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Abstract

The use of clean energy sources for meeting the world's energy requirements is increasing at an exponen-
tial rate, thus opening up new areas for research and development. The second generation of photovoltaics,
especially �exible thin-�lm solar cells, are increasingly being used over the �rst generation crystalline sili-
con technologies due to their lightweight, �exibility, low cost, and decent ef�ciency. The low cost is possible
mainly as a result of using a thinner absorber layer compared to crystalline silicon technologies. However, the
thin absorber layer mandates the use of ef�cient light management techniques in order to increase the solar
cell performance, as otherwise, the thin absorber layer will lead to very low photon absorption. Modulated
surface texturing is one such light management technique where different textures are introduced at different
interfaces and �nally stacked together in order to superimpose various scattering mechanisms, thus increas-
ing the optical path length of light. The modulated surface texturing principle has two goals: �rst, to provide
ef�cient light trapping, and second, to promote the growth of smooth & dense high-quality nc-Si layers.

HyET Solar B.V. is a company located in the Netherlands that uses state of the art roll-to-roll technology to
manufacture �exible thin-�lm silicon solar cells. This thesis is a part of the ongoing FLAMINGO PV (Flexible
Lightweight Advanced Materials in Next Generation of Photovoltaics) project in collaboration with TU Delft
and HyET Solar B.V, to develop tandem & triple-junction solar cells with high ef�ciency & lifetime. HyET Solar
B.V. uses an aluminum foil as a temporary substrate on which the TCO and subsequent solar cell layers are
deposited. The goal of this thesis is to implement optimized modulated surface texturing for the solar cells de-
veloped at HyET Solar B.V, by creating 'U' shaped micro-sized craters on the aluminum foil and subsequently
depositing 'V' shaped, naturally nanotextured FTO on it. The micro-textures are created on the aluminum
foil by the process of wet chemical etching, where the three main etching parameters- temperature, concen-
tration, and time are varied in order to obtain the most suited recipe. An alkaline-based etchant (NaOH) is
used for the wet chemical etching process. The textured features on the aluminum foil are analyzed for its
morphological and optical properties. The morphological analysis using a 3D laser scanning microscope and
SEM helps in obtaining the surface roughness properties while the optical analysis using Integrating sphere
and ARTA helps in measuring the light scattering effectiveness.

The etching kinetics of NaOH were �rst studied by varying the concentration, temperature, and time. It was
observed that for low temperature and concentration, the time taken for the etching reaction to start is longer.
By using a wide range of concentrations and temperatures to study the etching kinetics, it was observed that
NaOH concentration below 20g/L can be termed as low concentration and NaOH concentration above 40
g/L can be termed as high concentration. Similarly, temperature below 40 ±C can be termed as low tempera-
ture and temperature above 60 ±C can be termed as high temperature. For lower temperatures, the etching is
very dependent on the time frame, whereas, for higher temperatures, the etching is dependent on both the
concentration and time frame. The etching kinetics were further expressed using the Arrhenius equation,
where an empirical relation was formed for temperature dependence on activation energy and concentra-
tion dependence on pre-exponential factor. To ensure the mechanical stability of the roll-to-roll machine, a
minimum foil thickness of 95 ¹ m is required after etching. Taking this as the �rst requirement, the etching
recipes were varied and optimal results were obtained when the aluminum foil was textured with 60g/L NaOH
at 60±C for 2.5 mins (NaOH60) and 60g/L NaOH at 70±C for 1.5 mins (NaOH70). Further analysis showed that
texturing using NaOH60 resulted in better surface roughness and scattering properties compared to the alu-
minum foil textured with NaOH70, and it was thus chosen as the optimal recipe. This recipe is known as
FLAM02. The aluminum foil textured with FLAM02 process was compared with the texturing processes cur-
rently used at HyET Solar B.V (factory baseline and FLAM01), which showed that the new texturing recipe
provides signi�cant improvement in both morphological and optical properties. A triple-junction solar cell
(a-Si:H/nc-Si:H/nc-Si: H) deposited using the FLAM02 texturing process showed that the subsequent layers
adapted the texturing morphology and resulted in high-quality nc-Si layers.

The TCO leak tests at HyET Solar B.V. showed that the aluminum foil contains pinholes & milling tracks, which
are further enhanced after texturing using the factory baseline and FLAM01 process. Initial results showed
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that annealing the foil before texturing leads to a reduction in pinhole density & surface roughness caused
due to milling tracks. Experiments were designed to validate this where the two annealing parameters- tem-
perature and time were varied. The aluminum foils were textured after annealing using the factory baseline,
FLAM01, and FLAM02 processes. Morphological analysis, which was conducted before and after texturing,
showed that annealing the foil before texturing does not lead to a decrease in pinhole density and surface
roughness due to the milling tracks. Optical analysis using the laser scattering setup validated this. One ob-
servation was that texturing using the FLAM02 process led to a signi�cant amount of aluminum foil being
etched away, thus resulting in the reduction of milling track roughness and pinhole density.



1
Introduction

Solar energy is the energy that is harnessed from the sun. Electronic devices, called solar cells, are used to
convert sunlight into electricity. The use of solar energy for energy generation is increasing at an exponential
rate every year because of the plummeting manufacturing costs and good lifetime, making them not only
very affordable but also often the cheapest form of electricity [1].

