby avoiding high reflections at the TR] over the whole spectrum.

In this scenario, the p-doped layer of the bottom cell was optically modelled as a pc-
Si:H(p) layer to obtain a higher refractive index. Experimentally, doped pc-SiOx layers are
often preferred due to an increase in band gap, which results in lower parasitic absorp-
tion [79]. These two findings can be combined by creating silicon oxide layers with a high
enough refractive index, which is possible by adjusting the deposition conditions (such as
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Figure 5.10: Simulated micromorph solar cell parameters for different absorber layer thicknesses for
scenario 3.

the increase in deposition pressure for a decrease in the oxygen content [80]). However,
careful attention must be paid to ensure the electrical properties of the material are main-

tained for a proper charge carrier transport.
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Figure 5.11: Short-circuit current difference for scenario 3 between the a-Si:H and pc-Si:H cell in a
micromorph device (AJsc = Jscuc—si — Jsc,a-si) for different absorber layer thickness combinations.

5.2.2. Intermediate reflector

The inclusion of an intermediate reflector (IR) in a micromorph device leads to a redistribu-
tion of light, which ideally enhances the reflection of low-wavelength and the transmission
of high-wavelength photons for an improved spectral utilisation. In this way, the absorber
layer of the top cell can be made thinner, since the reflected light boosts the absorbed light
in this cell. This results in a cell that is less prone to light-induced degradation.

This section explores the effects of the inclusion of an IR on the scenarios introduced in
Section 5.2.1. In order to investigate how much an IR could improve the performance of a
micromorph cell, a program was developed to find the ideal complex refractive index such
alayer should have in order to provide optimal reflection or transmission properties in the
desired part of the spectrum. After having explained the approach to finding this ideal IR,
its use in simulations is tested.

Designing an ideal IR
In the search of an ideal IR, the starting point at the junction between the two cells is the
one depicted in Figure 5.12.

layer 1: ny,x1 n-doped layer
(top cell)

IR{ layer 2: ny, x>

layer 3: n3,x3

p-doped layer
(bottom cell)

Figure 5.12: Illustration of the inclusion of an IR at the TR]J of a micromorph device.

The refractive indices of the n-doped and p-doped layers of the top and bottom cell,
respectively, are determined beforehand. Therefore, n;, x;, n3 and k3 are known for a spe-
cific simulation structure. The values of the refractive and absorption indices n, and «, are
variables that will be optimised such that the highest reflection is achieved below a certain
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wavelength (hereafter called the transition wavelength A), after which the highest trans-
mission is desired.

Assuming the morphology of the interfaces is such that no interference effects are no-
ticeable, the layers can be treated incoherently, such that the reflection at each interface
can be computed using Fresnel’s equations. As introduced in Section 2.1.1, these equations
depend on the complex indices of refraction at both sides of the interface, the polarisation
of light and the angle of incidence. For a general approach, the incoming light is taken
to be unpolarised, so the total reflection is computed as the average between parallel and
perpendicular polarisation. Moreover, a typical angular intensity distribution (AID) of the
textured interfaces is used to account for the distribution of angles of the incident light.
The strongest component is the specular, non-scattered light. The decay for angles other
than zero is modelled to a good approximation as a Gaussian curve. Figure 5.13 plots the
used AID for the computation of the ideal IR.
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Figure 5.13: Angular intensity distribution of light used to account for the different incidence angles at the IR.

Given the three layers considered in Figure 5.12, the total reflectance and transmittance
can be computed with Equations (5.1) and (5.2) [73]:

T12Rp3 Tpy e~ 2%2%

1- R23R21€_2a2d2 ’
—aydy

R:R12+

(5.1

_ ThpTose
1— Ry3 Ry e~202

(5.2)

where Ry, and Ty, stand for the reflectance and transmittance of light coming from layer
x towards layer y, respectively, and a, and d, the absorption coefficient and thickness of
layer 2. These equations result from the consideration of the infinite reflection occurrences
as a consequence of introducing the IR. To avoid excessive parasitic absorption in the IR,
the thickness was taken to be 5 nm.

In order to find the optimal refractive index of the IR, the total reflectance and trans-
mittance was computed for a set of possible combinations of n, and x,. This was done
by sampling refractive indices in the range [1,7] and absorption indices in the range [0, 5].
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For each considered wavelength over the spectrum of light, the corresponding refractive
indices of layer 1 and 3 are retrieved, which are fixed by the simulation structure. Then, the
reflectance and transmittance are computed for all the possible combinations of n, and x»
and all incidence angles. Afterwards, a weighted average of the angles is performed con-
sidering the normalised angular intensity distribution shown in Figure 5.13. This provides
the reflectance and transmittance as a function of n, and x». By repeating this calculation
for all the relevant wavelengths, a complete map of the reflection and transmission of light
over the spectrum is obtained.

To visualise some of the findings, Figure 5.14 plots the reflectance as a function of n, and
Kk for an incidence wavelength of 400 nm and 800 nm for the TR] in scenario 2. Depending
on the wavelength, the indices n;, k1, n3 and k3 will have different values, such that the
condition for maximum reflectance and transmittance as a function of n, and x, changes
throughout the spectrum.

06 0.8 1.0

K2 [-]
K2 [-]

ny [-] ny [-]
(a) A =400nm. (b) A =800nm.

Figure 5.14: Reflectance as a function of the complex refractive index for two wavelengths. n, k1, n3 and k3
are taken from scenario 2.

Once the reflectance and transmittance properties are computed for all wavelengths,
the values of n, and x, for which a maximum reflectance and transmittance is achieved are
computed in all cases. In this way, the ideal values of the refractive index of the intermedi-
ate reflector are retrieved. Figure 5.15 plots the refractive index n, and absorption index x»
that maximise the reflectance and transmittance over the spectrum for scenario 2.

From the figure, it is evident that a low refractive index is desirable for a high reflection
at the TR]J. This is accompanied by a varying absorption index. For low wavelengths, it is lo-
cated around zero, whereas a sudden increase is experienced for around 730 nm onwards.
This has to do with a sudden change in the global maximum of the reflectance function. A
high reflectance is still achieved for x, = 0 at high wavelengths, it is only lower in magnitude
than the boundary value for x, = 5. With regards to the conditions for a maximum trans-
mittance, the absorption index should be zero, which ensures no absorption takes place
in the IR layer. Moreover, the refractive index of the IR is mainly located in between the
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Figure 5.15: Complex refractive index values of the intermediate reflector that maximise the reflectance and
transmittance as a function of wavelength. The refractive index data of the adjacent layers are plotted as a
reference. The step-like behaviour is a consequence of the discretisation of the domains.

refractive indices of the materials surrounding this layer, which is a known condition that
minimises the reflection [8].

The question now is at which wavelength the transition between high reflectance and
high transmittance should occur, which was previously defined as A;. This depends on the
current distribution of the tandem that is being simulated. For a mostly top cell current
limiting tandem, a higher value of A; is desired than for a bottom cell limiting device, such
that a high reflectance is achieved over a larger part of the spectrum. This allows the top
cell to generate more current. As an example, Figure 5.16 plots the optical refractive data of
an ideal IR for 1, = 500nm.
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Figure 5.16: Refractive indices of an ideal IR with A; = 500nm and the two layers conforming the TRJ. A finer
discretisation of the n and x domains was done to obtain a more continuous curve.

For simplicity, k was set to zero. In the next paragraph, the impact of several ideal IRs
will be considered for the three scenarios.
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Impact of ideal IR on cell performance

This section considers the impact of the inclusion of an ideal IR in the simulations of the
different scenarios introduced in Section 5.2.1. To have an idea about the impact of such an
IR in the current map of the tandem, Figure 5.17 plots the short-circuit current distribution
of scenario 2 with ideal IRs with A; € (650nm, 700nm).
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Figure 5.17: Short-circuit currents of a micromorph device in scenario 2 with different choices of IR.

