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Abstract

This work is part of the FLAMINGO PV group which is a joint partnership between TU Delft and HyET
Solar, which aims to demonstrate efficiencies above 12% on tandem thin film silicon devices. This
thesis focused on the optimization of the aluminium surface morphology as well as the TCO layer at
HyET Solar.In order to achieve the desired objectives of the FLAMINGO PV group, it is essential to
optimize these layers in order to ensure better device performance for the HyET Solar modules.

Overall, in this thesis, a reliable and efficient method for the characterization of the TCO at HyET Solar
has been established which makes it easier to determine whether the TCO exhibits desired electrical
and structural properties. An experiment was performed in which different TCO thicknesses were var-
ied in order to determine the optimal thickness for the new aluminium foil at HyET. Overall, thicknesses
of 750-790 nm were found to yield desired TCO characteristics.

Furthermore, the thesis also focused in addressing the issues regarding the precipitants which oc-
curred as a result of the treatment process which aims to remove oil/grease and other surface impuri-
ties from the aluminium substrate. The focus of this project was to address the precipitants issue which
could hinder the performance of the current HyET modules. Overall, ultrasonication appeared to be the
method for the removal of the precipitants. Different acids were tried among which H; PO, and HN 04
were found to be the most optimal for removing the precipitants when the samples were dipped in them
for atleast 3 minutes. Confirmation tests with different HyET textures need to be implemented however
to confirm their presence.

Overall, through this thesis, the electrical and structural properties of the TCO layer at HyET was stud-
ied and the optimal thickness of 750-790 nm was selected based on their relatively good structural and
electrical performance. Also, the precipitants issue has been tackled with ultrasonication with acids
such as H;P0, and HNO proving to be the best bet so far for eliminating them.
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Introduction

This chapter aims to emphasize the importance of renewable energy, especially solar energy to fulfill
our energy needs.Section 1.1 introduces the world of solar photovoltaics.Section 1.2 talks about the
different types of solar cells, including the thin film solar technology which is the focus for this the-
sis.Sections 1.3 and 1.4 describe in detail the thin film solar technology as well as the company HyET
Solar, where | pursued my thesis.Finally sections 1.5 and 1.6 describe the FLAMINGO PV project in
the context of which | did my thesis as well as the aims and outlines of my thesis.

Solar energy is defined as the energy harnessed from the sun in order to produce electricity. The
radiant heat and the energy of the sun is also used for producing solar thermal energy which is used
in various applications such as solar heating and solar architecture [1, 2].

Solar energy technologies can be divided into active or passive solar depending on the way they utilize
or harness the energy from the sun. Active solar photovoltaics directly harness the energy from the
sun and comprise of concentrated solar photovoltaics, photovoltaic systems and solar water heating
[1, 2]. Meanwhile, passive solar techniques harness the energy from the sun indirectly and they mainly
comprise of building integrated solar photovoltaics(BIPV). In recent years, solar energy has been much
more cost effective which has significantly led to its rise in recent years. Figure 1.1 shows the expo-
nential rise witnessed in solar photovoltaics since the turn of the 21st century [3, 4].

Exponential Growth of Solar PV (in GW)

1,000
o
100 2017: cumulative 404 GW
® 2018 tent. figure 508 GW
=
g 10
5
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0

1992 1994 1596 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Figure 1.1: Growth of Solar Photovoltaics globally from 2003-2018 [5]



2 1. Introduction

1.1. Introduction to Solar Photovoltaics

A solar cell, or photovoltaic cell, is an electrical device that converts the energy of the sun directly into
electricity which is known as the photovoltaic effect.lts electrical properties such as current, voltage or
resistance vary significantly when exposed to any form of light. Solar cells are the building blocks and
collection of these solar cells lead to formation of solar modules or solar panels [6]. The operation of a
photovoltaic (PV) cell requires 3 basic attributes [6]:

1. The absorption of light, which lead to generation of electron-hole pairs.
2. The separation of positive and the negative charge carriers

3. The separate collection of these carriers at the terminals of the cell

1.2. Types of Solar Cells:

The following subsections will explain about the different types of solar cells. Based on the material
used for their production, they have been classified as first generation, second generation and third
generation depicted by the subsections respectively.

1.2.1. First Generation Solar Cells:

First generation solar cells are highly developed in terms of their deployment and their fabrication. They
include mostly crystalline silicon solar cells, which have been preferred for several years. Crystalline
silicon solar cells can be further classified into monocrystalline and polycrystalline solar cells [6, 7,
8]. Mono crystalline solar cells are manufactured from single crystals of silicon by the Czochralski
process during which the silicon crystals are sliced from big ingots [9, 10, 11]. The typical efficiencies
of crystalline silicon solar cells lie between 18% - 22% [12]. Its drawbacks however, are that their
processing requires extensive precision and it is more expensive compared to other silicon technologies
since only one type of crystal is used for every cell. Polycrystalline PV modules, on the other hand
consist of crystal grains which are separated from each other with the help of grain boundaries.The
processing of polycrystalline silicon solar cells are produced by cooling a graphite mould which contains
molten silicon [13].Figure 1.2 below shows the first generation solar cells.

Figure 1.2: First Generation polycrystalline silicon solar cell, polycrytalline silicon(left) and
monocrystalline silicon(right)[5]

1.2.2. Second Generation Solar Cells:
Most of the thin film solar cells constitute the second generation solar cells, which have thinner layers
usually around 1 uym thick and are hence less expensive compared to their first generation counterparts.
Thin film solar cells are classified as follows [14]:

» Thin film silicon solar cells
» cadmium telluride(CdTe)

 copper indium gallium diselenide(CIGS)



1.2. Types of Solar Cells: 3

Thin film silicon solar PV modules are much more preferred compared to other second generation
solar modules as they are much more economical and offer better stability at higher temperatures.
Thin film silicon solar cells are manufactured by the plasma enhanced chemical vapor deposition pro-
cess(PECVD) which enables it to be manufactured at lower temperatures thereby resulting in a large
reduction of input energy. Another advantage of thin film solar cells is that they can be deposited on
flexible substrates and can even generate electricity even in bad weather conditions [15]. One of the
leading companies in amorphous silicon solar technology is HyET Solar in Arnhem, Netherlands where
| have pursued my master thesis and its technology will be the point of focus for this thesis. Figure 1.3
below highlights the thin film silicon which falls under the category of second generation thin film solar
cells.

Figure 1.3: Thin film silicon solar cells[16]

1.2.3. Third Generation Solar Cells:

Third-generation photovoltaic cells are solar cells which are currently in the research and developmental
phase. These solar cells are exciting as they have the ability to come close to the Shockley—Queisser
limit of 31-41% power efficiency for single band-gap solar cells [17, 18]. Emerging third generation
solar photovoltaics include:

1. Copper zinc tin sulfide solar cell (CZTS)

2. Dye-sensitized solar cell

3. Organic solar cell

4. Quantum dot solar cell

5. Perovskite solar cell

Perovskite solar cells, in particular has received a lot of attention in recent years as it has demonstrated
efficiencies above 20 percent. In addition to that, they are also easy to produce, require thinner layers
of materials and are cost effective [19, 20].Figure 1.4 below depicts the organic solar cells which fall
under the category of third generation solar cells.
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Figure 1.4: Organic Solar cell [21]

1.3. Introduction to thin film solar cells

Thin film solar cells are produced through the deposition of one or more thin layers of PV materials on
a substrate such as glass or metal. Thin film solar technologies include perovskites, cadmium telluride
(CdTe), copper indium gallium selenide (CIGS), and thin-film silicon.

The thickness of the layers varies from a few nanometers (nm) to tens of micrometers (um), and is
much thinner compared to the currently used crystalline silicon solar cell (c-Si), which consists of lay-
ers up to 200 um thick [22]. Hence, this ensures that thin film solar cells consume less material, can be
deposited on flexible substrates and are lightweight. Thus, thin film solar cells are preferred in several
applications especially in the field of building-integrated photovoltaics (BIPV) [23].

However, despite these advantages, the thin-film technology has always been less efficient compared
to its c-Si counterpart. The declining prices of c-Si in recent years has further declined the use of thin
film solar cells. lIts lifetime is usually expected to be at least 20 years for it to be competitive in the
market. However, thin film solar modules have great advantages as mentioned above and has a high
potential to change the PV landscape in the coming years [22]. This thesis will focus on the thin film
silicon modules produced at HyET Solar. Figure 1.5 depicts the layers of the thin film solar cell at HyET
Solar.

~200um _» Transparent encapsulation

Transparent conductor

~2-4um

Active layer (a-Sior a-Si/uc-Si
(Metallic) back contact

~200um

Carrier & encapsulation
+ roofing
materials

Figure 1.5: Different layers of the thin film solar cell at HyET Solar [23]

1.4. About the Company HyET Solar

This section emphasizes on the company HyET Solar and its production process for thin film a-silicon
solar modules. Section 1.4.1 below provides a brief overview of the company HyET Solar and its history.
Section 1.4.2 focuses on the production process of the thin film solar modules at HyET Solar.
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1.4.1. Overview of HyET Solar

The company HyET Solar is located in Arnhem in the east of the Netherlands. It was formed in June
2012 after it took over the assets and the knowledge of the former company Helianthos. Helianthos
started in 1997 which branched out from Akzo Nobel, and it formed a partnership with Akzo Nobel and
Shell from 2001 till 2006. In 2006, it was then taken over by Nuon. Apart from R & D labs, HyET
Solar also consists of a small-scale 1 MW production plant for the Roll-to-Roll production of flexible a-
Si:H and a-Si:H/nc-Si:H tandem solar modules. The main advantage of these modules is that it is cost
effective and easier to produce in a larger scale compared to the crystalline silicon solar modules which
are largely used today. It is also lightweight, uses less material and can also perform better at higher
temperatures. HyET is taking big strides to fulfil the potential of amorphous silicon solar modules and
plans to expand the production capacity to 40 MW in the near future.Figure 1.6a and 1.6b below show
the production facility of HyET Solar in Arnhem as well as the thin film silicon solar modules produced
there [24].