Figure 1.1: Solar Energy trend over the last 10 years [1]

1.1. Thin-�lm silicon solar cells
Thin-�lm silicon solar cells are a part of the second generation solar cells that are made by the deposition of
one or more layers of photovoltaic material on a suitable substrate. There are three main types of thin-�lm
silicon solar cell con�gurations- amorphous silicon cells, amorphous/micro-crystalline tandem cells, and
poly-crystalline silicon cells [2]. Even though the current thin-�lm silicon cells have low ef�ciency compared
to the widely used wafer-based crystalline silicon cells, there are few reasons why they have good market po-
tential. First, less silicon is needed in the manufacturing process compared to wafer-based crystalline silicon
cells. Thus, the cost reduction potential is high and the payback time is faster. Second, compared to other
thin-�lm technologies, thin-�lm silicon is a comparatively industrially mature technology. Also, the main raw
material used, silicon, is abundant in nature and environment friendly. Third, thin-�lm silicon cells can be
manufactured by using the roll to roll technology, which gives a higher throughput [3].

One important criterion to keep in mind when designing a thin-�lm amorphous silicon cell is to never use a p-
n diode. This is because the doping capability of amorphous silicon is poor and doping has a negative effect

1
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on the amorphous silicon layer quality. There are also issues with the diffusion length. For these reasons,
an intermediate 'i' layer should always be used as that is where the main absorption and photo-generation
takes place. There are 2 types of possible cell con�gurations- superstrate (p-i-n) and substrate (n-i-p) [3]. In
thin-�lm silicon cells, a multijunction con�guration is usually used in order to improve spectral absorption.
Generally, a-Si: H is used as the top layer which is mainly for the short wavelength, and nc-Si:H is used as the
bottom layer for the long wavelength.

1.2. Modulated Surface Texturing
The main issues affecting the ef�ciency of thin-�lm silicon solar cells are stability of amorphous silicon under
illumination, light management, growth of high-quality layers on light trapping substrates, and parasitic ab-
sorption. Various solutions have been discussed for these 4 issues in the past but the challenge is to have ef�-
cient light trapping and at the same time, promote the growth of suitable morphology for high-quality layers.
It is a trade-off, where on one hand, sharp nanotextures are required for ef�cient light trapping & a thin ab-
sorber layer and on the other hand, large & smooth textures are required for dense & high-quality layers. The
solution to this trade-off is Modulated Surface Texturing (MST), where micro-sized craters are superimposed
on the substrate with nanotexturing of transparent conductive oxide (TCO)[4]. For example, in an a-Si:H/nc-
Si:H solar cell, effective light trapping in the a-Si:H layer will be realized by sharp nano textures, which will
also result in a thin layer. Nevertheless, for the growth of a defect-free & dense nanocrystalline silicon layer,
which will help in maintaining good electrical performance, 'U' shaped micro-textures are needed [5] [6]. In
nanocrystalline solar cells with high deposition rates, the 'U' shaped micro craters are also important as the
morphology of the substrate determines the cell performance [7] [8]. In the tandem cells manufactured by
HyET solar, it was observed that suitable texturing is needed for stress management as the nanocrystalline
silicon shows signi�cant levels of internal stress [9].

Modulated surface texturing can be done for both superstrate and substrate con�guration solar cells, where
in the former, the front electrode is textured and in the latter, the back electrode is textured. The modulated
surface texturing concept is especially important for multijunction solar cells for better spectral utilization
at higher wavelengths [10]. Depending on the type of thin-�lm silicon solar cell, there are 2 methods that
can be used for modulated surface texturing. First, direct etching on a glass substrate, and second, etching a
temporary aluminum foil and then transferring the texture to the solar cell surface. The �rst method is used
for �at plate thin-�lm silicon solar cells and the second method is used for �exible thin-�lm silicon solar cells.

Figure 1.2: Modulated Surface texturing process on �at plate thin �lm silicon solar cells [4]

The concept of the typical modulated surface texturing process on �at plate thin-�lm silicon solar cells is
shown in �gure 1.2. As per the work of Tan et al., direct etching on glass is a three-step process. First, an
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indium tin oxide layer (ITO, 200nm) was sputtered on clean corning glass. Then, craters were formed by wet
etching this glass in a solution of HF and H2O2, with a ratio of H2O : HF : H2O2 = 10:1:2. The ITO acts as a cat-
alyst for etching. So, once the ITO layer was peeled off, the etching was stopped. After that, a thin, transparent,
and conductive layer of hydrogenated indium oxide (IOH,140nm) was sputtered on the etched glass. Subse-
quently, non intentionally doped ZnO(1 ¹ m) was deposited on top of the IOH layer by low-pressure chemical
vapor deposition (LPCVD) and this superposition caused modulated surface texturing. It was observed that
the size of the craters on the surface can be varied by changing the initial ITO thickness. The thicker the ITO
layer, the larger will be the crater size. To improve the electrical properties, argon plasma treatment was ap-
plied before cell deposition. World record initial ef�ciency of 14.8% and stabilized ef�ciency of 12.5% was
achieved in an a-Si:H/nc-Si:H cell by Tan et al. using this method [4].

A few parameters are used to evaluate the performance of the modulated surface textured solar cells. The
morphological parameters are root mean square roughness, auto-correlation length, aspect ratio, and facet
inclination angles of textures. The optical parameters are re�ectance and angular intensity distribution (AID).