These plots can be directly compared to the top right plot of Figure 5.7, where the same
simulation structure is used without an IR (taking into consideration that the colour scale
is different). The current matching condition could be found by joining the points where
the contour lines change from a vertical to a more horizontal orientation. For A; = 650nm,
this line has shifted towards thicker bottom cells and thinner top cells. This is evidence for
a gain in the current delivered by the top cell. Moreover, this new light management results
in a higher total current of the tandem. For the sake of comparison, at a top cell/bottom
cell thickness combination of 200 nm/2 um, the inclusion of this IR results in a short-circuit
current of 13.5 mA cm ™2, whereas only 12.3 mA cm 2 could be achieved without the IR. For
an inappropriate choice of A, the ideal IR will direct too much light to one of the subcells,
which is undesirable. This was the case for A = 700nm, for which it is clear from the orien-
tation of the contour lines that the tandem has become mostly bottom cell limited. At the
same thickness combination, Ji. = 11.9mAcm 2.

To investigate the impact of different ideal IRs on the efficiency of the tandem, A; was
varied between 450 nm and 700 nm with steps of 50 nm. This was done for all the consid-
ered scenarios, keeping track of the maximum efficiencies and the subcells’ thicknesses
at which this maximum is attained. The simulated thicknesses are again from 100 nm to
500 nm and from 0.5 um to 4 um for the top and bottom cell absorber layers, respectively.
Figure 5.18 summarises all the results. In many cases, the maximum efficiency can be im-
proved with the use of an intermediate reflector. This increase is dependent on the choice
of A, which shifts the transition from high reflectance to high transmittance. If chosen too
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Figure 5.18: Maximum efficiency in the simulated thickness range with the use of different ideal IRs as a
function of A;. The dashed line represents the maximum efficiency when no IR is used in each scenario.

high, it is seen to decrease the overall efficiency due to the low current production of the
bottom cell. Besides the increase in efficiency, thinner top layers can be used, reducing
light-induced degradation. However, this should not happen at the expense of very thick
bottom layers, which poses problems in the quality of the material and the manufacturing
costs. Table 5.2 summarises the thicknesses of the top and bottom cell absorber layers at
which the maximum efficiencies shown in Figure 5.18 were attained.

Table 5.2: Thicknesses at which the maximum efficiency for difference scenarios is obtained, considering

different ideal IRs.
Scenario 1 Scenario 2 Scenario 3
A¢[nm] Top Bottom Top Bottom Top Bottom
[nm]  [um] [m]  [um]  [nm]  [um]
450 100 3 200 1 100 4
500 100 3 200 1 100 4
550 100 3 100 0.5 100 4
600 100 3 100 0.5 100 4
650 100 3.5 100 1 100 4
700 100 4 100 3.5 100 4
No IR 100 3.5 140 0.5 100 4

As analysed in Sections 5.1.2, scenario 1 is a case with non-optimal refractive index
choice of the layers at the TR]. By including an ideal IR, the best efficiency boost was from
12.1% to 12.5%, also reducing the bottom cell thickness from 3.5pum to 3um. The light
management for scenario 3 was even worse. Here, the best gain in maximum efficiency was
from 10.7 % to 10.9 %, for the minimum/maximum thickness combination of top/bottom
cell. This has to do with the fact that a lot of reflection is happening in layers outside the
TR], so the effect of the IR is minimal. Finally, scenario 2 proves what is ideally achieved
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with an intermediate reflector. The maximum efficiency increases from 13 % to 13.2 % for
a thinner top cell and a similar bottom cells thickness.

It has to be taken into consideration that the improvement of efficiencies with ideal in-
termediate reflectors cannot be translated directly to measurable data. The IRs introduced
in this section present the ideal refractive indices for maximum/minimum reflection for
low/high wavelengths. In reality, materials with such optical characteristics do not exist.
Therefore, the results obtained indicate the maximum increase in efficiency that can be
attained with an intermediate reflector and what the effect on the subcell thicknesses is.
This can then serve as the grounds for deciding whether it is worth to include an interme-
diate reflector in the manufacturing of a device, considering the added production costs
and time that can be associated with such an extra layer. If an IR is included, the closeness
of its refractive index to the ideal case will determine the degree to which the efficiency will
be increased and the subcell thicknesses varied.

5.3. Region of interest for micromorph R2R production

In this section, some aspects relevant to the micromorph module delivered by HyET So-
lar are discussed. First, the inclusion of the newly developed texture is compared to the
baseline texturing currently implemented in their manufacturing process. Second, the en-
capsulation at the front side of the tandem is incorporated in the modelling, along with an
adjustment of cell parameters that can be expected under operation. With this, realistic
predictions of the output efficiency can be made. The thickness range of the simulations in
this section are focused on the regions of interest of HyET, which considers a maximum bot-
tom cell thickness of 2 um to ensure a high throughput and limit production costs. More-
over, the optical structure of scenario 2 is used in this section given that it was the best case
found in Section 5.2.

5.3.1. Texturing comparison

The current texturing in the roll-to-roll processing at HyET is done with a 0.1 M solution
of NaOH at 35°C. This baseline procedure results in less surface roughening of the tem-
porary Al foil than the MST developed within the FlamingoPV project. This can have large
effects on the optical path length of light in the cell and therefore the absorption that can
take place. Table 5.3 compares the root mean square (RMS) roughness Ry and correlation
length L. of the considered textures.

Table 5.3: Parameters describing the baseline texturing at HyET and one developed within the FlamingoPV

project.
TeXture ers [nm] LC [}lm] ers /LC [']
HyET baseline 28.4 0.497 0.057
FlamingoPV 418 5.235 0.080

The roughness of the surface features result in a mostly diffractive scattering for the
baseline texturing and a refractive one for the FlamingoPV case. To analyse the impact of
the texturing on the absorption in the subcells, Figure 5.19 plots the absorption profile for
both textures for a sample micromorph cell (top cell/bottom cell thickness of 200 nm/1 um).
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Figure 5.19: Absorptance profiles of the subcells in a micromorph device for different interface textures.
Top/bottom cell thicknesses: 200 nm/1 pm.

The increased response of the bottom cell for large wavelengths is remarkable. This
has to do with the implementation of a modulated surface texture in the FlamingoPV case,
which creates micro-sized craters that enhance scattering for large wavelengths. On the
other hand, for small wavelengths the baseline texturing of HyET seems to do a better
job. The nano-morphology in this case boosts the response for wavelengths below 550 nm.
From this point until 800 nm, scattering in the top cell is better for the FlamingoPV tex-
turing, such that a lower response is seen in its bottom cell. Nevertheless, this decrease is
recovered by wavelengths longer than 800 nm.

Besides the enhanced absorption as a consequence of the MST, it is also a more suitable
growth substrate, specifically for the pc-Si:H absorber layer. It has been studied that sharp
features result in defective filaments in the material that deteriorate both the V. and FF,
whereas a micro surface texture allows the growth of thick, defective-free layers [76]. All
in all, the use of MST has a positive effect on the performance of the micromorph cell.
Simulated efficiencies for several thickness combinations are plotted in Figure 5.20. The
comparison of the other performance indicators of the cell are shown in Appendix F.

As expected, higher efficiencies are achieved with the new texturing when compared to
HyET’s baseline. For the simulated thicknesses, a maximum efficiency of 13 % is registered
for the first case and 12.3 % for the second. These values were obtained at top cell/bottom
cell thicknesses of 140 nm/0.5 um and 180 nm/0.9 um, respectively. The overall increase of
the efficiency is therefore a combination of a boost in short-circuit current as well as the
improved electrical properties given the reduction in subcell thicknesses.
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Figure 5.20: Comparison of the efficiencies as a function of the subcell thicknesses for the baseline texturing
at HyET and the developed texture for FlamingoPV.

5.3.2. Encapsulated cell performance prediction

The module structure used throughout this chapter, presented in Figure 5.1, has FTO as the
front layer. In reality, the final product delivered by HyET is encapsulated. Besides provid-
ing protection from the environment, this encapsulation improves light management by
reducing the reflection at the front of the cell. This section will include this encapsulation
in the modelling of the tandem to provide a realistic prediction of the efficiency of such a
cell. Figure 5.21 shows the layers that are added on top of the FTO in the encapsulation
process along with an approximation of the thicknesses.

ETFE [25um]

glass/glue [90 pm]
ETFE [25um]

Figure 5.21: Structure of the front encapsulation used by HyET Solar. The layer thicknesses are not to scale.