(a) Production Facility of HYyET Solar [25] (b) Thin film silicon solar module produced at HyET [26]

Figure 1.6: Overview of HyET Solar in Arnhem

1.4.2. Production Process

The production process in the HYET Solar plant is a sequence of Roll-to-Roll process steps. Bare alu-
minum foil is used as a temporary carrier for the deposition processes due to its low cost and its good
stability at higher temperatures required for the deposition processes. Afterwards, the deposition of
a front transparent conductive oxide (TCO) layer on the aluminum through the APCVD (atmospheric
pressure chemical vapor deposition) process. HyET desires a TCO layer which is highly transparent
and conductive in nature to ensure the production of highly efficient modules. Due to its low cost, desir-
able characteristics and high stability,fluorine based tin oxide(FTO) is used as the TCO layer at HYET
Solar.Also, a trade-off is kept between the electrical and the optical parameters of the TCO in order to
ensure the TCO satisfies both these characteristics. The next step involves deposition of the silicon lay-
ers through the PECVD (plasma enhanced chemical vapor deposition) process. Afterwards, the foil is
divided in individual cell through monolithic interconnection which is done through laser scribing. Then,
the back contact, consisting of a layer of ZnO and a layer of Al is sputtered onto the Al substrate. Next
steps involve the lamination of the foil with the help of a permanent plastic carrier(PEN). Following the
lamination process is the etching step which removes the temporary aluminum carrier. The modules are
then encapsulated to protect the solar cells from external parameters such as rain, high heat etc.Lastly,
quality control is carried out to ensure proper functioning of the modules [24]. The production process
of HyET Solar is depicted in figure 1.7 below.
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ETCHING QUALITY CONTROL

Figure 1.7: Production process for a-Si modules at HyET Solar [27]

1.5. Flamingo PV

FLAMINGO PV stands for flexible, lightweight, advanced materials in next generation of photovoltaics.
It is a collaboration between TU Delft and HyET Solar B.V which aims to develop flexible tandem
thin film solar modules with efficiencies above 12% and a high lifetime of around 35 years. The main
advantages of this technology are that it offers low cost,high energy yield as well as easy scalability.Due
to their flexible nature, they also find great use in building integrated photovoltics(BIPV).Also, the use
of materials such as fluorine doped tin oxide ensure greater reliability and lower costs overall for the
modules [9]. Currently, the single junction a-Si:H modules at HyET demonstrate efficiencies of around
7-8% . Tandem modules which contain a-Si:H and nc-Si:H are currently in development at HyET which
have the potential to demonstrate 12% efficiencies.These modules are produced using the roll to roll
technology. HyET currently operates with 35cm wide aluminium foil as the temporary substrate and
aims to use wider aluminium foils of around 130 cm in the near future. The process makes use of 110
micron aluminum foil as a substrate during the deposition of the TCO as well as the silicon layers which
is later etched away and replaced by a permanent plastic carrier. FLAMINGO PV aims to demonstrate
12% stabilized efficiency on tandem devices and 14% stabilized efficiency on triple junction devices on
lab scale. This technology will later be realized in the production line with the aim of achieving 12%
efficiency on the roll to roll production of flexible thin film solar modules [28].

1.6. Aim and Outline of Thesis

This thesis is part of the FLAMINGO PV project. This thesis aims to optimize the lab-scale production
process of the HyYET Solar modules in order to demonstrate the desired efficiencies of 12% . This
thesis focuses on the development of an effective means to characterize/qualify the TCO. This thesis
also lays emphasis on addressing the issues regarding the imperfections in the HyET aluminium foil
(milling tracks and holes of the as received foil and precipitants that arise after pre-treatment) which
are undesirable and may have a negative impact on the deposition of the TCO. This could ultimately
influence the solar cell performance and introduce undesirable effects, such as shunts. Therefore, it is
important to understand the effects of these defects on performance and determine how to they can be
addressed.Finally, results from the TCO experiments were taken in order to make better working lab
modules. The aims of the thesis is further discussed below:

 Establish a method for efficient characterization of the TCO layer at HYyET Solar

» Determination of the ideal TCO thickness which demonstrates great electrical and structural prop-
erties of the TCO desired by HyET.

» Optimize the pre-treatment process at HyET Solar in order to ensure a lower concentration of
defects such as holes or precipitants on the aluminium substrate.

» Address the issue regarding the precipitants.
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The report is structured as follows: Chapter 1 gives a brief introduction regarding solar photovoltaics
as well as provides a basic overview of the thin film silicon solar modules produced at HyET Solar.
Chapter 2 focuses mainly on the solar cell principles as well as discusses the solar cell parameters. It
also focuses on the solar cell losses as well as the strategies which could be implemented in order to
mitigate them. Chapter 3 provides an overview of the TCO layer in solar cells. It also lays its emphasis
onthe TCO used at HYET Solar as well as the different characterization measurements used to judge its
performance. Chapter 4 mainly focuses on the TCO thickness variation experiments including the main
observations and conclusions obtained from performing the experiment. Chapter 5 mainly focuses on
addressing the issues regarding the presence of precipitants on HyET aluminium foil. Chapter 6 lays
emphasis on the lab scale production of solar modules based on the results from the TC thickness
experiment. Lastly, chapter 7 focuses on the overall conclusions gained from this thesis project as well
as the future work which could be implemented in order to achieve better performance from the HyET
modules.






Solar Cell fundamentals

This chapter provides information regarding the basic solar cell fundamentals.Section 2.1 discusses
the basic working principle of solar cells.Section 2.2 talks about the essential parameters which help to
quantify the solar cell performance.Sections 2.3 and 2.4 describe the solar cell optics and the solar cell
losses respectively.Finally section 2.5 discusses the strategies which can be implemented to prevent
losses in solar cells.

2.1. Solar Cell Working Principle

Solar cells operate with the process known as the photovoltaic effect, which forms a potential difference
across the junction of two different materials. The potential difference occurs because of the electro-
magnetic radiation and performs work when the external circuit is connected. This effect was explained
by Albert Einstein in 1905 by assuming light contains photons, which are well defined energy quanta
[29]. The energy of a photon is given by:

E=hv 2.1)

Where E is the energy of the photon, h is the Plank’s constant, and v is the electromagnetic frequency.
The photovoltaic effect can be divided into three main processes [29]:

» Generation of charge carriers due to photon absorption: When a photon is absorbed in the ma-
terial, its energy excites the electron from an initial energy level (E;) to a higher energy level (Ef)
whose difference gives the photon energy. In a typical semiconductor, the electrons are located
below the valence band (E,)) and above the conduction band (E.). The bandgap (E;) represents
the difference between these two bands which are devoid of any energy states between them. A
photon must have minimum energy of E; to get absorbed. When an electron is excited from E;
to Ef, a void is created at the initial energy level which are defined as holes [29].

» Separation of photo-generated charge carriers: To utilize the energy stored in an electron-hole
pair for external work, it is necessary to ensure that semi-permeable membranes are present
which ensure separate movement of holes and electrons across their ends. Hence, it is essential
to ensure smooth movement of the holes and electrons to their respective membranes before
they recombine with each other [29].

* Collection of photo-generated charge carriers: In order to perform work, the charge carriers are
extracted and collected at the ends of the terminals where the chemical energy of the charge
carriers are converted to electrical energy. Afterwards, the electron hole pair recombines at the
metal absorber interface [14]. The working principle of solar cell is given below in figure 2.1 as
follows [29]:
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Figure 2.1: Working Principle of solar cells highlighting (1) The generation of charge carriers (2) Separation of the charge
carriers (3) Collection of the charge carriers across the ends of the terminals of the solar cell [29]

2.2. Solar Cell Parameters

To judge and compare the solar cells, a predefined set of parameters are used for their quantification.
These parameters are measured under standard test conditions i.e cell temperature of 25°C , 1000
W/m? irradiance and AM 1.5 spectrum. These conditions are essential for ensuring reliable comparison
between the different solar cells. The parameters used for determining the performance of a solar cell
are as follows [29]:

» Open circuit voltage: Open circuit voltage is defined as the voltage at which no current is flowing
across the ends of the external circuit. This is also the maximum voltage which can be exhibited
by the solar cell. Photogenerated current density helps significantly in determination of the open
circuit voltage [29].

+ Short circuit current: Short circuit current is defined as the current flowing through the external
circuit in case of short circuit in the electrodes of the solar cell. Photon flux plays an important
role in short circuit voltage, which is further dependent on the spectrum of the incident light [14].

« Fill factor: Fill factor is defined as the ratio of the maximum power which can be extracted from a
solar cell to the product of the open circuit voltage and the short circuit current. It is desirable to
have solar cells with a fill factor greater than 0.8. The equation for the fill factor is shown below
as follows [29]:

_ Jmpp * Vinpp

Jsc * Voc

where the 'mpp’ refers to the maximum power-point. To obtain desirable efficiencies, it is recom-
mended to operate the solar cell at the maximum power-point.

FF (2.2)

» Conversion efficiency: Conversion efficiency is defined as the ratio of maximum generated power
to that of the incident power [29].

Jsc * Voo * FF 23)

N = Puax * Iin =]mpp*Vmpp * Iy = I.
in

» External quantum efficiency: External quantum efficiency (EQE) is defined as the fraction of pho-
tons which are collected at the terminals of the cell which can generate electron hole pairs in the
absorber layer. The EQE depends highly on the wavelength of incident light.

EQE(A) = In(A) * q * Pppa (2.4)

where the elementary charge is denoted by 'q’, W, » is the spectral photon flux, 4 is the wave-
length and |,,,, is the photo-current.
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2.3. Solar cell Optics

Efficient absorption of the light by the solar cell is one process crucial to obtain high power and efficiency.
An ideal solar cell is the solar cell which can absorb 100% of the incident light and convert into useful
energy, however in reality, the optical capabilities and other losses inhibit 100% use of the incident light.
The optical capabilities of the solar cell depend on the properties as well as the behaviour of the light.
The speed of light varies from one medium to another. This is characterized by the refractive index,
which is the ratio of the speed of light in a vacuum to the speed of light in the medium [29].

2.3.1. Optics of flat interfaces

Two mediums, m; & m, are considered in this study. The two media are non-absorptive in nature and
consist of only the real parts of the refractive indices, namely n; & n, respectively. A part of the incident
light is reflected at the boundary whereas the other part is either refracted or transmitted. The incident
light as well as the reflected and transmitted light is depicted below in figure 2.2. According to the law
of reflection, the angle of incident light is equal to the angle of the scattered light [29]:

6; = 0, (2.5)

where 6, is the angle of scattered light and 6; is the angle of incident light.Snell’s law is used to describe
the relation between refracted light and incident light which is given below as follows:

n, sin 6; = n, sin 6, (2.6)

incident reflected

interface

|
|
|
I transmitted
|

Figure 2.2: Solar cell optics on a flat surface with the incident, reflected and transmitted light paths [29]

Fresnel equations helps to correlate the magnitudes of the incident, refracted, and reflected light.
The polarized light plays a significant influence on the electric field which can be either be parallel
or perpendicular to the plane of incidence. The Fresnel equations for perpendicular polarized light
denoted by ’s’ is given by [29]:

Sot 2n, cos 6;
=0 )= 27
o= Oi) n, cos 6; + n, cos 6, (2.7)
n, cos 6; —n, cosf
ts = fO—T) = 1 t 2 t (28)
0i n, cos 8; + n, cos 6,

The Fresnel equations for parallel polarized light denoted by ’p’ is as follows:

Eot 2n, cos 6;

(2.9)

0i ny cos 8; + n, cos 6,
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Eor n, cos 6y —n, cos 6;

= 21

0i n, cos ; + n, cos 6, (2.10)
For unpolarized light, the mean value of the two polarizations are taken. Therefore, the equation for
the overall reflection from a solar cell is given below as follows:

1 2, .2
R=E(rs +175) (2.11)

At normal incidence, the angle of incidence, i.e 6; = 0. From the law of conservation of energy, the
sum or reflectance and transmittance must be equal to unity [29]. Therefore, the equation for the
transmittance of a solar cell is highlighted below as follows:

n,cosf; 1
T=1—-R=-2_"""t_

(t3 +t3) (2.12)
From Snell’s law, if the refractive index of material 2 is greater than material 1, i.e n2 > n1, there is an
angle called critical angle above which light will not leave the layer with n2. This is when the phenomena
of total internal reflection takes place. The equation for the critical angle is given as follows [29]:

. ny
sin O, = Tl—z (2.13)

2.3.2. Optics in Absorptive Media

The solar cell works on the principle of light absorption in the absorber layer which excites the charge
carriers which are then used to generate electric current [14]. The optical properties of the solar cell
plays a major role in the intensity of light travelling through the absorber layer.The optical properties of
an absorber medium are denoted by complex electric permittivity,e as follows:

€M) =€ D) +ie' (D) (2.14)
The refractive index is defined as the square root of electric permittivity, therefore: [14].
n=+e=n+ik (2.15)

where k represents the imaginary part of the refractive index. Lambert-Beer law is used to describe
the behaviour of light when it passes through a medium which is shown below as follows: [14].