It was observed that the substrate with the highest aspect ratio (ratio of rms roughness to auto-correlation
length), had a high short circuit current density but a very low open-circuit voltage and �ll factor, which led
to low ef�ciency [4]. The aspect ratio indicates the sharpness of the features. Higher the aspect ratio, the
sharper the surface features. However, obtaining a low aspect ratio does not mean high ef�ciency. This is
because the surface features are too shallow for ef�cient light trapping. There is an important correlation
between the roughness ( ¾r ms ) and correlation length ( Lc) of textures in order to obtain solar cells with higher
ef�ciency. As seen in �gure 1.3 (a), the enlarged part shows a thin black line in the center. The black line is ac-
tually a white bright streak, which is made of a low-density amorphous structure and it starts to grow roughly
in the center of the cell and ends with a void on the cell surface. This void has been �lled with carbon for using
it in the transmission electron microscope and hence the black color. These are defects that are generated
due to texture-induced shadows during deposition and they enhance carrier recombination, which in turn
deteriorates the light trapping capability. In order to have as few defects as possible, which will help to obtain
a higher voltage, �ll factor, and ef�ciency, it is very important for the correlation length to be approximately
equal to the rms roughness. Since the roughness cannot be modi�ed, it is usually the correlation length that
is optimized according to the roughness. When the correlation length is much higher than the rms rough-
ness, it has been experimentally shown that this increase in thickness causes �attening of the surface and
deteriorates the light scattering ability of the textures. The same texture, used when the correlation length
is comparable to the roughness, shows a signi�cant improvement in light scattering properties. In �gure 1.3
(b), the correlation length is equal to cell roughness and thus there are fewer defects, better morphology, and
better light scattering. The optimum correlation length providing the highest short circuit current increases
as the rms roughness increases [11].

Figure 1.3: Relationship between rms roughness and correlation length for obtaining better cell ef�ciency [11]
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Not just the aspect ratio, correlation length, and cell roughness criteria, the facet inclination angles of the tex-
tures also need to be accounted for. There will be a deterioration in the performance of a-Si:H solar cells if no
surface modi�cation is made after the pyramidal textured ZnO is superimposed on micro textured glass. This
is because, during the superimposition of ZnO on micro-textures, the facet inclination angles are increased.

Figure 1.4: Impact of facet inclination angles [4]

In �gure 1.4, the pyramid and textured glass have angles of ® and ¯ respectively. On a �at glass without any
etching, the inclination angles will not change, and thus µ = ®. But on etched glass, the angles will be such
that µ Æ®¡ ¯ for facet A and µ Æ®Å ¯ for facet B. Thus, all the facet inclination angles on the surface will
fall in the range of ®¡ ¯ Ç µ Ç ®Å ¯ . The mean inclination angles of the etched glass and ZnO deposited are
considered to be 25 ± and 37± respectively. In this case, there will a considerable part of the modulated surface
textures which are above 60 ±. As the inclination angles start increasing, after a certain threshold, there will be
a deterioration in cell performance [4]. There are the three main issues that occur when the facet inclination
angles increase beyond a certain limit:

• Weak or shunt diode generation as the surface at higher angles in thinner

• Nano-sized voids in deep valleys that lead to recombination

• Growth is faster at the top and slow at the bottom. This increases the above two issues.

To solve this issue, the sharp pyramidal features need to be smoothed out, which means that the 'V' shaped
features should be made into 'U' shaped features. This is done by plasma treatment. As the plasma treat-
ment time is increased, the morphology gets smoother and the facet inclination angles become smaller. This
promotes the growth of homogeneous high-quality layers on top. The plasma treatment time should not be
too long as if the surface is �attened too much, it can decrease light trapping and deteriorate the electrical
properties [4]. Figure 1.5 shows the relationship between surface morphology and plasma treatment time.
After 15 minutes of plasma treatment, the surface has become smooth compared to the rough texture it had
before plasma treatment.
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Figure 1.5: Effect of plasma treatment on surface morphology [4]

The effectiveness of modulated surface texturing can be visualized in �gure 1.6, where (A) shows an a-Si:H/nc-
Si:H cell deposited on single texturing of TCO and (B) shows an a-Si:H/nc-Si:H deposited on the modulated
surface textured substrate. Cracks are visible in the cell deposited with single texturing whereas, in the cell
deposited on modulated surface texturing, no cracks are visible. The world record initial ef�ciency of 14.8%
was achieved by Tan et al. using this cell con�guration [4].

Figure 1.6: SEM cross section of tandem cells deposited on (A) single texturing by TCO (B) MST [4]

The modulated surface texturing process on �exible substrates is slightly different. In this method, �exible
thin-�lm silicon cells are processed on a temporary modulated surface textured aluminum foil. After inter-
connection and back encapsulation, the temporary aluminum foil is replaced by a transparent encapsulation
foil, leaving the modulated surface textured structure imprinted on the solar cell surface. This was realized
by Limodio et al. where the aluminum foil was etched in an alkaline solution (Ex: KOH : H20) with varying
concentration, temperature, and etching time [12].

The parameters used to evaluate modulated surface texturing on �exible substrates are the same as those
used for �at glass substrates. For modulated surface texturing on �exible substrates, the use of an acid for
texturing was not considered as it gives rise to sharp pyramidal features whereas crater-like features are de-
sirable. The crater-like features can be obtained by using alkaline-based etchants. As per the experiments
carried out by Limodio et al, the texturing process while using aluminum as a temporary substrate varies
signi�cantly with changes in concentration, temperature, and time. Potassium hydroxide (KOH) was used as
the etchant and the aluminum foil was 110um thick. The temperature was varied from 35 ±C to 70±C, concen-
tration from 20g/L to 100g/L, and time from 1 min to 4 mins. Figure 1.7 shows how the thickness of the foil
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varies with changing etching parameters. For a short time (1 min & 2 mins) and low temperature (35 ±C), there
was almost no impact on the foil. For a longer time (3 mins & 4 mins) and low temperature, approximately
5¹ m of the foil was etched. For high temperature (60 ±C-70±C) and short time, around 10 ¹ m of the foil was
etched. For high temperatures and a long time period, almost the entire foil was etched away and thus was
not compatible anymore. The optimal was found at a temperature of 70 ±C and a time period of 2 mins [12].