The ethylene tetrafluoroethylene (ETFE) layers have a refractive index of 1.43, and the
glass/glue combination and pure glue layer 1.53. All these layers have a negligible absorp-
tion, so they are modelled with an absorption index equal to zero. The full stack of layers is
then the one shown in Figure 5.21 on top of the one in Figure 5.1. The performance of this
structure is shown in Figure 5.22.

When compared to the cell without encapsulation, a remarkable efficiency increase of
0.8 % absolute to 13.8 % is experienced, at an optimal thickness combination of 160 nm/
0.6 um for the top/bottom cell. This is mainly a consequence of the increase in light cou-
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Figure 5.22: Simulated encapsulated micromorph solar cell parameters for different absorber layer
thicknesses.

pling, since the encapsulation decreases the reflectance. This effect is shown in Figure 5.23
for a top/bottom cell thickness of 200 nm/1 pm.

Towards a more realistic prediction

It has to be taken into consideration that this high performance is based on some assump-
tions, as mentioned in Section 5.1.1. First of all, the fact that the initial texturing of the Al
foil is adapted perfectly to all the interfaces of the device. This results in an overestimation
of mainly the current of the subcells. In order to have an even more realistic performance
prediction of the encapsulated micromorph cell, this aspect will be taken into considera-
tion in this paragraph.

Analysis have shown that the Ji. of an a-Si:H cell could be overestimated around

1 mAcm™! [77] for a 700 nm thick absorber layer. Considering that the thickness range in
the studied micromorph cell is less than half, this drop is estimated to be 0.5mAcm™'. For
the bottom cell this drop can be expected to be higher, given that the texturing has a larger
impact on the absorption of this material. Therefore, a decrease of 1 mAcm™! is consid-
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Figure 5.23: Absorptance profiles (continuous lines) of the subcells in a micromorph device and total
reflectance (dashed lines) for different interface textures. Top/bottom cell thickness: 200 nm/1 pm.

ered. To include this effect on the performance of the device, the short-circuit currents of
the each subcell was computed and shifted accordingly. Then, the efficiency of the total
device is taken as the multiplication of the minimum current between the shifted values of
the subcells, the V,c and the FF of the tandem, divided by the incoming power. This plot is
shown in Figure 5.24.
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Figure 5.24: A more realistic prediction of the efficiency of the encapsulated cell after considering lower
short-circuit currents of the subcells.

The maximum efficiency in this case is 13.2 % at a top/bottom cell thickness of 180 nm/
0.9um. At this point, Js. = 12.85mAcm ™2, Vy = 1.449V and FF = 0.709. The change in
currents has therefore shifted the best operational range to thicker absorber layers. On a
final note, the FF and V, are also expected to change in this new current distribution, but
the computation is less straightforward. Therefore, this change is not considered in this
approximation. To ultimately obtain a better estimation of the performance, an AFM scan
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of the morphology of each interface in the complete stack should be done and included in
the simulations. The efficiency predictions in Figure 5.24, however, serve as a good start-
ing point of the achievable efficiency values and the corresponding absorber layers’ thick-
nesses.

5.4. Further optical improvements

AZO/Al is used as a back reflector due to its efficient reflection and the abundance of ma-
terials, which makes them affordable for the production chain. Nevertheless, Ag has better
optical properties in terms of back reflection. The encapsulation used by HyET provides a
reduced reflection at the front of the cell, given that its refractive index is in between that
of air and FTO. However, we can think of a perfect optical encapsulation, which has the
ideal optical properties such that the condition of minimum reflection is achieved. This is
accomplished by following the square root of the product of the refractive index of air and
TCO [8]. In this section, this ideal encapsulation, along with Ag as back reflector, are con-
sidered as a demonstration of how the product delivered by HyET could be enhanced. The
absorptance of the subcells and the total reflectance for the HyET product and the improve-
ments mentioned are plotted in Figure 5.25 for a top/bottom cell thickness combination of
200nm/1 pm.
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Figure 5.25: Absorptance profiles (continuous lines) of the subcells in a micromorph device and total
reflectance (dashed lines) for an ideal encapsulation with Ag as back reflector and the encapsulation used at
HyET with AZO/Al as back reflector. Top/bottom cell thickness: 200 nm/1 pm.

From the reflectance curves, it is evident that the encapsulation used at HyET provides a
very good light coupling and matches the profile an ideal, single-layer encapsulation would
have at low wavelengths. Therefore, the absorption profile of the top cell is unchanged.
When including Ag as back reflector, an enhanced absorption of the bottom cell from about
750 nm onwards is experienced given the superior optical properties of this material. The
increase in reflectance starting at a wavelength of 1 um is a consequence of light passing
through the stack of layers twice without being absorbed.

Figure 5.26 shows the performance of the cell with Ag as back reflector and ideal encap-
sulation.
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Figure 5.26: Efficiency prediction of a micromorph cell with an ideal encapsulation and Ag as back reflector.

The maximum efficiency of 14.1 % is achieved at a top/bottom cell thickness combina-
tion of 160 nm/0.5 um. When compared to the 13.8 % at similar thicknesses in the original
case in Figure 5.22, it can be concluded that the micromorph structure in the original case
already presents very good light management. With this in mind, the impact of including
this ideal encapsulation and Ag as back reflector is minor and might not justify the produc-
tion costs related to its implementation.



Preliminary experimental results

This chapter presents introductory results regarding the manufacturing of devices on Al
foil substrates. In Section 6.1, the material properties and diode characteristics of single-
junction a-Si:H cells are verified. Then, some multi-junction devices are visually presented
in Section 6.2.

6.1. Amorphous silicon depositions

The PECVD recipe presented in Section 3.2.2 is used for the deposition of pin a-Si:H cells
on textured Al foil to verify its validity when deposited on such substrates. Due to time
constraints, the complete processing of deposited cells, which results in a working solar
cell, was not possible. Therefore, the performance of the cells under illumination could
not be measured. However, the material quality could be investigated, as well as the diode
behaviour of the pin structure. These analyses are presented next.

6.1.1. Raman spectra

To ensure the deposition of amorphous silicon material on the Al substrate, Raman mea-
surements were performed. The wavelength of the laser light of the measuring setup was
633 nm at a power of 1%, with an exposure time of 100s. The spectra at a thickness of
250 nm and 500 nm are presented in Figure 6.1.

It is clear from the peaks centred at a Raman shift of 480 cm™! that the material is fully
amorphous, as there are no enhanced counts at the crystallinity peak at 521 cm™!. This is
the case for both thicknesses, giving an indication that the material is amorphous through-
out the layer.
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Figure 6.1: Raman spectra of intrinsic a-Si:H with thicknesses of 250 nm and 500 nm. The vertical dotted line

is placed at a Raman shift of 480 cm™!.

6.1.2. Dark I — V measurements

To ensure a diode behaviour, the current as a function of voltage of a Al/AZO/a-Si:H(pin) /Al
stack was measured under dark conditions. The back Al was evaporated with a mask, such
that contact points of 1 cm? are formed. Figure 6.2 plots the results for the measurement at
three contact points on the same foil.
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Figure 6.2: Dark I — V characteristic of three pin a-Si:H cells.

The behaviour of a diode is clear from the I — V characteristic, but the differences be-
tween contact points on the same substrate are notable. This can be attributed to several
reasons. To start, it was often the case that the Al foil was not completely clean after the tex-
turing procedure as a consequence of etching residues. Careful wiping was performed to
cleanse the surface of the foil before the depositions, but it might not have been sufficient.
Moreover, it was a difficult task to maintain the substrates completely flat during the de-
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positions, which might have caused material inhomogeneities across the substrate. These
factors can manifest themselves as added resistances in the diode, causing the behaviour
observed in Figure 6.2.

Despite these limitations, the measured shunt resistance of a-Si:H cells deposited at the
facilities of EKL in Delft on textured Al foils were significantly higher than those produced at
HyET Solar. This is an indication of high performance cells. Figure 6.3 shows these results
in a box plot.
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Figure 6.3: Comparison of the measured shunt resistance of a-Si:H cells produced at HyET Solar and at Delft
on a textured Al substrate.