1(2) = Iy exp(—2k,z) = lyexp(—az) (2.16)

where « is the absorption coefficient, I, is the initial intensity at the surface, z is the path length and
[(z) is the intensity of light in the medium. The absorption coefficient, « is a material property which is
dependent of the wavelength of light. It is expressed as [29]:

-k = 2Ka) _ Amk (2.17)
a =2k, = ral 7o .

In order to measure the total absorptivity of a material at a certain wavelength, a parameter called
penetration depth is used which is expressed as follows: [14]

1
op = (2.18)

2.4. Solar cell losses

Due to multiple factors which lead to losses, a solar cell is unable to utilize 100% of the incident light
to convert it into usable energy. The theoretical efficiency for single junction solar cells is limited by the
Shockley-Queisser (SQ) limit. The SQ limit considers a two-step approach, which include the losses
due to the temperature of the solar cell being above 0K and spectral mismatch [29].
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2.4.1. Spectral mismatch

The most crucial area of the solar cell is the absorber layer which is composed of semiconductor ma-
terial such as silicon with bandgap energy, E;. Useful work is only achieved when the energy of the
photons is higher than the bandgap energy. The electrons are usually present in the bottom of the con-
duction band while holes usually lie on top of the valence band. Therefore, the excess energy given
to the electrons and holes are released in the form of heat, which is known as thermalization loss.
Meanwhile, the photons which have lower energy than that of the bandgap cannot generate electron
hole pairs and hence also contribute to the losses. Shockley and Queisser defined a maximum effi-
ciency which can be attained by solar cells after all the spectral mismatch losses which is defined as
Shockley Queisser limit. The highest attainable efficiency is the product of the absorbed power (P,;s)
with the useful power (P,.) [14]. The absorbed power is defined as the ratio of power absorbed by
the solar cell to the total incident power. A fraction of the absorbed power is lost due to thermalization.
Therefore, the remaining is the useful power, P,,.. The equation for the absolute power as well as the
useful power are given below as follows [29]:

A _ hc
Jo G5 Ppnadd
Paps = —e——— (2.19)
fo 7¢ph,ld/1
A _h
Eg [, jSd’ph,/ld/l
use — 1 he (2.20)
fo GT¢ph,/1dl

The ultimate efficiency takes into account the solar cells at OK while there exist further losses such
as open-circuit voltage loss, non-zero recombination current density and fill factor losses. These are
explained further in section 2.4.3 [29].

2.4.2. Optical losses

The optical losses do not constitute the Shockley Queisser limit despite it playing a significant role in
determining the efficiency for solar cells.The optical properties usually dependent on the wavelength of
the incident light and can be expressed through the complex refractive index, n = n — ix.The interface
between two media is described by the wavelength dependent reflectance and transmittance. Total
efficiency of the solar cell is impacted by the reflections and transmittance experienced by the light
when it passes through the absorber layer [29].

Another significant loss experienced by solar cells are the shading losses. Usually, solar panels have
thin metal strips on the panel surface which serve as electrodes. This strip however blocks some of the
light which would otherwise have entered the solar cell. Therefore, these strips overall decrease the
active area where the light could have been absorbed into a solar cell and hence these are described
as the shading losses. However, a reduction in the thickness of the metal strip also leads to a higher
series resistance, hence an optimal tradeoff must be kept to ensure desirable efficiencies.

Another type of optical loss is parasitic absorption. Usually, the solar cells is made of multiple lay-
ers with the absorber layer being the only layer which helps to generate current. Usually, some of the
light passing through the solar cell gets absorbed in other layers expect the absorber layer. This type
of loss is referred to as the parasitic absorption loss [29].

2.4.3. Additional losses:
There are few other loss mechanisms that lead to loss of efficiency. They are as follows:

* Voltage drop due to increased series resistance which occurs as a result of the bulk resistance
of the junction, the resistance of the electrodes and the contact resistance between the junction.

+ Voltage drop due to leakage current which occurs due to shunts, for instance at the edges of the
solar cell.

» Decrease in fill factor as a result of different recombination mechanisms in a non-ideal solar cell.
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The overall summary of the losses across a solar cell is represented by figure 2.3 below:
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Figure 2.3: Different solar cell losses [29]

2.5. Strategies to Prevent Losses in Solar cells:

To reduce the spectral mismatch losses, optical losses and other additional losses, three design rules
have been formulated:

2.5.1. Bandgap utilization

It is seen that the open-circuit voltage of the solar cell is always lower than the bandgap voltage. This
loss is expressed by the bandgap utilization efficiency. Bandgap utilization aims to minimize this loss in
order to make the solar cells more efficient. The dominant recombination mechanism limits the open-
circuit voltage. The type of dominant recombination mechanism depends on the illumination conditions
and type of semiconductor used in the solar cell [14].

2.5.2. Spectral utilization

Spectral utilization involves utilizing the energy of the incident length especially in the UV-Visible range
in order to generate higher currents and therefore higher efficiencies. The materials which constitute the
solar cells play a major role in determining the spectral utilization of the solar cell, hence the bandgap
of the materials must be close to in order to ensure good spectral utilization [29].

2.5.3. Light Management

It is desirable to have all the incident light on a solar cell to be absorbed in the absorber layer. The
Lambert-Beer law shows that the light intensity decreases exponentially as it travels through an absorp-
tive medium. It can also be inferred that less light is absorbed from the front side where the light enters
from compared to the backside. Therefore, an optically thick absorber layer is required to absorb all the
incident light [29]. Amorphous silicon is a better absorber compared to crystalline silicon because of the
direct bandgap nature and low bandgap energy required. This helps in realizing thin absorber layers in
thin-film technologies [19]. It is important to reduce the other optical losses such as reflection, parasitic
absorption, and shading losses by using light management techniques.Anti-reflective coatings can be
used to reduce reflection losses.An inter-layer can be introduced with a refractive index n,, which has
a value in between the refractive index of air (ny) and that of silicon (n,). If no multiple reflections are
considered, the reflectance can be minimized when the following condition is satisfied [29]:

ny = Ngny (221)

Figure 2.4 shows how the total reflectance decreases significantly with the introduction of an anti-
reflection coating with a refractive index in between the values of the other two layers [29].
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Figure 2.4: Reflectance measurement for a sample without and with double antireflection (AR) coating [30]

2.5.4. Texturing

Another approach to minimize losses could be the use of textured surfaces. This process ensures an
increase in the optical path of light across the solar cell. As the incident light falls on the textured surface,
the light gets reflected to other parts of the textured surface. This ensures that the light remains in the
active region for a longer time which is essential to generate higher efficiencies.A Textured process is
usually achieved by either wet or dry chemical etching [29]. The path of the incident light through a
textured surface is illustrated below in figure 2.5 as follows:
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Figure 2.5: Path of incident light through the textured surface [31]






Literature Review

This chapter discusses the significance of the TCO layer in thin film photovoltaics as well as the current
TCO used at HyET Solar. It also lays emphasis on the texturing process at HyET Solar as well as its
importance in obtaining higher performances.Section 3.1 explains the importance of TCO especially in
thin film solar cells.Section 3.2 discusses the different TCO layers used in thin film solar cells. Section
3.3 discusses the TCO characterization process implemented in this thesis to study the electrical as
well as the structural properties of the TCO.Finally section 3.4 lays emphasis on the importance of
texturing as well as the different types of textures used at HyET Solar.

3.1. Transparent Conductive Oxide(TCO)

To ensure rapid development of photovoltaics (PV), it is essential for the investment costs to be low
which is one of the main factors which hinder the growth of PV technology. One way to ensure signifi-
cant cost reduction is the adoption of thin film solar cells which are based on hydrogenated amorphous
(a-Si:H) or nanocrystalline (nc-Si:H) silicon and their alloys [32]. Transparent conductive oxides(TCOs)
are an essential part of these cells which are used as a front electrode and also as a back side reflector.
If the TCO is applied on the front side of the solar cell, it is essential for it to have a high transparency
within the solar cell spectrum while also possessing a high electrical conductivity. Other than these
two parameters, it is also essential for the TCO to have strong scattering properties to allow sunlight
into the silicon absorber layer and it should also possess ideal physio-chemical properties to ensure
the growth of silicon [33].

Different TCOs commonly used in solar cells include undoped and fluorine-doped tin oxide (Sn0, and
Sn0, : F), indium oxide (In,053), indium tin oxide (ITO), and undoped and doped zinc oxide (ZnO).TCOs
are deposited on the solar cells through different methods such as chemical vapor deposition (CVD),
sputtering, sol—gel process, and spray pyrolysis (SP).Among them, Sputtering and evaporation pro-
cesses are expensive processes hence are not used in industrial applications. On the other hand,
chemical vapor deposition and spray pyrolysis are often used for large scale production of the TCO
due to its low cost and easy operation [34].

3.2. Types of Transparent Conductive Oxide(TCOs)

3.2.1. Indium doped Tin Oxide(ITO)

Indium tin oxide or ITO is a n-type semiconductor with a wide band gap of around 3.5-4.3 eV [35]. It
ensures high transmission especially in the visible range, and it also processes great electrical conduc-
tivity in the range of 2500-5000 Q~1cm™? [35]. Therefore, due to these optimal properties, ITO is used
in several applications which includes solar cells, heat-reflecting mirrors, gas sensors and anti-reflection
coatings [35]. ITO films also demonstrate great efficiencies for hole generation for organic materials,
thereby finding its application as an anodic contact in the organic light-emitting diodes (OLEDs) [36].
ITO films are deposited through various techniques such as magnetron sputtering [37, 38] chemical
vapor deposition (CVD) [39], spray pyrolysis [40] and pulsed laser deposition (PLD) [41]. Among all

17
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these techniques, PLD is the most preferred as it yields highly crystallized and smooth deposition [41].

Some disadvantages which limit the use of ITO is its high production cost as indium is a rare metal
and is in shortage currently across the world. Hence alternate films such as aluminium doped zinc ox-
ide (AZO) and fluorine doped tin oxide(FTO) have sprung up in recent years which demonstrate similar
properties to that of ITO while also maintaining a lower production cost. [42, 43].

3.2.2. Aluminium Doped Zinc Oxide(AZO)

Aluminium doped zinc oxide or AZO is another type of TCO which is a great alternative to the ITO films.
It has gained popularity in recent years due to its great electrical and optical properties which are very
similar to that of ITO. Additionally, it is also cost effective and offers great stability in hydrogen atmo-
sphere as well. Thin ZnO films usually is doped with aluminium which helps to enhance the electrical
conductivity, while also ensuring a high mobility and charge carrier density [44].

The AZO also demonstrates great transmittance of around 90% especially in the visible region. It
also processes great infrared reflectivity and high UV conductance. Although AZO films have several
advantages, they are known to be unstable especially in acidic or alkaline environments which limits
its application in industries [45].