Figure 1.7: Relationship between concentration, temperature and time on etching kinetics[12]

Figure 1.8 shows that at a temperature of 70 ±C and a time period of 2 mins, the size of the craters increases
with increasing concentration. An atomic force microscope (AFM) was used to evaluate the size of the craters,
which showed that both the rms roughness and correlation length increase with an increase in KOH concen-
tration such that the aspect ratio is in the same range [12].

Figure 1.8: Relationship between concentration and size of craters [12]
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The best samples were then optically analyzed using a spectrophotometer. Haze factor, which is calculated
as the ratio of diffuse to total re�ected light is used to measure the light scattering ability of a textured sur-
face [13]. For 100g/L concentration and 2 mins time period, the normalized angular intensity distribution
(AID) curves were made at 300nm & 800nm wavelength and this is shown in �gure 1.9. The AID curve for
70±C is broad compared to the others and this shows the diffuse re�ectance. The haze factor at 70 ±C is also
higher compared to other temperatures [12]. A solar cell has not yet been deposited based on these texturing
conditions on �exible substrates due to processing issues, speci�cally, shunt generation.

Figure 1.9: Angular Intensity distribution curve at 300nm and 800nm wavelength for textured �exible substrates[12]

1.3. FLAMINGO PV
FLAMINGO PV stands for �exible, lightweight, advanced materials in next generation of photovoltaics. It is
an ongoing project in collaboration between TU Delft and HyET Solar B.V, with an aim to further develop
�exible thin-�lm silicon solar cells with stabilized ef�ciency higher than 12% and a lifetime of more than 35
years. These �exible solar cells have a lot of advantages over the standard crystalline solar cells, the major
ones being easy sizing and better energy yield. They also offer new application possibilities such as roo�ng
membranes, corrugated plates, and facade elements. Additionally, the use of moisture-resistant materials
like �uorine-doped tin oxide helps in achieving good reliability and reduced costs as additional moisture-
resistant encapsulant is not required [9].

The single-junction module developed at HyET Solar consists of a-Si:H as the absorber layer and has a 7%
ef�ciency. The tandem cell being developed (a-Si:H/nc-Si:H) recorded an ef�ciency of 10% and can be seen
in �gure 1.10.

HyET solar has state-of-the-art Roll to Roll (R2R) technology for processing these modules. The R2R technol-
ogy currently operates with 35cm wide foils although 130cm wide foils can also be used. A 110 ¹ m aluminum
foil is used as a temporary substrate, which is textured in order to enhance light trapping. A TCO layer is
deposited on this textured aluminum substrate to achieve modulated surface texturing. Both the aluminum
and TCO texturing will be optimized in order to achieve better ef�ciency.

The �nal aim of the FLAMINGO PV project is to develop lab-scale tandem cells with 13% ef�ciency and lab-
scale triple-junction cells with 14% ef�ciency. The project also aims to replicate the same on a roll-to-roll
industrial process with over 12% stabilized ef�ciency.
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Figure 1.10: Tandem solar cell con�guration at HyET Figure 1.11: Triple junction solar cell con�guration at HyET

1.4. Aim and outline of this thesis
This thesis is part of the FLAMINGO PV project. Inspired by the work of Tan et al.[4] & Limodio et al.[12],
this thesis aims to optimize the modulated surface texturing process on temporary aluminum foil for �exible
thin-�lm silicon solar cells. The aluminum foil plays the role of a temporary substrate onto which the solar
cell layers are deposited.

The major part of this thesis involves improving the current texturing used at HyET Solar. The texturing is
done by implementing wet chemical etching using sodium hydroxide (NaOH) as the etchant. The two tex-
turing processes at HyET Solar - factory baseline and FLAM01 will be �rst analyzed for their morphological
and optical properties. After the properties have been studied, experiments will be designed for targeted op-
timizing of these parameters. The aim is to develop textured features with better re�ective properties and
morphological features while maintaining a minimum foil thickness of 95um.

This thesis can be subdivided into few sections:

• Understanding NaOH etching kinetics and optimization of etching parameters- concentration, tem-
perature, and time for 150 ¹ m aluminum foil

• Morphological analysis of etched aluminum foils using 3D laser scanning microscope and Scanning
Electron Microscope (SEM)

• Optical characterization of the etched aluminum foils using Integrating sphere and Automated Re-
�ectance Transmittance Analyzer (ARTA) setup

• Study the effect of annealing on reduction of pinhole density and uncontrolled milling track roughness
on aluminum foil, which are further enhanced after texturing

• Morphological analysis of annealed & textured aluminum foils using 3D confocal microscope and SEM

• Optical analysis of annealed & textured aluminum foils using laser scattering

• Study the elimination or reduction of pinholes by changing the etching parameters



2
Fundamental concepts

2.1. Solar cell working principle
Solar cells work on the principle of photovoltaic effect, which is de�ned as the generation of a potential dif-
ference at the junction of two different materials. This potential difference is generated in response to an
electromagnetic radiation and is used to perform work when an external circuit is connected to it. This effect
was explained by Albert Einstein in 1905 by assuming that light consists of well-de�ned energy quanta, known
as photons [14].
The energy of a photon is given by:

E Æhv (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:

• Generation of charge carriers due to photon absorption : When a photon is absorbed in the material, its
energy is used in exciting an electron from an initial energy level ( Ei ) to a higher energy level ( E f ). It
is very important for the two energy levels to be present as the difference between the two gives the
photon energy. In a semiconductor, electrons are present below the valence band ( Ev ) and above the
conduction band ( Ec). The bandgap (EG) is de�ned as the difference between the conduction band
and valence band where no energy states are allowed to exist. A photon must have minimum energy of
EG in order to get absorbed. When an electron is excited from Ei to E f , a void is created at Ei , and this
void is called a hole. This is how electron-hole pairs are created & it can be visualised in �gure 2.1 [14].