The spread of the shunt resistances is similar in both cases, evidencing the inhomo-
geneities mentioned above. Nevertheless, the cells deposited at Delft have a median that is
around two orders of magnitude higher that those deposited at HyET Solar.

6.2. Multi-junction depositions

This section presents SEM cross-section images of an a-Si:H/pc-Si:H tandem and an a-
Si:H/pc-Si:H/pc-Si:H triple-junction device, which are both relevant for the FlamingoPV
project. With the help of such images, the ability to grow thick pc-Si:H layers can be in-
spected by checking the absence of voids in the material, which act as recombination cen-
tres and results in a drop in the V,.. The recipe for the deposition of pc-Si:H cells was
optimised by S. Nawaratne [81].

Figures 6.4 and 6.5 show a tandem and triple-junction cell deposited on textured Al
foils. Regarding the tandem, the thicknesses of the AZO, a-Si:H and pc-Si:H layers can be
estimated to be 540 nm, 250 nm and 1.83 um. For the triple junction, the AZO, a-Si:H, mid-
dle pc-Si:H and bottom pc-Si:H layers can be estimated to be 650 nm, 200 nm, 1.09 um and
1.63 um thick from the SEM image. In both cases, a visual inspection gives the conclusion
that there are a limited number of voids present in the material, evidencing the potential of
the implemented texturing for the growth of thick pc-Si:H layers.
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Figure 6.4: SEM cross-section image of a micromorph tandem deposited on a textured Al foil substrate,
taken by G. Limodio.

Figure 6.5: SEM cross-section image of an a-Si:H/pc-Si:H/pc-Si:H triple-junction deposited on a textured Al
foil substrate, taken by G. Limodio.



Conclusions and outlooks

This thesis investigated the possibility of developing high-efficiency flexible thin-film sil-
icon solar cells. For this, modelling was used for the prediction and optimisation of the
operation of an amorphous silicon/microcrystalline silicon tandem device. This chapter
discusses the most important conclusions from this work, together with an outlook of fu-
ture research directions in line with this area of study.

7.1. Conclusions

As a semiconductor modelling software, ASA is valuable for the prediction of the operation
of a solar cell under different circumstances. For it to be used efficiently, an understand-
ing of the impact of physical values on the outcome of the simulations is indispensable.
To achieve this, a comprehensive study was carried out on the sensitivity of the cell per-
formance on the physical model parameters, which is a valuable tool when calibrating the
model to match experimental results. By developing a Python-based automating routine
for the web interface of ASA, the execution of new simulations could be processed quickly
and autonomously.

The sensitivity analysis provided the proper insights for the calibration of single-junction
amorphous silicon and microcrystalline silicon solar cell models, with reference efficien-
cies of 7.7 % and 9.4 %, respectively. When combining these models for the performance
prediction of the multi-junction micromorph cell (top amorphous silicon/bottom micro-
crystalline silicon tandem), it was found that the choice of optical properties of the layers
at the junction between the subcells has a critical effect on the light distribution of the de-
vice. If the refractive indices of the layers at the junction vary too much from the values
of the absorber layers, the high reflection taking place limits the current production of the
bottom cell. This limits the overall performance of the device and increases the thickness
of the bottom cell absorber layer, compromising its implementation on a large scale set-
ting. Considering, for instance, a micromorph cell with top and bottom cell thicknesses
of 200 nm and 2 um, respectively: the efficiency can be brought up from 9.6 % to 12.5 % by
using layers at the junction with refractive indices closer to that of the absorber layers.

Intermediate reflectors are often used in multi-junction solar cells for an improved
light distribution. In this work, the optimal conditions for an ideal intermediate reflec-
tor were examined, by analysing the reflectance and transmittance for different combina-
tions of refractive indices. This provided the ideal refractive index an intermediate reflec-

93



94 7. Conclusions and outlooks

tor should have in order to maximise the reflectance/transmittance below/above a certain
wavelength, which mimics the perfect operation of such a reflector. The results can be
used to predict the maximum increase in efficiency the inclusion of an intermediate reflec-
tor can produce and the influence on the absorber layers’ thicknesses. This is a decisive
factor when considering the implementation on a large scale facility, because the increase
in device performance must justify the added production costs and manufacturing time.

In a scenario with a mismatch of the refractive indices at the junction layers, maximum
efficiencies could be improved from 12.1 % to 12.5% at bottom cell thicknesses of 3.5um
and 3 um, respectively. In such a case, including an intermediate reflector could have a
considerable benefit. However, for an already high-performing device with an efficiency
of 13 %, the inclusion of an ideal intermediate reflector only increased the efficiency to
13.2 %, at similar bottom cell thicknesses. This minor improvement might not be worth
the investment. The analysis can be expanded to tandem devices in general, serving as a
guideline for predicting the impact of intermediate reflectors.

All these observations provided the necessary information for the determination of
the micromorph configuration that maximises the conversion efficiency. For a typical cell
structure and encapsulation from HyET Solar, an efficiency of 13.2% (Jsc = 12.85mAcm 2,
Voc = 1.449V, FF = 0.709) is predicted without an intermediate reflector. This performance
is attained at a top cell absorber layer thickness of 180nm and a bottom cell of 0.9 pm.
This prediction takes into account an overestimation of the current from the results of the
simulation. Such a high performing device at reasonable thicknesses is attributed to the
combination of a modulated surface texture to enhance light absorption, the use of thin
layers which result in a high V. and FF, and the use of proper front encapsulation layers
to minimise reflection. The use of an Ag back reflector instead of AZO/Al improved the
current of the bottom cell but did not result in a significant efficiency improvement.

The fabrication of amorphous silicon cells on flexible Al substrates proved the possi-
bility of depositing such cells at the facilities in Delft. This was evidenced in the presence
of amorphous material from Raman spectroscopy measurements and the achievement of
high shunt resistances. A visualisation of manufactured micromorph tandems with SEM
cross-sections showed the successful deposition of such devices on a modulated surface
texture on flexible Al substrates.

In conclusion, the potential efficiency of over 13 %, combined with the use of flexible,
inexpensive substrates, places the investigated thin-film silicon structure in a very good
position in the market. The applications for such light tandem devices are numerous and
can accelerate the large scale implementation of photovoltaic solar energy for the transition
to a sustainable society.

7.2. Outlooks

The conducted research in this work has highlighted the potential of the micromorph cell
for its use in flexible Al substrates with the use of simulations. In this regard, some ideas
are given for the further optimisation of the device.

First, the impact of the band gap variation of the amorphous silicon absorber layer on
the device performance can be considered. By changing the deposition conditions, amor-
phous silicon layers with band gaps from around 1.7 eV to 1.9 eV can be obtained. This has
an impact on the light distribution and voltages of the device and might improve the ef-
ficiency and thickness distribution of the top and bottom cell. Since the refractive index
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changes for a material with a different band gap, the optical data must be obtained in each
case.

Second, a complete characterisation of the interface morphology of the device is needed
to accurately estimate the current production of each subcell in a tandem. In this work, an
estimation was made of the excess current produced by the subcells as a consequence of
using the same texture as the first layer. The information of the texture was provided by
an AFM scan. In reality, the features smooth out as the layers are deposited, such that an
AFM scan after the deposition of each layer would lead to an improved modelling of the
morphology of the interfaces.

Third, an analysis of the tunnel-recombination junction would provide better insights
on the impact of the layers forming this junction on the device performance. For instance,
the consequence of the thickness variation of these layers could be investigated. More-
over, it might be necessary to adjust the tunnelling parameters of the model to mimic the
behaviour of real micromorph devices more accurately.