3.2.3. Tin oxide(TO) and Fluorine Doped Tin Oxide(FTO)

Tin dioxide (TO) films are also great alternatives to the ITO films as the TCO for solar cells. They ex-
hibit great advantages, such as low cost, high abundance of raw materials and nontoxic in nature.Sn0,
films also demonstrate high transmittance in the visible region, has high near-infrared light reflectivity,
and processes great electrical properties.They also have a better chemical and mechanical stability
compared to ITO films.However, its electrical conductivity is much less compared to the other TCOs
and it has eventually been replaced by fluorine doped tin oxides, where fluorine doping ensures great
electrical properties for the TCO films [46].

Florine-doped tin oxide (FTO) thin films are widely popular for use as TCOs for solar cells due to their
high electric conduction and great optical transparency in the visible region. Therefore, they find their
use in several applications such as thin-film solar cells, sensors, organic light emitting diodes, transpar-
ent heaters, and architectural glass [47, 48, 49]. FTO also demonstrates several further advantages as
it processes a wide energy bandgap, lower production cost, high transparency, and great mechanical
and thermal stability [47, 50, 51]. However, its main disadvantage is that is its electrical conductivity is
lower than AZO and ITO. However, the electrical conductivity of FTO remains lower than that of indium
tin-doped indium oxide (ITO) [52]. Therefore, the oxygen atoms in tin oxide is replaced by fluorine
atoms which help to improve the electrical properties of the FTO [51].

FTO thin films are deposited through various methods, such as atmosphere pressure chemical va-
por deposition (APCVD) [49], sputtering [50], sol-gel [51, 53], and spray pyrolysis deposition (SPD)
[47, 54]. Among the various techniques, atmospheric pressure chemical vapor deposition is the most
favourable due to its high scalability, low cost and it is simple to implement. Due to its great optical
and electrical properties and lower production costs, FTO is used as the TCO layer for the HyET Solar
modules and hence this will be the topic of attention for this thesis as well.

Advanced process chemical vapour deposition (APCVD) process is used for the FTO deposition at
HyET Solar. In this process, the aluminium foil is fed into the APCVD where it is heated upto 500°C.
There are two injectors present which are responsible for depositing the TCO layer onto the foil. The
injectors are responsible for depositing the gases SnCl,, H,0 with small proportions of methanol and
HF with nitrogen gas as the carrier. The schematic representation of the APCVD process at HYyET
Solar is shown below in figure 3.1.
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Figure 3.1: Schematic representation of the APCVD process used at HYET Solar for FTO deposition

3.3. TCO characterization techniques

3.3.1. Rsq measurement

Sheet resistance is an electrical parameter which helps in the electrical characterization of thin film or
semiconducting materials. Itis defined as the lateral resistance exhibited by a thin film or semiconductor
square.The equation for the calculation of the sheet resistance is given below as follows:

Rsq =p/t (3.1)

where Ry, is the sheet resistance in ( square, p is the resistivity in Q cm, and tis the thickness in cm [24].

Typically, the sheet resistance of the TCO is measured by the four point probe method [55]. This
method, however, is not reliable for measuring the sheet resistance of the TCO deposited on a metallic
substrate such as aluminium. Therefore,in HyET, the sheet resistance is measured using a special tool
in the company.A resistive thin oxide inter layer is present between the aluminium substrate and the
TCO in order to ensure a partial flow of current through the layers.This situation is sketched in figures
3.2a and 3.2b for two different ratios of TCO sheet resistance and inter layer resistance. In figure 3.2a,
the flow of current is observed to be higher on the TCO layer as the resistance of TCO is much less
than the resistance of the oxide layer while in figure 3.2b, the flow of current is much higher on the
aluminium as the resistance of the TCO is higher than the resistance of the oxide layer [24].

(a) Ryco is lower than R,yq. [24] b) Rrco is higher than R, ;4. [24]

Figure 3.2: Flow of current through TCO+AI for the different ratios of TCO and the oxide layer [24]

The values of the resistances are determined by measuring the potential across the different areas of



20 3. Literature Review

the sample (1).The setup consists of voltage and current probes which are attached in grooves(2). The
tool helps in measuring the sheet resistance locally in different areas which makes it easier to study the
variations across the different areas of the modules. The sheet resistance tool setup is shown below
in figure 3.3. The sample is placed flat on a cylindrical surface (3).The probes are contacted with the
sample with the help of an adjustable arm which is controlled with the help of a lever.A 100-mA current
is then passed with help of a Keithley source meter (4) which measures the potential across the voltage
and records the sheet resistance measurement with the help of a NI DAQ 6211 device (5) which is then
sent to the PC [24].

Figure 3.3: Schematic representation of the sheet resistance tool at HyET Solar [24]

3.3.2. TCO Leak Test

The TCO leak test is an indigenous test at HyET which is used to check how resistive the TCO is against
the etch bath. It gives a good impression of the TCO deposition by identifying the pinholes/cracks in the
TCO layers which can be exposed during the etching process. The leak test is conducted by taping the
TCO sample to a board which is etch resistant. The taping is done in such a way that the only the TCO
layer is exposed to the etch bath while the aluminium is completely stuck to the board. Ideally, HyET
desires to achieve TCO leak times of at least 1 min which indicates an acceptable TCO morphological
quality. Before performing the leak test, each sample was cut into two parts where one part was used
for the TCO leak test while the other sample was taken to Delft for the structural characterization tests
of the TCO (SEM, confocal microscopy(CM)).

3.3.3. Scanning Electron Microscopy(SEM)

SEM stands for scanning electron microscopy. It makes use of an electron beam instead of light which
ensures accurate images of samples upto the nanometer scale [56].The electron gun at the top of the
microscope is responsible for producing the electrons beam. The beam passes vertically through the
microscope in vacuum.The beam passes through the electromagnetic fields which is then passed onto
the sample with the help of lens. When the electron beam hits the sample, some electrons and X-rays
are reflected back which is then converted into a signal which then projects the final image on the com-
puter [57]. The schematic representation of an SEM is given below in figure 3.4. For SEM imaging,
Regulus 8230 was used from TU Delft due to its high resolution upto 0.7 nm which ensured highly
accurate images.The microscope employs a novel cold-field-emission(CFE) gun which ensures high
resolution images at low acceleration voltages. This CFE gun makes it possible to magnify an image
by a factor of upto 2 million [58].

In this thesis, the microscope is used to observe the quality of the TCO in which the cracks, pinholes,
and uniformity of the TCO is observed. Also, cross sectional SEM has been used to determine the
actual thickness of the TCO. As the TCO was deposited on aluminium substrate, low acceleration volt-
age was used as high voltages led to blurred and poor-quality images. The schematic representation
of the SEM Hitachi Regulus 8230 used for this thesis is depicted below in figure 3.5.
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Figure 3.4: Schematic representation of Scanning electron microscope(SEM) [57]

Figure 3.5: Schematic representation of the SEM Hitachi Regulus S8230 [59]

3.3.4. Confocal Microscopy (CM)

Confocal microscopy (CM) is an optical imaging technique which helps to increase the optical resolu-
tion and contrast of a micrograph through the use of a spatial pinhole which blocks out of focus light
to ensure accurate images. As it captures multiple two-dimensional images of the sample at differ-
ent depths, it hence also ensures that three-dimensional representation of the sample can also be
observed. Hence this microscope finds its applications in several industries most notably the life sci-
ences, material science and the semiconductor industry.

Unlike a normal microscope where the light travels through the sample and penetrates as far as pos-
sible on the sample, the confocal microscopy only focuses a smaller beam of light at the sample with
a particular depth at a time which ensures highly controlled depth of field thereby ensuring accurate
and high-resolution images [60].The Light from a laser source is passed to a dichromatic mirror which
reflects the light to the objective lens which then focuses the beam onto the sample. The scanning
mirrors help in focusing the beam over the sample which then builds the image. A pinhole is placed
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which prevents the out of focus light from forming the image [61].Figure 3.6 depicts a schematic of the
confocal microscopy.

The Keyence VK-X Series 3D Laser Scanning Confocal Microscope helps in providing a non-contact,
roughness, and film thickness data for any material. The microscope has a lateral resolution of 120
nm using the 408 nm Violet laser light. The 16-bit photomultiplier helps to scan the surface which then
receives the reflected laser light. The instrument provides a highly accurate 3D measurement data
over any material shape up to an angle of 88 Degrees [62].

In this thesis, the confocal microscopy is used to study the roughness of the TCO as well as the alu-
minium foil. The schematic representation of the Keyence confocal microscopy used for this thesis is
depicted below in figure 3.7.The confocal microscopy gives information regarding the different rough-
ness parameters such as S, S, and S,,..S, is defined as the arithmetic mean height which compares
the difference in height of each point to the arithmetic mean of the surface which helps to evaluate the
roughness of the surface.S,is the maximum height which is the sum of the largest peak height value
and the largest trough depth value within a particular area. Lastly, S, is the maximum height peak
which indicates the height of the maximum peak within a particular area. It is desired to keep these
roughness parameters as low as possible to ensure a homogeneous deposition of the different layers
[63].
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Figure 3.6: Schematic representation of the confocal Microscope(CM) [61]

Figure 3.7: Schematic representation of Keyence confocal Microscopy Setup used at TU Delft [64]



3.4. Aluminium Texturing Process 23

3.4. Aluminium Texturing Process

Bare aluminium foil is used as the substrate at HyET solar in which all the deposition processes are
done. It is created by rolling highly pure and thin rolled base foil into an even thinner gauge [65].
Usually, the amount of pure aluminium in the aluminium foil ranges from 92-99%. To improve the me-
chanical properties of the aluminium foil, it is usually doped with different elements such as manganese,
copper, iron, silicon etc [66]. It is important that the aluminium foil is as clean as possible without any
impurities such as dirt or grease which is essential to ensure a homogeneous deposition of the dif-
ferent layers. Before, the deposition process, the aluminium foil is subject to the texturing process
[67].There are three different kinds of texturing done at HyET solar- Factory Baseline (FB), FLAMO1
and FLAMO02.The importance of texturing is already highlighted in section 2.5.4 in chapter 2.

The factory baseline and FLAMO1 processes are usually performed on a 110 microns thick aluminium
foil while the FLAMO2 process is done on a 150 microns thick aluminium foil due to its high etch rate
thereby providing a higher stability window which ensures greater mechanical stability in the subse-
quent manufacturing steps [67].

The surface of the bare aluminium foil is not uniform and does have some roughness. The SEM image
for bare aluminium as well as the topography for the bare aluminium taken via the confocal microscope
is highlighted below in figures 3.8 and 3.9 respectively.