Figure 2.1: Generation of electron hole pair in semiconductor [14]

9
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• Separation of photo-generated charge carriers: In order to utilize the energy stored in an electron-hole
pair for external work, semi-permeable membranes must be present on both sides of the absorber in
such a way that electrons �ow through one membrane and holes through the other. These membranes
are formed by p & n-type materials. It is important for the solar cell to be designed in such a way that
electrons & holes can reach their respective membranes before they recombine as otherwise it cannot
be used to perform external work [14].

• Collection of photo-generated charge carriers : In order to perform work in an external circuit, the charge
carriers are extracted from the solar cell using electrical contacts, where the chemical energy of electron-
hole pairs is converted to electric energy. The electrons and hole will recombine at a metal absorber
interface once the electrons pass through the circuit [14].

2.1.1. Types of solar cells
There are different types of solar cell technologies currently available, though they all work on the same pho-
tovoltaic principle as described in section 2.1. The different types of solar cell technologies are:

• First-generation photovoltaics : The wafer-based single-junction silicon solar cells come under the �rst
generation of photovoltaics. There are two main types of wafer-based silicon solar cells - mono-crystalline
& poly-crystalline. As the names suggest, mono-crystalline cells are processed on wafers with a large
single crystal while poly-crystalline cells are processed on wafers with multiple small crystals. One ma-
jor drawback of �rst-generation photovoltaics is the use of 250 ¹ m thick silicon, which accounts for
more than half of the total solar cell cost [15]. In order to reduce these costs, the second generation of
photovoltaics was developed.

• Second generation photovoltaics: Thin-�lm solar cell technologies come under the second generation of
photovoltaics with an aim to use less material compared to �rst-generation photovoltaics while main-
taining similar ef�ciency. The materials commonly used in thin-�lm technologies are amorphous sili-
con, copper indium-(gallium)-diselenide, cadmium-telluride & nano-crystalline silicon [15].

• Third generation photovoltaics : Third generation photovoltaics consist of photovoltaics for the future
that aim to achieve ultra-high ef�ciency at the same production costs of thin-�lm technologies [15].
Shockley–Queisser limit has to be overcome in order to realise this aim [16]. Perovskites, multijunction
& new material solar cell devices come under this category.

2.2. Solar cell parameters
In order to compare solar cells based on different technologies and manufacturers, a set of parameters have
been de�ned. These parameters are measured under standard test conditions (STC): 1000 W/m 2 irradiance,
AM1.5 spectrum and 25 ±C cell temperature. It is very important to measure the solar cell parameters under
STC in order to get reliable results.

The parameters used to characterize the performance of solar cells are:

• Short circuit current: Short circuit current ( I sc) is the current that �ows through an external circuit
when there is a short circuit in the electrodes of the solar cell. The short circuit current depends on the
photon �ux incident on the solar cell, which is in turn dependent on the spectrum of incident light [14].

• Open circuit voltage: When no current �ows through the external circuit, the voltage is called open-
circuit voltage. This is also the maximum voltage limit of the solar cell. The open-circuit voltage is
determined based on the photo-generated current density [14].

• Fill factor: Fill factor is de�ned as the ratio of the maximum power of a solar cell to the product of
open-circuit voltage & short circuit current [14].

FF Æ
Jmpp ¢Vmpp

JSC ¢VOC
(2.2)

where the 'mpp' refers to the maximum power-point. To ensure the best ef�ciency of the solar cells, it
is important to operate at the maximum power-point.
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• Conversion ef�ciency: Conversion ef�ciency is de�ned as the ratio of maximum generated power and
incident power [14].

´ Æ
Pmax

I in
Æ

JMPPVMPP

I in
Æ

JSCVOCF F

I in
(2.3)

• External quantum ef�ciency: External quantum ef�ciency (EQE) is used to analyse the optical and elec-
trical properties of the solar cell. It is de�ned as the fraction of incident photons that create electron-
hole pairs in the absorber and are successfully collected. The EQE is wavelength dependent.

EQE(¸ ) Æ
I ph (¸ )

q ¢ª ph ,¸
(2.4)

where the elementary charge is denoted by 'q', ª ph ,¸ is the spectral photon �ux, ¸ is the wavelength
and I ph is the photo-current.

2.3. Optics
One of the most important processes that lead to the generation of power in a solar cell is the absorption of
light. A solar cell that is able to absorb all the incident light and convert it to useful electrical energy can be
termed as an 'ideal solar cell'. The amount of incident light absorbed by the solar cell is determined by the
optical capabilities of the cell.

The optical capabilities are based on the properties and behaviour of light. When light travels from one
medium to another, the speed of light varies. The medium through which light travels can be character-
ized by the 'refractive index', which is de�ned as the ratio of speed to light in a vacuum to the speed of light in
the medium.

2.3.1. Optics of �at interfaces
Two mediums, m1 & m2 are considered here. The two media are considered to be non-absorptive and only the
real parts of the refractive indices, n1 & n2 are present. At the boundary, a part of the incident light is re�ected
and the other part is refracted or transmitted. According to the law of re�ection, the angle of scattered light is
equal to the angle of incident light.