Ultimately, the power of modelling is only fully taken advantage of when the results can
be translated into measurable devices. Time limitations did not allow a full characterisa-
tion of deposited single- and multi-junction devices, which is an important step for the
development of solar cells. In light of this, device fabrication and characterisation is the
next step in proving the possibility of fabricating such high-efficiency devices on flexible
Al substrates. During this project, the post-processing of the cells for the characterisation
under illuminated conditions was done at the facilities of HyET Solar, given their exper-
tise in these final processing stages. This included the transfer of the cell to a permanent
carrier and the etching of the temporary Al foil. It might be worth looking into alternative
processing procedures at the Delft facilities to speed up this final processing. Unsuccessful
attempts were made within this thesis and proved that the optimisation of the final pro-
cessing steps are a whole new study on its own.
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A.1. Reference

C Reference ASA simulation file for a-Si:H pin cell;

C DEVICE DEFINITION;

layers electrical=3 front=2 back=1;
grid[f.1] d=1.5e-3;

grid[f.2] d=650.0e-9;

grid[1] d=10e-9 spaces=20;

grid[2] d=450e-9 spaces=200;
grid[3] d=20e-9 spaces=40;
grid[b.1] d=300.0e-9;

C OPTICAL PARAMETERS OF LAYERS;

ASA .cas files

optical[f.1] ext.coeff=0 ref.index=1.5 incoherent; C glass;

optical[f.2] 1lnk.file=tud_SnO-Asai.in; C tco;
optical[1] 1nk.file=tud_p-aSiC.in; C p-layer;
optical[2] 1nk.file=tud_i-aSi.in; C i-layer;
optical[3] 1lnk.file=tud_n-aSi.in; C n-layer;
optical[b.1] 1lnk.file=tud_ag.in; C back contact;

C INTERFACE TEXTURING;

interface[i.3] adf.s.rf=cossq adf.s.rb=cossq adf.s.tf=cossq adf.s.tb=cossq;

interface[i.3] adf.h.rf=cossq adf.h.rb=cossq

adf .h.tf=cossq adf.h.tb=cossq adf.h.file=sct_t-p.in;

interface[i.6] adf.s.rf=cossq adf.s.rb=cossq adf.s.tf=cossq adf.s.tb=cossq;
interface[i.6] adf.h.rf=user adf.h.rb=user adf.h.tf=user adf.h.tb=user

adf.h.file=sct_n-m.in;

C MATERIAL PARAMETERS OF LAYERS;

bands[1] e.mob=1.85 chi=4.000 nc=6.0E+26 nv=6.0E+26 epsilon=7.2;
bands[2] e.mob=1.75 chi=4.025 nc=6.0E+26 nv=6.0E+26 epsilon=11.9;
bands[3] e.mob=1.75 chi=4.025 nc=6.0E+26 nv=6.0E+26 epsilon=11.9;

mobility[1] mu.e=10.0e-4 mu.h=1.0e-4;
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A. ASA .cas files

mobility[2] mu.e=20.0e-4 mu.h=5.0e-4;
mobility[3] mu.e=10.0e-4 mu.h=1.0e-4;

doping[1] e.act.acc=0.50;
doping[3] e.act.don=0.30;

variable SIGMA1=0.7e-15 SIGMA2=SIGMA1/10;

C DENSITY OF STATES PARAMETERS OF LAYERS;

vbtaillall] levels=20
vbtail[1] n.emob=1e28
vbtail[2] n.emob=4e27
vbtail[3] n.emob=1e28

cbtaillall] levels=15
cbtail[1] n.emob=8e27
cbtail[2] n.emob=2e27
cbtaill3] n.emob=1e28

dbond[all] levels=20 e.corr=0.2 d.e=0.2 e.range=4.0 e.rel.mg=0

C

e
e.
e

® ®© © O

.neut=SIGMA1 c.pos=SIGMA2 e.range=1.0;
.char=0.100;
char=0.045;
.char=0.090;

.neut=SIGMA2 c.neg=SIGMA1l e.range=0.7;
.char=0.080;
.char=0.027;
.char=0.070;

ce.pos=be-13 ce.neut=be-14
ch.neg=5e-13 ch.neut=be-14;

dbond[1] n=8.0e24;
dbond[2] n=5.0e21;
dbond [3] n=2.0e25;

C GENERAL SETTINGS;

settings newton gummel.starts=2 max.step.reduc=0;
settings damp=6 max.iter=50;

model amorphous;

C CALCULATING GENERATION PROFILE;
opticgen spectrum=aml5_350-1200.in gp3;
print opticgen file=opticgen.dat;
print absorption file=absorption.dat;
print absorptance file=absorptance.dat;

C CALCULATING SPECTRAL RESPONSE;
settings sr.flux=1.0e20;

solve equil;

solve sr wl.start=300nm wl.step=5nm wl.end=1200nm;
print sr file=qe_sr.dat gnu;

C CALCULATING ILLUMINATED J-V (AM1.5 simulation);

solve equil;

solve v.start=v_start v.end=v_end n.step=36 illum;
print jv file=jv_illum.dat headers=false;
print solpar file=solpar.dat;
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A.2. Calibrated a-Si:H cell

C ASA simulation file match for HyET’s a-Si:H pin cell;
C Calibration by Erik Spaans

C DEVICE DEFINITION;

layers electrical=3 front=2 back=2;
grid[f.1] d=700.0e-9;

grid[f.2] d=20.0e-9;

grid[1] d=10e-9 spaces=20;
grid[2] d=300e-9 spaces=200;
grid[3] d=10e-9 spaces=40;
grid[b.1] d=80e-9;

grid[b.2] d=300.0e-9;

C OPTICAL PARAMETERS OF LAYERS;

optical[f.1] 1nk.file=FT0.in; C front TCO;
optical[f.2] 1lnk.file=AZ0.in; C AZO buffer layer;
opticall[l] 1lnk.file=a-SiC(p).in; C p-layer;
optical[2] 1nk.file=a-Si(i).in; C i-layer;
optical[3] 1lnk.file=a-Si(n).in; C n-layer;
optical[b.1] 1nk.file=AZ0.in; C back TCO;
optical[b.2] 1lnk.file=Al.in; C back contact;

C INTERFACE TEXTURING;

interface[i.3] adf.s.rf=linear adf.s.tb=linear;
interface[i.3] adf.h.file=sct_t-p.in;

interface[i.6] adf.s.rf=cossq adf.s.rb=cossq adf.s.tf=cossq;
interface[i.6] adf.h.rf=user adf.h.rb=user adf.h.tf=user
adf .h.tb=user adf.h.file=sct_t-p.in;

C MATERIAL PARAMETERS OF LAYERS;

bands[1] e.mob=1.98 chi=0.000 nc=2.0E+26 nv=2.0E+26 epsilon=11.9;

bands[2] e.mob=1.70
bands[3] e.mob=1.75

mobility[1] mu.e=10.
mobility[2] mu.e=20.
mobility[3] mu.e=10.

doping[1] e.act.acc=
doping[3] e.act.don=

chi=0.025 nc=2.0E+26 nv=2.0E+26 epsilon=11.9;
chi=0.025 nc=2.0E+26 nv=2.0E+26 epsilon=11.9;

Oe-4 mu.h=1.0e-4;
Oe-4 mu.h=5.0e-4;
Oe-4 mu.h=1.0e-4;

0.50;
0.25;

variable SIGMA1=0.7e-15 SIGMA2=SIGMA1/10;

C DENSITY OF STATES PARAMETERS OF LAYERS,;

vbtail[all] levels=20 c.neut=SIGMA1l c.pos=SIGMA2 e.range=1.0;
vbtail[1] n.emob=1e28 e.char=0.100;

vbtail[2] n.emob=4e27 e.char=0.05;

vbtail[3] n.emob=1e28 e.char=0.090;



102 A. ASA .cas files

cbtail[all] levels=15 c.neut=SIGMA2 c.neg=SIGMA1l e.range=0.7;
cbtail[1] n.emob=8e27 e.char=0.080;
cbtail[2] n.emob=2e27 e.char=0.027;
cbtail[3] n.emob=1e28 e.char=0.070;

dbond[all] levels=20 e.corr=0.2 d.e=0.2 e.range=4.0 e.rel.mg=0
ce.pos=1le-14 ce.neut=be-14

ch.neg=5e-13 ch.neut=be-14;

dbond[1] n=1.0e24;

dbond[2] n=2.0e21;

dbond [3] n=2.0e25;

C GENERAL SETTINGS;

settings newton gummel.starts=2 max.step.reduc=0;
settings damp=6 max.iter=50;

model amorphous;

C CALCULATING GENERATION PROFILE;
opticgen spectrum=aml5_350-1200.in gp3;
print opticgen file=opticgen.dat;
print absorption file=absorption.dat;
print absorptance file=absorptance.dat;