Regulus 10.0kV x600 SE(UL)

Figure 3.9: Topography of the surface roughness of bare aluminium foil used at HyET Solar

The bare aluminium exhibits high spectral reflectance of around 69% and low diffuse reflectance of
around 15.6% across the wavelength range 200-2000 nm. Figure 3.10 shows the reflectance mea-
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surements of bare aluminium foil. In order to reduce the spectral reflectance and increase its diffused
reflectance for efficient light scattering, texturing is carried out on the aluminium foil using the wet
chemical etching process.These textures are formed because of aluminium etching with the help of

the NaOH etchant [67].The different types of texturing done at HyET solar is further explained in the
sections below.
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Figure 3.10: Spectral and diffused reflectance measurement for bare aluminium foil [67]

3.4.1. Factory Baseline (FB)

The factory baseline texturing (FB) is currently the baseline texturing process which is implemented
at HyET. Wet chemical etching process with NaOH etchant is used for this texturing process. The
temperature of the etchant is kept at a temperature of 35 degrees and the time for texturing is kept as
3.5 minutes. In order to prevent aluminium oxide precipitants from forming on the aluminium surface,
chelating agents such sodium gluconate (1.8g/L), sodium nitrate (6g/L), and polyethylene glycol 400
(PEG-400) (0.4g/L) are added to the etch bath. Upon completion of the texturing process, the foil
is cleaned with warm water to stop the etching reaction. It is then dipped in in 5 w/w% phosphoric
acid solution in order to neutralize the base. It also helps in the removal of the precipitants which
will be discussed further in chapter 5.The size of the textured craters of the foil from FB texturing is
significantly less compared to the other two texturing processes. This process also acts as the baseline
pre-treatment process in order to remove the oil, grease, dirt etch from the aluminium foil before the
deposition processes [67].Figure 3.11 shows a SEM image of the factory baseline textured sample.

Figure 3.11: Factory Baseline(FB) texture
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3.4.2. FLAMO01 Texture

Similar to the factory baseline(FB) texturing, the FLAMO1 texturing process is done using the wet chem-
ical etching method at a temperature of 50 degrees and a time period of 1.8 minutes. The concentration
of NaOH is 60g/L with sodium gluconate (13.2 g/L) and PEG-400 (2g/L) used as the chelating agents.
The rest of the cleaning process after the FLAMO1 texturing is the same as the factory baseline. Unlike
the factory baseline texturing, the size and the number of craters are higher in FLAMO1 texturing hence
samples etched under this process will have should have better light trapping[67]. Figure 3.12 shows
a SEM image of the FLAMO1 textured sample.

Figure 3.12: FLAMO1 Texture

3.4.3. FLAMO02 Texture

Unlike the previous two texturing processes which uses 110 microns thick Al foil, the FLAMO2 texture is
performed on 150 microns thick Al foil. The FLAMO2 texturing recipe is obtained by further optimizing
the FLAMO1 parameters. The concentration of NaOH is 60 g/L at a temperature of 60 degrees and
a time of 2.5 minutes.The FLAMO2 texturing craters are much larger and are much more prevalent
compared to the other two texturing counterparts and hence it can ensure much better light trapping
compared to its other texturing counterparts [67]. Figure 3.13 highlights the FLAMO2 texture on the
aluminium foil.

- 30.0um

Figure 3.13: FLAMO2 Texture






TCO Characterization

This chapter discusses the TCO thickness variations as well as the characterization procedure imple-
mented in order to quantify the TCO at HyET.Section 4.1 explains the background and the motivation
behind the implementation of the TCO characterization process.Section 4.2 discusses the experiments
as well as the characterization process in detail.Section 4.3 discusses the observations as well as the
results deduced from the TCO thickness variation experiment. Finally section 4.4 discusses the con-
clusions obtained through these set of experiments.

4.1. Background and Motivation

Earlier, the production at HyET Solar aimed towards the production of single junction modules. In
recent years, the company has shifted its focus towards the production of tandem modules as they offer
a better performance. Since the TCO settings were mainly used for production of single cell modules,
it was essential to re-optimize the TCO for tandem modules. TCOs are transparent conductive oxide
thin film layers which is often used as the front layer in thin film solar cells [68]. An optimal TCO is
expected to have a resistivity lower than 1072 Q cm and a transmittance greater than 80% especially
in the visible region. Therefore, to achieve this, it is essential that the TCO layer possesses bandgap
of at least 3 eV and a charge carrier density of around 2 — 3 x 102° cm-3 [69, 70]. As explained
in chapter 3, the TCO deposition at HyET Solar occurs through the atomospheric pressure chemical
vapour deposition (APCVD) process. In this process, the aluminium foil is fed into the APCVD chamber
where the Al oil is heated to 500°C. Afterwards, the TCO is deposited onto the Al foil with the help of
two injectors present in the APCVD machine. The injectors help in delivering the gases SnCl,, H,0,
methanol(MeOH) and hydrogen fluoride (HF) to the deposition chamber which then deposits the TCO
on the aluminium foil. The TCO used in HyET solar is fluorine-based tin oxide (FTO) as it satisfies
all the desired characteristics which a TCO needs to have, and it is also highly scalable due to its
low production cost. In 2021, a new Al roll was purchased from the supplier which had an improved
morphology compared to the previous batches.It was necessary to optimize the FTO thickness for this
new Al roll so that it can be used in future production runs.Previously, the FTO characterization at HyET
was limited to online diagnostics which unfortunately was not enough to quantify the TCO. Therefore,
it was important to lay down an efficient characterization approach for the FTO which will give HYyET
useful information regarding the FTO such as its morphology and electrical characteristics which will
make it easier to judge whether the FTO meets the desired standards or not. This procedure will
also make it easier to plan and optimize the FTO in the future. The TCO characterization procedure
implemented during this thesis is depicted in figure 4.1.The importance of the characterizations and
the desired results from them are shown below in table .Additionally, the TCO characterization was
compared for both the 2020 and 2021 Al foils to observe if the quality of the aluminium foil impacted
the performance of the HyET Solar modules.

27
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Cut into A3 sheets

Cutinto 10X10 lab samples

Rsgq measurement

TCO leak test

y

Figure 4.1: Procedure for TCO characterization

Characterization Type of characterization Desired Result
Sheet resistance Electrical 10 Q sq. sheet resistance
TCO Leak test Structural Leak time of 1 min
Scanning Electron microscopy(SEM) Structural Low cracks/pinholes across TCO surface
Confocal microscopy(CM) Structural Low roughness parameters

Table 4.1: TCO characterization measurements implemented in this thesis

4.2. Experimental Procedure

For the aluminium roll introduced in November 2021, the TCO thicknesses were varied between 650
nm to 800 nm. These variations in thicknesses were performed for both the untreated as well as the
pre-treated rolls. Untreated roll is the roll from the supplier which is used as it is and is not subject to
any cleaning procedure whereas the pre-treated roll is subject to the factory baseline texturing (FB)
to remove oil/grease and other surface impurities from the aluminium roll. The main reason behind
performing the experiment is to observe the effect of the texturing process on the TCO quality, and
ultimately the device performance.The variations of the TCO thicknesses for both the untreated as well
as the pre-treated roll is highlighted below in table. Settings 1.1-1.5 depict the untreated Al roll while
settings 2.1-2.4 depict the pre-treated roll. The TCO thicknesses were varied according to the web
speed in the APCVD chamber and variations determined by the inline diagnostics is shown below in
figure 4.2.
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TCO Thickness Variations on Un-treated Al Foil TCO Thickness Variations on Pre-treated Al Foil
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(a) TCO Thickness variations on untreated Al roll (b) TCO Thickness variations on pre-treated Al roll

Figure 4.2: TCO thickness variations of untreated and pre-treated roll from inline diagnostics at HyET

Setting | Type of Al foil | TCO Thickness(nm)
1.1 untreated 650
1.2 untreated 675
1.3 untreated 705
14 untreated 745
1.5 untreated 790
2.1 pre-treated 647
2.2 pre-treated 660
2.3 pre-treated 687
24 pre-treated 719

Table 4.2: TCO thicknesses for pre-treated and untreated Al roll

The aluminium rolls were cut into A3 sheets for each of the settings for both the untreated as well as the
pre-treated rolls. Afterwards, each A3 sheet was cut into 4 10 x 10cm? lab samples per setting using
the special 10 x 10 lab sample cutter at HyET. The samples were further divided with respect to their
positions in the A3 sheet as com 115 and com 255. COM 115 indicates that the centre of the sample
is at a distance of 115 mm from the edge of the foil while COM 255 indicates that its centre is around a
distance of 255 mm from the same edge of the foil. Therefore, two samples of COM 115 and COM 255
were taken for each setting. The variations of the TCO thicknesses across the COMs is shown below
in figure 4.3.

TCO CoM Thickness Tilt on Un-treated Al Foil TCO CoM Thickness Tilt on Pre-treated Al Foil
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(a) Variations of the centre of module(COM) across the untreated Al Roll (b) Variations of the centre of moglg”e(COM) across the pre-treated Al

Figure 4.3: Variations of the centre of module(COM) across the untreated and pre-treated Al Roll determined by the inline
diagnostics at HYET

The first measurement done was the sheet resistance measurement which was done with the help of
the sheet resistance tool at HyET, as explained earlier in section 3.3.1.Afterwards, the sample was cut
into two parts of which the first part is used for the TCO leak test while the second part is then taken to
TU Delft where the structural characterizations of SEM and confocal microscopy takes place.
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4.3. Observations and Results

This section discusses the different measurements taken as well as the observations and results which
can be deduced from these measurements.

4.3.1. Sheet Resistance Measurement

After the lab samples are made for the TCO on aluminium substrate, the first measurement done is
the sheet resistance measurement. Ideally, as explained in section 3.3.1, it is desired for the sheet
resistance to be around 10 Q square. The sheet resistance measurements for both the untreated as
well as the pre-treated aluminium foils on TCO is given below in figure 4.4. Additionally, the sheet
resistance measurement has also been taken for the TCO deposited on previous Al batch to observe
if the TCOs deposited in the new roll have lower sheet resistances.

2021 Al untreated Sheet Resistance 2021 Al pretreated Sheet Resistance
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(a) Sheet Resistance measurement for untreated Al Roll (b) Sheet Resistance measurement for pre-treated Al Roll

Figure 4.4: Sheet Resistance measurement for both untreated and pre-treated Al roll

From the graphs shown in figure 4.4, it can be observed that the sheet resistance appears to decrease
with the increase in the TCO thickness for both the untreated as well as the pre-treated rolls. Also, the
pre-treated aluminium samples appear to have a lower sheet resistance compared to the untreated
aluminium samples which could be due to the absence of oil/grease on the aluminium samples which
are removed through the pre-treatment process. Additionally, it can be observed that the untreated foil
of thickness 790 nm(S1.5) and pre-treated foil of thickness 720 nm(S2.4) appear to give the lowest
sheet resistances of 14 Q sq and 10 Q sq respectively.

4.3.2. TCO Leak Test

After the measurement of the sheet resistance of the samples which gave a good indication regarding
the resistance of the TCO layers, the samples were then subject to the TCO leak test which has been
explained previously in 3.3.2. Ideally, itis desired to have TCO leak times of atleast 1 min which ensures
that the TCO quality is in spec, and has sufficiently lower concentration of cracks and pinholes. The
TCO leak test results for both the pre-treated as well as the untreated samples are depicted below in
figure 4.5.

TCO leak test for 2021 untreated Al roll TCO leak test for 2021 Pre-treated Al roll

Thickness(nm) Thickness(nm)
(a) TCO leak test for untreated Al Roll (b) TCO leak test for pre-treated Al Roll

Figure 4.5: TCO leak test measurements for both untreated and pre-treated Al roll

From the TCO leak test results shown above in figure 4.5, it can be observed that the untreated sam-
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ples have higher leak times compared to the pre-treated samples which could indicate that more pin-
holes/cracks are forming on the aluminium surface during the pre-treatment process. Also, it can be
observed that the TCO leak time appears to increase with the increase in thickness of the TCO layer
for both the pre-treated as well as the untreated samples. Lastly, the COM 255 samples also appear to
outperform the COM 115 samples in most of the cases which could also be due to their higher thickness
as observed in figure 4.3. Overall, it was observed that the untreated foil of thickness 790 nm (S1.5)
and pre-treated foil of thickness 720 nm (S2.4) appear to give the best leak times of 70 sec and 50 sec
respectively.