µr Æµi (2.5)

where µr is the angle of scattered light and µi is the angle of incident light.
Snell's law is used to describe the relation between refracted light and incident light:

n1 sin µi Æn2 sin µt (2.6)

Figure 2.2: Re�ected and refracted light at a boundary [14]

The magnitudes of refracted, re�ected and incident light are related by Fresnel equation. The electric �eld can
be parallel or perpendicular to the plane of incidence, depending on whether the polarized light is parallel or
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perpendicular. The perpendicular polarized light is denoted by 's'. The Fresnel equations for perpendicular
polarized light is given by [14]:

ts Æ
µ

»0t

»0i

¶

s
Æ

2n1 cosµi

n1 cosµi Å n2 cosµt
(2.7)

r s Æ
µ

»0r

»0i

¶

s
Æ

n1 cosµi ¡ n2 cosµt

n1 cosµi Å n2 cosµt
(2.8)

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

tp Æ
µ

»0t

»0i

¶

p
Æ

2n1 cosµi

n1 cosµt Å n2 cosµi
(2.9)

r p Æ
µ

»0r

»0i

¶

p
Æ

n1 cosµt ¡ n2 cosµi

n1 cosµt Å n2 cosµi
(2.10)

For unpolarized light, the mean value of the two polarizations has to be taken.

R Æ
1

2

³
r 2

s Å r 2
p

´
(2.11)

At normal incidence, µi = 0. Also, following the law of conservation of energy, the sum or re�ectance and
transmittance must be equal to unity [14].

T Æ1¡ R Æ
n2 cosµt

n1 cosµi

1

2

¡
t 2
s Å t 2

s

¢
(2.12)

From Snell's law, if n2 > n1, there is angle called critical angle above which light will not leave the layer with
n2. This is when total internal re�ection takes place [14].

sin µcrit Æ
n1

n2
(2.13)

2.3.2. Optics of rough interfaces
When light is incident on a sample at a given angle, it can get specularly re�ected, diffusely re�ected or trans-
mitted at the surface of the sample or in its volume.

Figure 2.3: Specular and diffuse re�ection [17]

When light is incident on a �at surface, it obeys the laws of re�ection and thus the angle of incident light is
equal to the angle of re�ected light. This type of re�ection where all the light is scattered at a particular angle
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& direction is known as specular re�ection.

When the same light is incident on a rough surface, each incident ray obeys the law of re�ection and gets
re�ected at different angles. The reason for different incident angles is because the surface morphology at
which the incident ray meets is different for different rays. This type of re�ection is known as diffuse re�ec-
tion.

When the sample is transparent, light passes through the material while following Snell's law. When the
transparent material is also rough at the same time, the light gets transmitted at different angles. This is
known as diffuse transmittance. When the light gets transmitted only at one particular angle, it is known as
specular transmittance and is denoted by:

TSpec ´
IT Spec

I I
(2.14)

where IT Spec&I I are the intensities of transmitted and incident light respectively.
In a similar way, the specular re�ectance, diffuse re�ectance can be denoted by:

RSpec ´
IRSpec

I I
(2.15)

where IRSpec is the intensity of specularly re�ected light.

The term 'scattering' can also be used for diffuse re�ection as diffuse re�ection basically scatters light in
multiple directions [18]. Scattering is denoted by 'S' and I s is the intensity of scattered light.

S´
IS

I I
(2.16)

IS ÆIT Di f f Å IRDi f f (2.17)

2.3.3. Optics in absorptive media
The solar cell works on the principle of light absorption in the absorber layer and using the absorbed light
to excite charge carriers in order to drive an electric circuit [14]. The intensity of light travelling through
the absorber layer depends on the optical properties of the solar cell. The optical properties of an absorber
medium are denoted by complex electric permittivity, ²̃ .

²̃ (¸ ) Æ² 0(¸ ) Å i ² 00(¸ ) (2.18)

Since the refractive index is de�ned as the square root of electric permittivity, the refractive index is a complex
number too [14].

ñ Æ
p

²̃ Æn Å i · (2.19)

· 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 [14].

I (z) ÆI0 exp
¡
¡ 2k00

z z
¢

ÆI0 exp(¡ ®z) (2.20)

where ® is the absorption coef�cient, I0 is the initial intensity at the surface, z is the path length and I(z) is
the intensity of light in the medium. The absorption coef�cient, ® is a material property and is wavelength
dependent. It is expressed as [14]:

® Æ2k00
z Æ2

·!

c
Æ

4¼·

¸ 0
(2.21)

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

±p Æ
1

®
(2.22)
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2.4. Losses
A solar cell is unable to convert all the incident light into useful work as there are multiple factors that lead to
losses. For single-junction solar cells, the theoretical ef�ciency is limited by the Shockley-Queisser (SQ) limit.
The SQ limit considers a two-step approach. First, the losses incurred due to spectral mismatch and second,
the losses incurred due to the temperature of the solar cell being above 0K [14].

2.4.1. Spectral mismatch
The absorber layer of the solar cell is made of semiconductor material with bandgap energy, EG. Only photons
with energy higher than the bandgap energy can be used to perform useful work by generating electron-hole
pairs. The electrons and holes usually occupy the bottom of the conduction band and the top of the valence
band. Thus, the extra energy that photons give to the electrons & holes is released as heat in the semiconduc-
tor. The heat energy is wasted and this loss is called thermalization loss. On the other hand, the photons that
have energy lower than EG are not absorbed by the absorber and cannot generate electron-hole pairs. These
two losses cover a major portion of the energy losses in a solar cell. The term 'ultimate ef�ciency' was coined
by Shockley & Queisserand is de�ned as the ef�ciency that is obtained after taking the spectral mismatch
losses into account. The ultimate ef�ciency can be calculated by multiplying the absorbed power ( Pabs) with
the useful power ( Puse) [14].