C CALCULATING SPECTRAL RESPONSE;

settings sr.flux=1.0e20;

solve equil;

solve sr wl.start=300nm wl.step=5nm wl.end=1200nm illum;
print sr file=qe_sr.dat;

C CALCULATING ILLUMINATED J-V (AM1.5 simulation);
solve equil;

solve v.start=0 v.end=0.9 n.step=50 illum;

print jv file=jv_illum.dat;

print solpar file=solpar.dat;

A.3. Calibrated pc-Si:H cell

C ASA simulation file match for H. Tan’s nc-Si:H pin cell;
C Calibration by Erik Spaans

C DEVICE DEFINITION;

layers electrical=3 front=2 back=2;

grid[f.1] d=1.5e-3;

grid[f.2] d=600e-9;

grid[1] d=20e-9 dx.t=0.5e-9;

grid[2] d=3000e-9 dx.t=1e-9 dx.c=30e-9 dx.b=1le-9;
grid[3] d=50.0e-9 dx.t=1e-9;

grid[b.1] d=300e-9;
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C OPTICAL PARAMETERS OF LAYERS;
optical[f.1] ext.coeff=0 ref.index=1.5 incoherent; C glass;
optical[f.2] 1lnk.file=AZ0.in; C AZO buffer layer;
optical[1l] 1lnk.file=nc-SiOx(p)_match.in; C p-ncSi;
optical[2] 1nk.file=nc-Si(i).in; C i-ncSi;
optical[3] 1lnk.file=nc-SiOx(n)_match.in; C n-ncSi;
optical[b.1] 1lnk.file=tud_ag.in; C back contact;

C INTERFACE
interfacel[i

interfacel[i
interfacel[i
interfacel[i.
interfacel[i.

TEXTURI

.2] adf.
interfacel[i.
interfacel[i.
interfacel[i.
interfacel[i.

2] adf
2] afm.
3] adf.
3] adf

6] adf
6] afm.

NG;
s.rf=user adf.s.rb=user adf.s.

.h.rf=cossq adf.h.rb=cossq adf.h.

file=AFM_FTO0.in afm.size=40e-6;
s.rf=user adf.s.rb=user adf.s.

.h.rf=cossq adf.h.rb=cossq adf.h.
.3] afm.
.6] adf.
.h.rf=cossq adf.h.rb=cossq adf.h.

file=AFM_FTO0.in afm.size=40e-6;
s.rf=user adf.s.rb=user adf.s.

file=AFM_FTO0.in afm.size=40e-6;

C MATERIAL PARAMETERS OF LAYERS;
bands[1] e.mob=1.90
bands[2] e.mob=1.12
bands[3] e.mob=1.75

mobility[1]
mobility[2]
mobility[3]

doping[1] e.
doping[3] e.

mu.e=10.
mu.e=75.

mu.e=10

act.acc
act.don

tf=user
tf=cossq

tf=user
tf=cossq

tf=user
tf=cossq

adf.
adf.

adf.
adf.

adf.
adf.

chi=4.000 nc=4.0e26 nv=4.0e26 epsilon=11.9;
chi=4.000 nc=2.5e25 nv=2.5e25 epsilon=11.9;

chi=4.275 nc=4.0e26 nv=4.0e26 epsilon=11.

Oe-4 mu.h=1.0e-4;

Oe-4 mu.h=30.0e-4;
.0e-4 mu.h=1.0e-4;
=0.20;
=0.10;

C DENSITY OF STATES PARAMETERS OF LAYERS;
vbtail[all] e.range=0.9 levels=50 c.neut=0.7e-15 c.pos=0.7e-15;

vbtail[1] n.
vbtail[2] n.
vbtail[3] n.

cbtaill[alll
cbtail[1] n.
cbtaill2] n.
cbtail[3] n.

emob=1.
emob=2.
emob=1.

0e28 e.char=0.085;
0e25 e.char=0.015;
0e28 e.char=0.090;

9;

e.range=0.9 levels=50 c.neut=0.7e-15 c.neg=0.7e-15;

emob=1.
emob=1.
emob=1.

0e28 e.char=0.080;
0e26 e.char=0.010;
0e28 e.char=0.080;

dbond[all] levels=40 e.corr=0.2 d.e=0.144 e.range=5.0;
dbond[all] ce.neut=3.0e-15 ch.neut=3.0e-15 ce.pos=3e-14 ch.neg=3e-14;
dbond [1] n=1.0e23
dbond[2] n=3e20 e.neut=-0.70;

dbond[3] n=1.0e24 e.neut=-1.25;

C GENERAL SETTINGS;

e.neut=-0.65;

.tb=user;
.tb=cossq;

.tb=user;
.tb=cossq;

.tb=user;
.tb=cossq;
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settings newton gummel.starts=2 max.step.reduc=0;
settings damp=6 max.iter=50;
model amorphous;

C CALCULATING GENERATION PROFILE;
opticgen spectrum=aml5_350-1200.in gp3;
print opticgen file=opticgen.dat;

print absorption file=absorption.dat;
print absorptance file=absorptance.dat;

C CALCULATING SPECTRAL RESPONSE;

settings sr.flux=1.0e20;

solve equil;

solve sr wl.start=300nm wl.step=5nm wl.end=1200nm illum;
print sr file=qe_sr.dat;

C CALCULATING ILLUMINATED J-V (AM1.5 simulation);
solve equil;

solve v.start=0 v.end=0.7 n.step=50 illum;

print jv file=jv_illum.dat;

print solpar file=solpar.dat;



ASA web automation code: autASA.py

#!/usr/bin/python3
# author: Erik Spaans, 11/12/2019

selenium webdriver
time
os
subprocess
sys
glob
shutil

A e Initializing the driver--------------
def_down_dir = "/home/autASA/zipped_files/"
chromeOptions = webdriver.ChromeOptions ()

prefs = {"download.default_directory": def_down_dir}
chromeOptions.add_experimental_option("prefs", prefs)
driver = webdriver.Chrome(chrome_options=chromeOptions)
# driver .minimize_window ()

driver.implicitly_wait (5)

driver.get ("https://asa.ewi.tudelft.nl/login")

e Input definitions--------------
input_email = "input-26"

input_ps = "input-31"

input_job_des = "input-160"

input_cas = "input-168"

input_in = "input-175"

wait_time = .5

directory_new = "/home/autASA/"

login_email = ’netid@student.tudelft.nl’
login_ps = 1234~

7

newJob (directory, skip_files=[]):
# click on ’new job’

driver.find_element_by_partial_link_text (’New job’).click()

# list with descriptions
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descriptions = []
# upload jobs
cas_file os.listdir(directory+'"cas/"):
cas_file.startswith(’.’) cas_file[:-4]

— skip_files:
# job description
(cas_file)
descriptions.append(cas_filel[:-4])
driver.find_element_by_id (input_job_des) .send_keys(cas_file
— [:-41)
time.sleep(wait_time)
# .cas file
driver.find_element_by_id (input_cas) .send_keys(
directory+"cas/"+cas_file)
time.sleep(wait_time)
# .in files
in_file os.listdir(directory+"in/"):
in_file.startswith(’>.’):
driver.find_element_by_id (input_in) .send_keys (
directory+"in/"+in_file)
driver.find_elements_by_xpath(
"/html/body/div/div[1]/div/div/div/main/div/div[3]/div/
— div/div/form/div [2]/div[2]/button/span") [0].click
- O
time.sleep(1.5)
("All files have been uploaded")
descriptions

delete_all():
# click on ’completed jobs’
driver.find_element_by_partial_link_text (’Completed jobs’).click()
# get table
table = driver.find_elements_by_xpath/(
"//*[@id=’app’]/div/main/div/div [6]/div/div/div/div/div/table")
— [o0]
# delete all files
True:
table.find_elements_by_xpath("//*[@id=’app’]l/div/main/div/
— div[6]/div/div/div/div/div/table/tbody/tr/td") [0].text ==
— "No data available":

del_symb = table.find_elements_by_xpath

"/html/body/div/div/div/div/div/main/div/div [6]/div[1]/div/
— div/div/div/table/tbody/tr [1]/td[9]/button[3]") [0]

webdriver.ActionChains (driver) .move_to_element (
del_symb).click(del_symb).perform()

confirm = table.find_elements_by_xpath(
"/html/body/div/div[3]/div/div/div[2]/div[2]/button") [0]

webdriver.ActionChains (driver) .move_to_element (
confirm).click(confirm).perform()

time.sleep(wait_time)