4.3.3. Confocal Microscopy

Each sample was cut into 1X1 cm? area before the sample was placed in the Keyence 3D confocal
microscope to discover the surface roughness of the different TCO layers present on the aluminium
substrate. The confocal microscopy measurements highlighting the roughness parameters of S, S,
and S, for both the pre-treated and untreated Al samples for each of the TCO thickness settings is
highlighted below in figure 4.6 as follows:
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Figure 4.6: Surface roughness parameters for both untreated as well as pre-treated Al Rolls [71]
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(a) 3D confocal microscope image for untreated Al Roll (b) 3D confocal microscope image for pre-treated Al Roll

Figure 4.7: 3D confocal microscope images for untreated and pre-treated Al Roll [71]

From figure 4.7, it can be observed that the pre-treated samples appear to have higher surface ir-
regularities(cracks/pinholes) compared to the untreated samples. Through figure 4.6, it can be also
observed that the surface roughness S, S, and S, parameters are higher for the pre-treated samples.

4.3.4. Scanning Electron Microscopy(SEM)

After the confocal microscopy measurements, the samples were once again cut into 1X1 ¢m? areas
and these were subject to the SEM characterization to determine the quality of the TCO (observe the
uniformity, presence of cracks/pinholes). Figures 4.8 and 4.9 highlight the SEM images for both the
untreated as well as the pre-treated samples respectively.

Regulus 10.0kV x2.50k SEQUL) - 20 0+

(a)

Figure 4.8: SEM images for untreated Al samples at (a)20 microns and (b)5 microns magnification
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Figure 4.9: SEM images for pre-treated Al samples at (a)20 microns and (b)5 microns magnification

From the SEM images, the pre-treated samples appear to have more surface irregularities compared
to the untreated aluminium samples. Also, there appears to be presence of small irregular particles
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across the surface of the pre-treated samples. Usually, the Al foil at HyET is doped with different metals
such as iron, manganese, silicon etc in order to boost the mechanical properties of the Al foil. This step
is necessary as it ensures stability of the aluminium foil at higher temperatures which are required for
the TCO as well as the silicon depositions. These irregularities are referred to as the precipitants in
this thesis and this will be discussed and addressed in detail in chapter 5.Lastly, the presence of milling
tracks is observed for both the samples, but it is more prevalent in the pre-treated samples.

Afterwards, cross-sectional SEM analysis was done for the samples to determine the actual thickness
of the TCO layer in each sample. As this was only done to ensure the actual thickness was similar to
the optical thickness of the TCO determined by the APCVD diagnostics, the results are presented for
only the untreated aluminium roll. The cross-sectional SEM analysis is highlighted below in figure 4.10.
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Figure 4.10: Cross sectional SEM analysis for untreated Al Roll samples [71]

From the cross-sectional SEM images, it can be observed that the actual thickness appears to be
similar to the optical thickness measured by the APCVD diagnostics. Through this, it can be confirmed
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that optical measurement by the APCVD diagnostics tool at HyET is accurate.

4.4. Conclusions

Overall, through this set of experiments, an efficient and reliable approach was set for characteriza-
tion of the TCO at HyET Solar. Overall, different types of TCO characterization tests were carried
out which helped to better understand the characteristics of the TCO especially with regards to their
electrical and structural properties. Optical properties unfortunately could not be explored as the alu-
minium substrate as well as the PEN substrate could not provide reliable transmission measurements.
Firstly, the TCO test carried out was the sheet resistance measurement during which it was observed
that the pre-treated samples had lower sheet resistances compared to the untreated samples. It was
also observed that the TCO sheet resistance appeared to decrease with the increase in the thickness
of the TCO. The sheet resistance, however, remained more or less consistent for thicknesses above
750nm which indicates that higher thicknesses are not needed to achieve a decent 10-12 Q square
sheet resistance. The TCO leak test was then performed from which it was determined that the TCO
leak test also appeared to increase with the increase in the thickness of the TCO. However, in this
test, the untreated samples had higher leak times than pre-treated samples which could be due to the
higher presence of cracks or pinholes on the pre-treated samples.

Afterwards, structural characterizations such as confocal microscopy and SEM took place during which
the roughness of the TCO as well as its uniformity and quality was determined. From the confocal
microscopy analysis, the pre-treated samples appeared to be much rougher than the untreated sam-
ples.On the other hand, from the SEM images, the presence of particles called precipitants could be
observed in pre-treated samples. Also, from the cross-sectional SEM images, the actual thickness
from the SEM appears to match the optical TCO thickness determined from the APCVD diagnostics
tool.Overall, from these characterizations, samples based of TCO thicknesses setting S1.5(790 nm)
and setting S2.4(719 nm) overall appears to demonstrate better electrical and structural properties. As
thickness appears to play a major role in the results so far, it was decided to make lab-scale samples
based on S1.4(745 nm) and S2.4(720 nm) as they appeared to have similar thicknesses which will
ensure better comparison between the untreated as well as the pre-treated samples. This experiment
will be explained in detail in chapter 6.






Addressing the issue regarding the
precipitants present in the Aluminium
substrate at HyYET Solar

This chapter focusses on strategies implemented in this thesis to address the issue regarding the
presence of precipitants on HyET aluminium foils.Section 5.1 discusses the background and motivation
behind the use of the pre-treatment process and the need to remove the precipitants from the aluminium
foil. Section 5.2 discusses the experimental details, the observations as well as the results deduced
from the acid treatments for the aluminium foil. Finally section 5.3 discusses the conclusions obtained
through this set of experiments.

5.1. Background and Motivation

From the SEM analysis for the TCO layers in chapter 4, we could observe presence of precipitants
scattered around the different areas of the aluminum substrate for the pre-treated samples. However,
these precipitants do not appear for the untreated samples. The presence of these precipitants was
observed for all the pre-treatment processes used which include factory baseline (FB) , FLAMO1 and
FLAMO2. Overall, the pre-treated samples appeared to be rougher which was confirmed through the
use of confocal microscopy in chapter 4.

However, despite these cons, the pre-treatment is necessary for texturing the foil to enhance light
coupling into the cells which will enable generation of higher photocurrents thereby overall improving
the efficiency of the solar modules. Previous experiments and simulations at HyET Solar demonstrate
that the desired efficiencies greater than 12% on a tandem devices cannot be achieved without pre-
treatment. Also, the presence of these precipitants is found on the active area after etching which
could hinder the current potential of the HYET modules. These precipitants could also have a negative
impact on the morphology, optical, and electrical properties of the PV modules thereby ensuring lower
performance. Therefore, in order to reach the desired efficiencies at HyET, it is essential to eliminate
or greatly reduce their number in order to ensure a homogeneous surface for the depositions of the
TCO and silicon layers. Their homogeneous deposition could overall lead to better performance gains.

Overall, the precipitants could be removed by either aluminium stretching or acid treatment. Among
these processes, the acid treatment has been found to be the most reliable process towards removal
of these precipitants which could also be replicated on production scale. This acid treatment is usually
performed post the pre-treatment process with NaOH solution.EDX analysis has been carried out to
determine the composition of the precipitants which will help determine the best approach to eliminate
them.

35
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5.2. Experimental Details, Observations and Results

EDX analysis was carried out to determine the composition of the precipitants. Before getting the EDX
analysis, a set of preliminary analysis was carried out as follows:

+ Variation of baseline acid (H;P0,) from 1-75 w/w%

« Variation of different acids

In the first preliminary experiment, the baseline H;P0, acid was varied from 1 to 75 w/w% of acid.
The samples used for all the experiments is the Al foil with a thickness of 140 microns. The samples
were first pre-treated with FLAMO2 texture as it exposes larger number of precipitants. Afterwards,the
samples were dipped in the acid bath for 12 seconds which serves as the current baseline.The tem-
perature of the acid bath was set at 60°C which is the baseline temperature of the acid bath at HyET
Solar. After the acid treatment, the samples were then taken to Delft where SEM was done to observe
if the precipitants were removed from the aluminum surface.
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Figure 5.1: Variation of Baseline H; PO, acid treatment between 1-15 w/w%
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Figure 5.2: Variation of Baseline H; PO, acid treatment between 25-75 w/w%

The SEM images were then taken for the above-mentioned samples which are shown above in figures
5.1 and 5.2 .It can be observed that the precipitants remain and are not removed for all the samples
dipped in various baths. The precipitants do appear to be removed slightly for higher concentrations of
50 and 75 w/w% of H; PO, acid although this will not be optimal from a production perspective as higher
concentrations could cause overheating of the baths. Therefore, these results indicate that perhaps
stronger acids could be tried to remove the precipitants.

Therefore, for the next experiment, it was decided to vary the acids and try different acids such as
HNO5, HCl and H,S0, which could help in eliminating the precipitants. The molarity of all the acids
were kept constant at 0.1 M.The rest of the parameters and conditions were kept constant as the first
experiment. From the SEM analysis carried out in figure 5.3, the presence of precipitants was ob-
served for each of the samples dipped in various acids. Therefore, the precipitants were not removed
by using different acids as well. Therefore, the EDX analysis was then done for the samples which will
help determine the composition of the precipitants. The EDX analysis was carried out in Delft with the
help of the SEM Hitachi 8230 and the analysis of the data was done using the Fityk software to fit the
peaks to determine the composition of the elements. The EDX analysis was done on areas without the
precipitants, areas between the precipitants as well as on the precipitants lying across several different
textured samples. The EDX analysis as well as the elemental composition of the precipitants are given
below in figures 5.4 and 5.5.
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(a) EDX analysis on spot 1

(b) EDX analysis fitting for spot 1 using fityk software

Figure 5.4: EDX analysis for spot 1

(a) EDX analysis on spot 2

(b) EDX analysis fitting for spot 2 using fityk software

Figure 5.5: EDX analysis for spot 2

The average size and composition of the different measurements was calculated, and the results are
highlighted below in table as follows:

S No. EDX analysis Type Average size(um Average (%) of precipitants
1 without the precipitants - Al(92.99%), Si(4.33%), C(1.82%)
2 between the precipitants Less than 1 Fe(12.22%), Si(4.1%), Mn(3.13%)
3 on the precipitants 1-5 Fe(9.75%), Mn(5.98%), Si(4.53%)

Table 5.1: EDX analysis on areas without, between and on the precipitants

From the table above, the composition of the precipitants appears to be mainly Fe (concentration 9.75
+/- 7.27 %) followed by Mn (concentration 5.98 +/- 2 %) and Si (concentration 4.53 +/- 2.53%) and the
size of the precipitants on average varies from less than 1 ym to a maximum of around 5-6 ym. In HyET
Solar, the aluminum foil used for the production process is not 100% pure and usually a small quantity
of elements such as iron, manganese and silicon are doped in it to boost its mechanical properties. This
doping process is essential for the Al foil to be stable during the TCO as well as the silicon depositions.
Therefore, these elements are what constitute the precipitants and it appears that the pre-treatment
process exposes these precipitants when the aluminium etching takes place.