(Pabs) is de�ned as the ratio of power absorbed by the solar cell to the incident power. From the absorbed
power, a fraction of the energy is lost due to thermalization. So the useful power,( Puse), is the absorbed power
minus the thermalization losses.

Pabs Æ

R¸
0 G hc

¸ Áph ,¸ d¸
R1

0
hc
¸ Áph ,¸ d¸

(2.23)

Puse Æ
EG

R¸
0 G hc

¸ Áph ,¸ d¸
R¸

0 G hc
¸ Áph ,¸ d¸

(2.24)

The ultimate ef�ciency is only valid for solar cells at 0K as above 0K, there will be open-circuit voltage loss,
non-zero recombination current density and �ll factor losses. These come under 'other losses', as can be seen
in �gure 2.4 [14]

Figure 2.4: Different losses under Shockley Queisser limit [14]

One important note about the Shockley-Queisser limit is that it is not applicable to crystalline silicon solar
cells. This is because only radiative recombination is considered for the SQ limit whereas crystalline silicon,
being an indirect bandgap material, has Auger recombination as the dominant mechanism, which is a non-
radiative mechanism.
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2.4.2. Optical losses
The optical losses of a solar cell are not considered in the Shockley Queisser limit although the optical proper-
ties of a solar cell play a very important role in determining its ef�ciency. The optical properties are a function
of wavelength which can be expressed by the complex refractive index ñ Æn ¡ ik . The interface between two
media, where one part of the incident light is re�ected & the other part is transmitted can be de�ned by the
wavelength-dependent re�ectivity and transmittance. Total re�ectance between the solar cell and surround-
ing air is achieved by the re�ections and transmissions at different interfaces in the solar cell. This leads to
the loss of partial incident light by the re�ection that could potentially be converted to useful energy [14].

Solar panels have thin metal strips on the panel surface which serve as electrodes. This metal covered area
does not allow light to be transmitted as the metal surface re�ects light & thus decreases the overall active
area of the solar panel. This loss is known as shading loss. However, reducing the thickness of the metal elec-
trodes will lead to an increase in series resistance. So, an optimal trade-off between the two has to be made.

Another type of optical loss is parasitic absorption. When the incident light is absorbed in all the other solar
cell layers except the absorber layer, it is considered as a parasitic absorption loss. Also, due to the limited
thickness of the absorber layer, not all the incident light passing the absorber layer is absorbed. This incom-
plete absorption is another optical loss that leads to a decrease in solar cell ef�ciency [14].

2.4.3. Additional losses
There are few other loss mechanisms that lead to loss of ef�ciency. They are:

• Voltage drop due to increased series resistance that is generated from the bulk resistance of the junc-
tion, the resistance of the electrodes and the contact resistance between the junction.

• Voltage drop due to leakage current that is caused by shunts at the edges of the solar cell and by the
current through local defects in the junction

• Decrease in �ll factor caused by different recombination mechanisms in a non-ideal solar cell.

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

• 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 ef�ciency. Bandgap utilization aims
to minimize this loss in order to make the solar cells more ef�cient. 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.

• Spectral utilization : The materials used to make the solar cell determine the spectral utilization. Thus,
the material used in the solar cell should be carefully chosen in order to maximize spectral utilization.

• Light management : It is desirable to have all the incident light on a solar cell to be absorbed in the
absorber layer. As discussed in section 2.3.3, the Lambert-Beer law shows that the light intensity de-
creases exponentially as it travels through an absorptive 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 [14]. 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-�lm technologies [19].

It is important to reduce the other optical losses such as re�ection, parasitic absorption and shading
losses by using light management techniques. Anti-re�ective coatings can be used to reduce re�ec-
tion losses. An inter-layer can be introduced with a refractive index n1, which has a value in between
the refractive index of air ( n0) and that of silicon ( n2). If no multiple re�ections are considered, the
re�ectively can be minimized when the following condition is satis�ed [14]:

n1 Æ
p

n0n2 (2.25)
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Figure 2.5: Effect of appropriate inter layer on total re�ection [20]

Figure 2.5 shows how the total re�ectively decreases by approximately 16% by the addition of an inter-
layer with a refractive index in between the other two layers. If more than one inter-layer is used, the
re�ection can be reduced even further and following such a technique is called refractive index grating
[14].

The anti-re�ective coatings can also be designed by using the principle of constructive and destructive
interference. Light can be considered an electromagnetic wave. When two waves are superimposed
and the phase shift between them is in phase, the waves are said to be in constructive interference.
'In-phase' refers to when the phase shift is in multiples of 2 ¼. Constructive interference also leads to
maximum ampli�cation. If the two waves are not in phase, the interference is called destructive inter-
ference and there will be maximum attenuation. When designing the anti-re�ection coating (ARC), the
ARC at the front of the solar cell should be such that the wave re�ected from the material- air and air-
material interfaces are in destructive interference which will lead to a smaller total irradiance coupled
out of the system. Contrastingly, at the front of the solar cell, the two wave interfaces should be in con-
structive interference which will lead to a higher irradiance to be coupled back into the cell and thus
increasing the optical path length of light [14]. This can be visualized in �gure 2.6.

Figure 2.6: Working principle of anti re�ective coating based on interference approach [21]
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Another approach is to use textured interfaces which will help in increasing the optical path length of
light. For example, incident light that is perpendicularly incident on a surface can be re�ected from one
part of the textured surface to another [14]. This will help in increasing the scattering of light and reduc-
ing the total re�ection. The working principle of surface texturing can be seen in �gure 2.7. Textured
surfaces can be achieved by different etching processes like wet chemical etching and dry chemical
etching.