("All files have been deleted from ASA web")

download_delete_all (num_files):
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# click on ’completed jobs’
driver.find_element_by_partial_link_text(’Completed jobs’).click()
# get table
table = driver.find_elements_by_xpath (
"//*x[@id=’app’]/div/main/div/div[6]/div/div/div/div/div/table")
— [0]
# download and delete all files
counter = 0
True:
table.find_elements_by_xpath("//*[Q@id=’app’]/div/main/div/
— div[6]/div/div/div/div/div/table/tbody/tr/td") [0].text ==
— "No data available":
counter == num_files num_files == ’all’:

# download
down_sym = table.find_elements_by_xpath(
"/html/body/div/div/div/div/div/main/div/div[6]1/div[1]/
— div/div/div/div/table/tbody/tr/td[9]/button[1]")
— [0]
webdriver.ActionChains (driver) .move_to_element (
down_sym) .click (down_sym) . perform()
# delete
del_symb = table.find_elements_by_xpath(
"/html/body/div/div/div/div/div/main/div/div[6]/div [1]/
— div/div/div/div/table/tbody/tr/td[9]/button[3]")
— [0]
webdriver.ActionChains (driver) .move_to_element (
del_symb) .click(del_symb) .perform()
# confirm delete
confirm = table.find_elements_by_xpath(
"/html/body/div/div [3]/div/div/div [2]/div [2]/button")
— [0]
webdriver.ActionChains (driver) .move_to_element (
confirm).click(confirm).perform()
counter += 1
time.sleep(wait_time)
("All files have been downloaded and deleted")

checkCompleted (descriptions):

# click on ’completed jobs’

driver.find_element_by_partial_link_text (’Completed jobs’).click()

# get table

table = driver.find_elements_by_xpath/(
"//*x[@id=’app’]l/div/main/div/div[6]/div/div/div/div/div/table")

— [0]
# download all files
True:
completed_files = []
num_rows = get_row_count (table)
num (1, num_rows+1):

completed_files.append(table.find_elements_by_xpath(
"//*[@id=’app’]l/div/main/div/div[6]/div/div/div/div/div
— /table/tbody/tr["+ (num)+"1/td[1]") [0]. text)
time.sleep (1)
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B. ASA web automation code: autASA.py

(job completed_files job descriptions):

get_row_count (table):
(table.find_elements_by_tag_name("tr"))-1

get_column_count (table):
(table.find_elements_by_xpath("//tr[2]/td"))

validate_bool (question):

True:
output = (question)
output == ’q’:

sys.exit ()

output = (output)

output == 0 output == 1:
(output)

("Please enter a valid bool integer.")
Exception:
("Please enter a valid bool integer.")

plot () :

plot = validate_bool("Plot? (1 or 0): ")
plot:
key = ("Keyword: ")

os.system(
"python3 /home/autASA/readSimData.py /home/autASA/
— unzipped_files/ "+key)

unzip_all () :
subprocess.call(
"/home/autASA/unzip.sh")

main () :
# Login
driver.find_element_by_id(input_email) .send_keys(login_email)
driver.find_element_by_id (input_ps) .send_keys(login_ps)
driver.find_elements_by_xpath(
"//*[@id=’app’]l/div/main/div/div/div/div/div/form/div [3]/div
— [2]/button") [0].click ()

>clean’ sys.argv([1:]:
f glob.glob("/home/autASA/zipped_files/*"):
os.remove (f)
d glob.glob("/home/autASA/unzipped_files/*"):

shutil.rmtree (d)
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os.remove (
"/home/autASA/unzip_names.txt")

‘new’

skip_files

skip_files

’open’

’downall’

sys.argv[1:]:
os.listdir(directory_new+"unzipped_files/")

(]

sys.argv[1:]:

sys.argv[1:]:
download_delete_all(’all’)

# unzip all downloaded files
unzip_all ()

# close window
driver.quit ()

driver.stop_client ()

plot O

# delete existing jobs

delete_all ()

time.sleep(wait_time)

# new job
descriptions =
’many’
# download and delete all jobs when many files are uploaded

driver.stop_client ()
# run the plotting script

download_delete_all(

sys.argv[1:]:

newJob(directory_new, skip_files)

(descriptions))

# check if all simulations are completed
checkCompleted (descriptions)

# download and delete all
download_delete_all(’all’)

# unzip all downloaded files

unzip_all ()

# close window
driver.quit ()

plot O

__name__
main ()

n

_main_






ASA parameter sensitivity

Table C.1: Numerical results of the sensitivity of the open-circuit voltage V,, short-circuit current density
Jse, fill factor FF, efficiency n, EQE for the range 300 nm to 550 nm (labelled as EQE,) and for 550 nm to
800 nm (labelled as EQE>) to the variation of model parameters in ASA simulations. The abbreviations are
described in Nomenclature.

Parameter Variation Unit Relative difference A
range Voo | Jsc | FF | n |EQE;|EQE,
Layer thickness nm
Front TCO [500-900] -0.2| -29| 0.1| -3.0] -6.0] -3.3
Front AZO [0-5] 0.0/ -0.1| 0.0| -0.1] 0.0| —0.4
[5-50] -0.1/ -1.0/ 0.1| -1.1| -2.5| -2.6
a-Si:H(p) [5-25] -0.5| —82| —9.5|-17.4|-24.8| -2.3
a-Si:H(@i) [150-450] -48| 11.6/-15.3|-10.1| -5.3| 25.1
a-Si:H(n) [5-25] -0.1| =2.0/ 0.2| -1.9| -0.2| -3.2
Back AZO [0-5] 03| 7.0/ -0.8/ 65| 02| 13.1
[5-100] 0.0/ —-0.8| 0.1| —-0.7| 0.0| -1.5
Back reflector [100-500] 0.0 0.0 0.0 0.0 0.0 0.0
Band gap eV
a-Si:H(p) [1.8-2.0] 9.3] 3.0 1.2 14.0] 75| 1.2
[2.0-2.2] 0.8 1.2/-19.3|-17.6| 53| —-0.7
a-Si:H(@) [1.6-1.9] 27.5| -3.5| 5.3| 29.6| -7.5| —2.3
a-Si:H(n) [1.6-1.9] 0.1/ 13| 05| 19| 01| 22
Mobility m?V-1s7!
Electron
a-Si:H(p) [1-107%-1-107? -1.0/ 09| 0.2] 0.0] 53] 1.0
a-Si:H(i) [1-107%-2-1073) 0.6| 14.9| 16.9| 35.2| 31.1| 7.4
[2-1073-1-107?] 0.0/ 1.8/ 15| 32| 39| 08
a-Si:H(n) [1-107%-1-1072] 0.0/ 0.0/ 0.0/ 00| 00| 0.0
Hole
a-Si:-H(p) [1-107°-1-107%] 0.5/ —0.1| 38.2| 38.7| -3.0| 1.7
[1-107%-1-1073] 0.0/ —0.1| 4.9| 47| -1.0| 0.0
a-Si:H(i) [1-107°-1-1073] -2.2| 17.3| 30.9| 50.1| 4.4| 34.7
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C. ASA parameter sensitivity

Table C.1: Numerical results of the sensitivity of the open-circuit voltage V,, short-circuit current density
Jse, fill factor FF, efficiency n, EQE for the range 300 nm to 550 nm (labelled as EQE;) and for 550 nm to
800 nm (labelled as EQE>) to the variation of model parameters in ASA simulations. The abbreviations are
described in Nomenclature.