Therefore, a literature study was done on the different etchants which could help in removing these
precipitants. Emphasis was laid on removing iron as it had the highest composition among all the pre-
cipitants while also ensuring that the aluminium foil is resistant to the etchant solution. Therefore, nital
[72] and PES etchants [73] were tried in the next experiment due to their selectivity towards removing
metals, particularly iron while ensuring that aluminium is resistant against them. The texturing used
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Figure 5.6: PES etchant acid treatment

was the FB texturing as it was the baseline process used at HyET and better analysis of the precipi-
tants could be done using this texture compared to the FLAMO1 or FLAMO2 texture. The concentration
was kept as per [73] for the PES etchant while the concentration of nital was kept at 2 w/w% since it
was not recommended to use higher concentrations of nital due to its highly reactive nature [74]. The
times of dipping in the etchants were varied for each of the acids from 12 seconds to 5 minutes.SEM
images were taken for both the PES as well as the nital etchants to observe whether they are able to
remove the precipitants or not.

From the SEM images in figures 5.6 and 5.7, we can observe that while the precipitants do not ap-
pear to be removed with nital etchant, it appears to be removed with the help of PES etchant when the
samples were dipped at intervals of 3 and 5 min.Therefore, a further literature study was conducted
to study the different methods which can help in removal of particles ranging in microns. From [75],
it was found out that ultrasonication is a good method for removing particles especially in the order of
microns if the right frequency is selected. The frequency required for removing particles of different
sizes is highlighted in figure 5.8.

From figure 5.8, it was observed that frequencies from 100 to 400 kHz was ideal for removing par-
ticles ranging in size of 1 to 10 microns [75]. Therefore, an experiment was performed in which the
acid was kept at baseline conditions and the samples were dipped in baseline H; PO, acid baths with
and without ultrasonication to observe if the precipitants were indeed being removed by ultrasonication.
The ultrasonication frequency was kept at 130 kHz as that was the highest ultrasonicator frequency
available at HYET Solar. Also, the time for dipping the sample in the acid bath was varied for 12 sec-
onds and 3 min. The rest of the parameters were kept constant and the SEM images can be found in
figure 5.9.
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Figure 5.8: Importance of frequency in ultrasonication [75]
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Figure 5.9: Comparison between ultrasonicated samples vs samples with no ultrasonication
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From the SEM images shown in figure 5.9, the presence of precipitants can be observed after 12
sec acid dip for both the ultrasonicated as well as the non-ultrasonicated bath. However, at 3 min
acid dip, it can be observed that the precipitants do appear to be removed for the ultrasonicated bath,
although the precipitants do appear to leave behind depth like structures. However, the results from
ultrasonication are highly encouraging as it ensures the removal of the precipitants.

Therefore, based on the results from the ultrasonication run, it was decided to perform a time series
variation for the acid treatment. Like the last experiment, 5 w/w% H; PO, was ultrasonicated at 130 khz
frequency at 60°C. The time of dipping the sample in the acid was varied for intervals of 12 sec, 1 min,
3 min and 5 min to observe the optimal time during which the precipitants are getting removed from
the aluminium sample. FB texturing was done before the acid treatment and afterwards, SEM images
were taken for the samples and is depicted below in figure 5.10.

30.0um

Regulus 10.0kV x1.80k SE(U)

(c) 3 min dip (d) 5 min dip

Figure 5.10: Time Variation series for 5 w/w% H3;PO,

From the SEM images shown in figure 5.10, the presence of the precipitants can be observed at 12
seconds dip. However, during the dip time of 1 min, there appears to be partial removal of the pre-
cipitants, but the surface appears uniform and free from holes observed in the previous experiment.
However, at intervals of 3 and 5 min, the precipitants seem to be completely removed and holes seem
to form in the place of the precipitants. The holes appear to be larger and sharper at the time interval
of 5 min which may indicate etching of aluminium as well along with the precipitants removal.

In the next experiment, it was decided to vary the concentrations of the H;P0, acid to observe if the
higher concentration would help in removing the precipitants more quickly. Therefore, the concentra-
tions were varied at 5 w/w% HsPO, and 10 w/w% H3PO0,. The time for dipping the samples was kept
for 12 sec and 3 min. The rest of the parameters were kept constant, and the SEM images for this
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Figure 5.11: Comparison between 5 and 10 w/w%H3 PO,

experiment can be observed in figure 5.11. From the SEM images shown in figure 5.11, it can be ob-
served that both 5 and 10 w/w% H;P0, solutions appear to remove the precipitants at time interval of
3 min. However, worryingly, the presence of holes appears to be larger for samples dipped in 10%
H;PO, solution. Therefore, despite the removal of the precipitants, the holes are a major worry as they
may create cracks on TCO and silicon layers,which could contribute to shunts.

From [76], it was observed that HNO; acid lowers the etching rate of aluminium.Therefore it could
be used to prevent the formation of holes. Therefore, in the next experiment, acid baths of 5 w/w%
H;P0, were made which were then mixed in acid baths of 5 and 10 w/w% HNO5. The time for dipping
in the acid bath was kept for 12 sec and 3 min. The rest of the conditions were kept constant to the
previous experiments. The SEM images of the samples from this experiment can be observed below
in figure 5.12.

From the SEM images illustrated in figure 5.12, the acid mixture of 5 w/w% of HNO; and 5 w/w%
of H3P0, appears to remove the precipitants without the formation of holes. This result appears to be
highly encouraging as it appears to remove the precipitants while ensuring a smooth surface for the
deposition processes. Hence, it was decided to perform a confirmatory test using all the three textures
at HyET Solar to observe if reproducible results can be achieved. Therefore, in the next experiment,
the samples were taken from two random areas of the aluminium roll, which is named as batch A and
batch B. All the three textures were performed for both the batch A and batch B samples and the time
interval for the samples in the acid bath was kept as 3 min as this time interval has given the most
promising results so far. The SEM images for the samples can be observed in figures figures 5.13,
5.14 and 5.15.



5.2. Experimental Details, Observations and Results 45

Regulus 10.0kV x1.81k SE(U)

Regulus 10.0kV x1.80k SE(U)

(c) 5w/w% H3;PO, and 10 w/w% HNO;, 12 sec dip (d) 5 w/w% Hs; PO, and 10 w/w% HN O3, 3 min dip

Figure 5.12: Variations of mixture of H; PO, and HNO;
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Figure 5.13: Factory Baseline Texture(FB) for confirmatory test of mixture of H; PO, and HNO;
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Figure 5.14: FLAMO1 Texture for confirmatory test of mixture of H; PO, and HNO5
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(a) FLAMO2 Texture, Batch A (b) FLAMO2 Texture, Batch B
Figure 5.15: FLAMO2 Texture for confirmatory test of mixture of H;P0, and HNO5
From the SEM images depicted in figures 5.13, 5.14 and 5.15, the precipitants unfortunately still appear

to be present in samples with all the three different textures across both batch A and batch B of the
samples. This indicates that the H; PO, and HN 05 acid mixture failed to satisfy the confirmation test as
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reproducible results could not be achieved.

In the next experiment, it was decided to do an experiment in which the different acids were varied.4
different acid solutions- H;P0,, HNO5, HCIl and H,S0, were taken and the concentration for each of
the acids was kept at 5 w/w% of the acid which were ultrasonicated at a frequency of 130 kHz.The
samples were textured with the baseline FB texture before undergoing the acid -treatment. The rest of
the conditions were kept constant to the previous experiments. The SEM images for the samples of
this experiment are given below in figure 5.16. The SEM images are only shown for the H;P0,, HNO;
and H,S50, acids as the sample dipped in HC! acid bath was dissolved completely by the acid.

Ragulus 10.0kV x1.82k SE(U) 30.0pm

Regulus 10.0kV x1:83k SE(U)

(b) 5 w/w% HNO3, 3 min dip

(c) 5 wiw% H,S0,, 3 min dip

Figure 5.16: Acid Treatment using various acids with ultrasonication

From the SEM images shown in figure 5.16, it can be observed that 5 w/w% of H;P0, and HN 05 helps
remove the precipitants. The sample dipped in 5 w/w% of H;P0, does appear to show similar hole
features as observed in the previous experiments, but 5 w/w% of HN 05 appears to remove the precip-
itants without the formation of holes which is seen for the H; PO, acid. This result is highly encouraging
as it shows that it can remove the precipitants while ensuring a homogeneous surface for future TCO
and silicon depositions. Therefore, a confirmatory test similar to mixture of H; PO, and HN 05 acid bath
needs to be carried out for the 5 w/w% HNO; acid bath.

5.3. Conclusions

Overall, different sets of acid treatments were carried out in order to remove the precipitants.The EDX
analysis was done on the precipitants through which it was found that iron, silicon, and manganese were
the main elements present in it.Also,the samples dipped in ultrasonicated acid baths appeared to show
less precipitants than the samples dipped in acid baths without ultrasonication. It was also observed
that the removal of precipitants was mainly observed for the acid treatments with H;P0,, HNO; and
PES etchant. From the time variation experiments, it was observed that the H;P0, acid and the PES
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etchant appeared to remove the precipitants from the aluminium foil but left behind holes. Also, the
mixture of 5 w/w % of H; PO, and HN 05 acid treatment showed promising initial results as it appeared
to remove precipitants while ensuring a homogeneous surface, but it failed the confirmatory test which
was done for all the three textures. Overall, from these set of experiments, it can be concluded that
ultrasonication process in acid baths currently appears to be the best method in order to reduce the
number of precipitants which are currently present in the aluminium foil at HyET. However, the best
treatment for ensuring the overall improvement of PV performance is yet to be determined.






Lab Scale Production of HYET Modules

Section 6.1 introduces the background and motivation behind performing this experiment. It also em-
phasizes on the production of the single cell lab scale modules at HYET Solar.Section 6.2 explains the
production process of the single cell modules based on the results obtained from chapter 4.Sections
6.3 discusses the results of the measurements of dark JV, light JV and EQE which had been done on
these lab modules.Section 6.4 depicts the overall conclusions gained from performing this experiment.

6.1. Background and Motivation

HyET Solar aims to obtain 7-8% stabilized efficiency for single junction and 12% stabilized efficiency
for tandem modules. Therefore, to achieve these aims, several layers need to be re-optimized to meet
these efficiency targets. In chapter 4, emphasis had been laid to optimize and characterize the TCO
layer at HYET based on which TCO layers of setting 1.4(745 nm untreated Al) and setting 2.4(720 nm
pre-treated) were selected to make lab-scale solar devices. Making lab scale solar cells using these
TCO settings and comparing them versus the existing solar cells would give HyET a better understand-
ing regarding the quality of the TCO. Hence, to confirm the findings from the TCO experiment, it was
decided to make tandem as well as single junction solar cells on the optimized TCO samples for both
the untreated as well as the pre-treated roll. The type of samples made were single cell modules (SCM)
as they offer a realistic demonstration of the actual production modules by HyET. Also, active areas
can be varied in this configuration which will give a better idea regarding the impact of the cell area on
the overall performance. Figures 6.1 and 6.2 below highlight the top side as well as the cross-sectional
view for the lab modules processed in this thesis.