Parameter Variation Unit Relative difference A
range Vo Jsc FF n | EQE; | EQE;
a-Si:H(n) [1-107°-1-1073] -0.1| -0.3| -0.3| -0.7] 0.0] -0.6
Activation oV
energy
a-Si:H(p) [0.1-0.45] -0.4] -0.8| -1.6] -2.6] -1.8] —-0.3
[0.45-0.6] -5.3| —-1.9/-39.9|-44.1| 0.5| -3.3
a-Si:H(n) [0.1-0.3] -0.8| -0.3| -1.5| -2.6| —-0.4| —-0.4
[0.3-0.6] -52| —-1.4|-19.6|-24.8| —-2.1| -1.6
DOS ext. m3
Nc
a-Si:H(p) [1-10%°-1-10%9) -2.0| —-5.4| -0.1| -75|-14.4| -1.4
a-Si:H(i) [1-10%5-1-10%8] -16.2| 69| -2.0|-12.2| 224 1.2
a-Si:H(n) [1-10%°-1-10%8] 0.0/ 0.0/ 0.0/ 0.1 00| 0.0
Ny
a-Si:H(p) [5-10%°-5-10%%] 03| —-0.1| 42.1| 423 -3.3| 2.0
(5-10%6-1-10%8) 0.0/ -0.1| 64| 6.1 -1.3| 0.0
a-Si:H(i) [1-10%°-1-10%8] -153| 19| 58| -87| -1.1| 6.5
a-Si:H(n) [1-10%°-1-10%8] -0.1| -1.0/ -0.5| -1.7| -0.1] -1.9
DOS loc.
CB tail
e.char eV
a-Si:H(p) [0.01-0.1] 0.0/ 0.0] 0.0] 0.0 00| 0.0
a-Si:H(i) [0.01-0.06] -23| 02| -0.3| -2.4| -0.8] 0.9
[0.06-0.1] -2.1/-13.9| -7.3|-22.0/-27.5|-11.3
a-Si:H(n) [0.01-0.1] 0.1/ 00| 03] 04| 01| 0.0
n.emob m3ev!
a-Si:H(p) [1-10%-1-10%) 0.0/ 00] 00] 00] 00] 00
a-Si:H(i) [1-10%6-1-10%%] -1.1 0.1/ 04| -0.7| -0.1| 0.3
a-Si:H(n) [1-10%6-1-10%%] 0.1/ 0.0/ 03| 04| 01| 0.0
c.neut (all) [1-10716-1.10713]| m™3s7! 0.0/ 0.0/ 0.0 00| 00| 0.0
c.neg (all) [1-10716-1-10713]| m™3s7! 00| 0.0/ 00| -0.1| 0.0 0.0
e.range (all) [0.1-1] eV 0.0 0.0 0.3 0.4 0.1 0.0
VB tail
e.char eV
a-Si:H(p) [0.01-0.1] 04 o0.1] 21] 26 -03] 0.0
a-Si:H(i) [0.01-0.05] 03| 21| -47| -23| 73| -0.2
[0.05-0.1] —-0.4|-37.4| —-6.2|-41.5| -7.6/-60.5
a-Si:-H(n) [0.01-0.1] 0.0/ 0.0/ 00| 0.0/ 00| 0.0
n.emob m3evV!
a-Si:H(p) [1-10%°-1-10%9) 06/ 00| 27| 32[ -05] 0.0
a-Si:H(i) [1-10%6-1-10%7] -03| 09| 08| 13| 25/ 03
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Table C.1: Numerical results of the sensitivity of the open-circuit voltage V,, short-circuit current density
Jse, fill factor FF, efficiency n, EQE for the range 300 nm to 550 nm (labelled as EQE,) and for 550 nm to
800 nm (labelled as EQE>) to the variation of model parameters in ASA simulations. The abbreviations are
described in Nomenclature.

Parameter Variation Unit Relative difference A
range Vo Jsc FF n | EQE; | EQE,
[1-10%7-1-10%%] 2.1] -3.9/-16.1|-17.8] 5.5/-17.3
a-Si:H(n) [1-10%6-1-10%%] 0.0/ 0.0/ 0.0| -0.1] 00| 0.0
c.neut (all) [1-10716-1.10713]] m™3s7! 0.6 0.0 -09| -04| 00| -0.1
c.pos (all) [1-10716-1.10713]| m™3s7! | -2.4| -09| 03| -3.1| —-2.4| -0.5
e.range (all) [0.1-1] eV -0.2| 18| -15 0.1, 54| 03
Dangling bonds
n m™3
a-Si:H(p) [1-10%1-1-10%4 -0.1| -0.7| 0.0 -09| -25| -0.2
[1-10%4-1-10%] -09| -4.8| 0.1| -5.5|-14.7| -1.6
a-Si:H(i) [1-10'8-1-10%1] -25| -03| =7.1| -9.7| -0.3| -0.5
[1-10%1-1-10%%] -10.6| —3.3|-13.5|-25.2| —2.7| -3.8
[1-10%2-1-10%%] —-14.9|-23.5|-33.0| -56.3| -21.1 | —27.1
a-Si:-H(n) [1-10%'-1-10%] -0.1| -1.3| -0.3| -1.7| -0.1| -2.2
ce.neut (all) |[1-107'6-1-1071%]| m3s7! | -6.3| -1.1| -6.0|-12.8| —1.0| —1.3
ce.pos(all) |[1-10716-1-10713]| m™3s™! | -52| -1.6| -1.8| —-8.4| —-4.3| -0.9
ch.neut (all) |[1-107'6-1-107 ]| m™3s™! | —-6.3| -1.1| -6.0|-12.8| —1.0| —1.3
chneg (all) |[1-10716-1.1071%]| m™3s7! | -7.7| -1.5| -8.2|-16.5| —-0.5| -2.3







Simulations: complex refractive indices

D.1. a-Si:H cell

The refractive index n and the absorption index x of the materials used in the simulation
of the a-Si:H cell, depicted in Figure 4.9, are plotted in Figure D.1.
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(a) Refractive indices n. (b) Absorption indices k.

Figure D.1: Complex refractive indices of the materials used in the simulations of a-Si:H.

D.2. pc-Si:H cell

The complex refractive indices of the materials used in the simulation of the pc-Si:H cell,
shown in Figure 4.17, are plotted in Figure D.2.
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Figure D.2: Complex refractive indices of the materials used in the simulations of puc-Si:H. The absorption
index of glass is 0 over the full spectrum.



EQE artefacts

The computation of the subcell’s EQE in a micromorph device proved to be a complicated
task from a modelling perspective. In this appendix, some of the experienced complica-
tions are shown.

If the photon flux of the bias light is chosen too low, the computation of the EQE fails to
give the right results for low wavelengths. This is shown in Figure E.1 for the EQE of the top
subcell.

1.0
— 5-10"

1-10%
— 3-10%

EQE [-]

0.9

A [um]

Figure E.1: Simulated EQE of the a-Si:H cell in a micromorph device, measured with different fluxes of the
800 nm bias light. The legend indicates the photon flux density in units of m=2s~1.

Besides this artefact, the computation of the EQE was seen to completely fail for spe-
cific photon fluxes. An example is shown in Figure E.2, where decreasing the flux from
3:10°m2s7 ' to 2-10°m~?s7! resulted in an erroneous EQE.

These failures support the use of the adapted approach for computing the subcell’s EQE
shown in Section 5.1.3, where only the targeted subcell was modelled electrically.
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o

Figure E.2: Failure of a simulated EQE of the a-Si:H cell in a micromorph device, measured with different
fluxes of the 800 nm bias light. The legend indicates the photon flux density in units of m=2s!.



Texture comparison: micromorph cell
performance parameters

In Section 5.3.1, the micromorph efficiency was presented for the baseline texturing from
HyET Solar and the MST developed within FlamingoPV. Here, the rest of the performance
indicators, Js¢, Voc and FF, are presented.

Jsc [mAcm™2]
10 11 12 13

2.0 2.0
E E /
= =
8 15F % 15} S
Q Q =
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“100 “100 150 200 250 300
a-Si thickness [nm] a-Si thickness [nm]
(a) HYET baseline texture. (b) FlamingoPV texture.

Figure E1: Comparison of the short-circuit currents as a function of the subcell thicknesses for the baseline
texturing at HyET and the developed texture for FlamingoPV.
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Figure E2: Comparison of the open-circuit voltages as a function of the subcell thicknesses for the baseline
texturing at HyET and the developed texture for FlamingoPV.
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Figure E3: Comparison of the fill factors as a function of the subcell thicknesses for the baseline texturing at
HyET and the developed texture for FlamingoPV.
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