€1 c2 C3

Figure 6.1: Single cell modules(SCM) top view
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Figure 6.2: Single cell modules cross-sectional view
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Figure 6.3: Procedure for making cells on Foil(COF) lab scale devices

6.2. Experimental Details

The experimental procedure for making lab scale solar cells from TCO on aluminium substrate is high-
lighted in the flowchart in figure 6.3. The selected TCO settings (S1.4 and S2.4) samples were sent
to TU Delft where the ZnO buffer layer was deposited by RF sputtering while the silicon PIN layers
were deposited afterwards using the PECVD (Plasma enhanced chemical vapor deposition) process.
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For this thesis, the samples processed were tandem devices. Afterwards, the samples were taken
to HyET Solar where the interconnections for the cells were done through laser scribing. Afterwards,
the back contact sputtering of ZnO and Al took place using the RF sputtering and the DC sputtering
method respectively. The samples were then laminated with the permanent plastic carrier foil (PEN).
Afterwards, a two-step etching process took place with annealing in between to etch out the aluminium
layer from the sample while preserving the TCO and silicon stack. After making the lab-based solar
cells, dark JV measurements were carried out to measure the shunt resistance. Ideally, it is expected
that a good working cell at HyET Solar has a shunt resistance of around 10 KQ cm?. Afterwards, EQE
was measured for the solar cells in order to measure the currents in both the top cell and bottom cell.
Lastly, light JV was performed on the solar cells for measuring the overall performance of the cells. This
measurement gives values of important performance parameters such as the open circuit voltage(V,.),
short circuit current density(J,.), fill factor(FF) as well as the overall efficiency of the solar cells(n).

6.3. Observations and Results

After the deposition of the layers as well as the establishment of the interconnections, lab samples
were then processed in the lab at HyET Solar. Afterwards, dark JV measurements were performed on
the devices. Each sample consists of 3 cells which have active areas of 3, 4.5 and 6 cm?. The 3 cells
are named as A1,A2,A3 and B1,B2,B3 for the untreated as well as the pre-treated sample respectively.
The dark J-V plot as well as the shunt resistances for each of the cells were measured and the results
are shown below in figures 6.4 and 6.5 as follows:
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Figure 6.4: Dark JV measurement for SCM devices
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Figure 6.5: Shunt resistance measurement for SCM devices

From the dark JV analysis, it can be observed that the performance of the samples was very poor



52 6. Lab Scale Production of HYET Modules

and none of the cells across the untreated and the pre-treated sample demonstrated ideal J-V be-
haviour. However, the shunt resistances do appear encouraging for both the pre-treated as well as
untreated samples which demonstrate shunt resistances of roughly 100 KQcm?.These results for the
cells are well above the desired shunt resistance of 10 KQcm?.

Afterwards, the sample was measured in the EQE setup in order to determine the individual short
circuit currents for both the top as well as the bottom cell for each sample.The EQE measurements for
the top as well as the bottom cells for cells B1 and B2 of the pre-treated sample are shown below in
figure 6.6. Unfortunately, the measurements appear to be extremely poor and the bottom cell appears
to be too amorphous which could impact the J;.. The table 6.1 shows the J. of the top as well as the
bottom cell. Overall, both the top and bottom cell currents were extremely low and well short of the
desired J,. at HyET.
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Figure 6.6: EQE response for cells B1 and B2 of the pre-treated samples

Cell | Top Cell(mA/cm?) | Bottom Cell(mA/cm?)
B1 2.32 1.22
B2 6.79 3.3

Table 6.1: Top and Bottom cell currents for pre-treated sample from EQE

Light JV was also performed for both the samples. However, the cells across both the samples did
not induce any performance. Therefore, the voltage of the samples was then measured using the
voltmeter. However, the voltage performance for all the cells were poor and were well short of the
desired voltages of around 1.3V for the tandem cells.

Cell | Type of Alfoil | V(V) | Area(cm?)
A1 untreated 0.11 3

A2 untreated 0 4.5

A3 untreated 0.12 6

B1 pre-treated | 0.13 3

B2 pre-treated 0.38 4.5

B3 pre-treated 0 6

Table 6.2: Voltage measurement of SCM modules using the voltmeter

6.4. Conclusions

Overall, the best TCO samples with the best sheet resistance and leak time were chosen in order to
make lab scale samples to observe if these TCO samples are able to deliver a better performance than
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the samples with baseline TCO thickness. The samples were prepared in single cell modules(SCM)
arrangement which provides an actual representation of the actual production modules. Once the
samples were prepared, different measurements such as dark JV, light JV and EQE were performed.
From the dark JV analysis, it was observed that the pre-treated samples were able to demonstrate
good shunt resistances well above the minimum threshold of 10 KQcm,. The samples however failed
to give desirable electrical characteristics in both light as well as dark JV measurements. Finally, the
EQE measurements were performed which confirmed the low J;. measurements present in both the
top as well as the bottom cell. Overall, the lab samples failed to give reliable measurements for both
untreated as well as pre-treated TCO samples.






Conclusions and Recommendations
from the Thesis project

This thesis focused on the characterization of the TCO as well as improving the performance of the lab
scale solar modules at HyET Solar. The FLAMINGO PV group aims to realise efficiencies of 12% for
tandem solar modules and hence this thesis focuses on strategies particularly on the TCO quality and
the aluminium surface morphology to fulfill the desired efficiencies required by the group.

Section 7.1 focuses on the conclusions gained from this thesis project while section 7.2 lays its em-
phasis on recommendations as well as future work which can be implemented to further improve the
yield and performance of the lab-scale solar modules at HyET Solar.

7.1. Conclusions

Overall, from the TCO thickness variations, an efficient and reliable approach was set for characteriza-
tion of the TCO at HyET Solar which will help the company in identifying the TCO characteristics in the
near future.The focus of this thesis was mainly on the electrical and structural properties of the TCO
which will make it easier for HyET to qualify the TCO. Optical properties unfortunately could not be ex-
plored as the aluminium substrate as well as the PEN substrate could not provide reliable transmission
measurements. The TCO samples were first subject to the sheet resistance measurement during which
it was found that desired sheet resistances of around 10-12 ohms sq were obtained mainly for the pre-
treated samples. However, in the TCO leak test, the untreated samples appeared to show better leak
times which could possibly be due to the lower concentration of pinholes or cracks in them compared to
the pre-treated samples.Afterwards, structural characterizations such as confocal and SEM took place
during which the roughness of the TCO as well as its uniformity and quality was determined. From
the confocal microscopy analysis, it was observed that the pre-treated samples appear to have higher
surface irregularities such as cracks or pinholes compared to the untreated samples.Through SEM,
the presence of particles called precipitants could be observed in pre-treated samples which is tack-
led in chapter 5. Overall, from these characterizations, samples based on TCO thicknesses settings
S$1.5(790 nm) and setting S2.4(719 nm) overall gave better results compared to other TCO thicknesses.

Addressing the issue of the precipitants present in HyET aluminium foil was the next focus for this
thesis. Before the EDX analysis, different concentrations of baseline acid H; PO, (1-75 wiw%) as well
as different acids (H;PO0,, HCl, H,SO, and HNO3) were tried but they failed to eliminate the precipi-
tants. Next, EDX analysis was done on the precipitants through which it was found that iron, silicon
and manganese were the main elements present in the precipitants. Afterwards, it was found that ul-
trasonication was a suitable method for the removal of the precipitants. Overall, different acids were
tried among which H;P0O,, HNO; and PES etchant appeared to give the most promising results. It
was also observed that a minimum time of three minutes was required for removing the precipitants
using the above mentioned acids. Also, it was observed that the H; PO, and PES etchant appeared to
remove the precipitants from the aluminium foil but left behind holes especially for the time intervals
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of 3 and 5 min. A mixture of 5 w/w% of H;P0O, and HNO; appeared to demonstrate really promising
initial results as it appeared to remove precipitants while preventing the formation of holes, but it failed
the confirmatory test which was done across the three different textures on two separate areas of the
aluminium roll. Overall, ultrasonication seems to be the best method for the removal of the precipitants
and based on [75], higher frequencies can be attempted in order to remove them.

In the final experiment,lab scale devices were made from the selected TCO samples to observe if
these TCO samples are able to deliver a better performance than the samples with baseline TCO.The
samples were prepared in single cell modules(SCM) arrangement which provides an actual represen-
tation of the production modules at HyET. Once the samples were prepared, different measurements
such as dark JV, light JV and EQE were performed. From the dark JV analysis, it was observed that
the pre-treated samples were able to demonstrate good shunt resistances well above the minimum
threshold of 10KQcm?. The samples however failed to give desirable electrical characteristics in both
light as well as dark JV measurements. Finally, the EQE measurements were performed which con-
firmed the low J,. present in both the top as well as the bottom cell. Overall, the lab samples failed to
give reliable measurements for both untreated as well as pre-treated TCO samples.

7.2. Recommendations and Future Work

Overall, the thesis highlighted the importance of optimizing the TCO as well as the aluminium surface
morphology which could help in obtaining higher efficiencies of around 12% desired by HyET. In the
TCO thickness variations experiment, the electrical as well as the structural properties of the TCO
were studied. However, the optical properties especially the transmittance could not be explored in
this thesis as the aluminium substrate as well as the PEN substrate could not provide reliable mea-
surements. Hence, the deposition of TCO needs to be done on a transparent substrate such as glass
which will thereby provide much more accurate measurements. Also, from [77], it was observed that
the methanol as well as the HF flow rate can be tweaked to get desired electrical properties hence an
experiment can also be conducted by varying these flow rates and observing their effect on the electri-
cal properties.Currently, the TCO deposition occurs through a roll-to-roll process at HyET and hence a
new batch APCVD reactor will soon arrive at HYET in which these experiments can easily be carried out.

In terms of addressing the issues regarding the precipitants, it was found that ultrasonication using
5% baseline H; PO, acid proved to be the best bet for removal of precipitants for a minimum dip time of
3 min. However, while this managed to remove the precipitants, it also left behind holes which could
influence the further depositions.As highly sharp features could develop cracks which will thereby in-
duce shunts, AFM can be used in order to determine the depth/height of the precipitants and holes
which will help determine their sharpness.Also, an experiment can be carried out to optimize the time
of the sample dip between 1 and 3 min as this is the interval between which the precipitants are being
removed while leaving behind holes. Also, currently all the ultrasonication experiments were tried at
a frequency of 130 kHz as this was the highest frequency available at HyET. From [75], it could be
observed that frequencies of above 400 kHz could be attempted to remove particles with an average
size of 1-5 microns. Also, when the batch APCVD reactor gets operational at HyET, samples can be
made with and without the acid treatment to observe the overall influence of the precipitants in the
performance of the HYyET modules.

In the last experiment, the selected TCO samples were processed into lab scale devices which overall
yielded poor J,. and V,. measurements. Upon further exploration, through optical microscopy, it was
found that the laser scribes were too deep which overall induced shunts which led to the poor perfor-
mance of the modules. Therefore, the laser scribing overall needs to be optimized for tandem lab scale
samples. Also, Raman spectroscopy can be implemented to check the overall crystallinity of the a-Si:H
and nc-Si:H layers which were deposited by the batch PECVD reactor in Delft.

Overall, these recommendations can be implemented in order to improve the performance of the exist-
ing lab samples which will therefore be a good step forward towards achieving the desired efficiencies
of 12% for tandem modules.
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