Figure 2.7: Working principle of surface texturing [14]

2.6. Light scattering
Thin-�lm solar cells use the concept of surface texturing to increase the optical path length of light which will
enable ef�cient light absorption in the thin absorber layers. Surface texturing can be of two types- periodic
or random. The periodic texturing is a more controllable process where a periodic honeycomb-like structure
is embossed on the surface. On the other hand, random texturing is usually done by wet chemical etching
and the etching kinetics are dif�cult to control. Both types of textures help in the scattering of light, which
is basically the change in direction of light when it interacts with particles at different interfaces. When the
size of the particles is less than 0.3 ¹ m, the scattering occurs by the principle of diffraction. When the size of
particles is larger, the scattering occurs by re�ection and refraction. Additionally, the variation in refractive
indices also leads to light scattering [22].

Based on the size of the scattering particle, scattering can be divided into few types. The size of the scattering
particle is expressed as:

x Æ
2¼r

¸
(2.26)

where x is a dimensionless parameter used to characterize the particle's interaction with incident radiation,
r is the particle's radius and ¸ is the wavelength [23]. Based on the value of 'x', scattering can be divided into
few types:

• Macroscopic scattering - When the particle size is larger than the wavelength (x » 1), the scattering is
called macroscopic scattering. The objects are perceived as geometric shapes and the light is scattered
according to the projected area.

• Mie scattering - When the particle size is comparable to the wavelength ( x ¼1), the scattering is called
Mie scattering. This scattering produces a pattern with an intense and sharper front lobe for larger
particles [24]. It is less wavelength dependent and scatters both blue & red light [10].

• Rayleigh scattering - When the particle size is very small (x«1), the scattering is called Rayleigh scat-
tering. The light is scattered in all directions and there is no change in wavelength during scattering.
Rayleigh scattering is wavelength dependent which can be veri�ed by the scattering intensity equation.

I ÆI0
1Å cos2 µ
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¶6

(2.27)

where, 'I' is the intensity of scattered light, 'd' is the diameter, 'n' is the refractive index and ' ¸ ' is the
wavelength.
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Figure 2.8: Rayleigh and Mie scattering mechanism [24]

The scattering mechanism is an important parameter during the design of solar cells in order to achieve
targeted scattering. In an a-Si:H/ ¹ c-Si:H solar cell, the top amorphous silicon layer is for absorbing the light
in the short wavelength. The blue light can be effectively scattered by small nano textures with a feature size
of approximately 400 nm. The red light can be transmitted to the bottom cell and can be effectively scattered
by textures with a feature size of up to 2 ¹ m, thus increasing the optical path length of light. [25]. This can be
visualized in �gure 2.9.

Figure 2.9: Texturing for targeted scattering [25]

By combining textures with different feature sizes, scattering mechanisms can be superimposed. The modu-
lated surface texturing is based on this principle. This can be seen in �gure 2.10, where three different textures
are superimposed.

Figure 2.10: Principle of modulated surface texturing [10]



3
Experimental details

3.1. Texturing by wet chemical etching
Texturing the top layer of a solar cell helps in increasing the optical path length of light. This texturing can
be achieved by wet chemical etching of the substrate. The wet chemical etching process involves dipping the
substrate in an etchant. The etchant is basically an etch bath that is prepared at a speci�ed concentration &
temperature. The substrate is then dipped in this etch bath for a pre-de�ned time period.

The wet etching process can be divided into three main steps:[26]

• Diffusion of liquid etchant to the substrate that is to be removed.

• Reaction between etchant and the substrate that is being etched. This is generally a reduction-oxidation
reaction.

• Byproducts in the reaction are diffused from the reacted surface.

The etching mechanism can be visualized in �gure 3.1.

Figure 3.1: Wet chemical etching mechanism [27]

The etching process can be characterized by certain parameters: [28]

• Etch rate: The etch rate is a representation of how fast the etchant removes material from the substrate
surface. The etch rate depends on the concentration of the acid/base in the etch bath, the temperature
of the etch bath, and the etching time. A higher etch rate signi�es that the surface is etched away at
a fast pace. The higher the etch rate, the more un-controllable is the process. The etch rate is usually
expressed in either ¹ m/min or nm/sec.

19
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• Selectivity: Selectivity is de�ned as the ratio between the etch rates of two materials. A higher selectivity
is desired as that ensures the selected layer is only etched without affecting the subsequent underlying
layers.

• Uniformity : Etch uniformity refers to the variation in etch rate across the same substrate or different
substrates of the same material.

Etch rate uniformity (%) Æ100£
etch rate max ¡ etch rate min

etch rate max Å etch rate min
(3.1)

• Etch direction : The etching can be either isotropic or anisotropic. If the etching is the same in all direc-
tions, it is called isotropic. Otherwise, the etching is called anisotropic. Except for crystalline materials,
the wet etching process is generally isotropic.

3.1.1. Bare aluminum etching using sodium hydroxide
The wet chemical etching process is done on an aluminum foil which is used as a temporary substrate. The
subsequent layers of the solar cell are deposited on the textured aluminum foil, which is �nally etched away
during the encapsulation process, leaving the texture-induced TCO on the top. In this thesis, aluminum foil
with an initial thickness of 150 ¹ m is used. The etchant used for the etching process is sodium hydroxide
(NaOH). This is because sodium hydroxide, nitric acid, and phosphoric acid have been reported for use as an
aluminum etchant [29] [30] [31]. The use of phosphoric acid and nitric acid is not considered as it gives rise to
sharp pyramidal 'V' shaped features which are not desirable for the deposition of subsequent layers. On the
other hand, texturing with sodium hydroxide results in 'U' shaped features, which are desirable in modulated
surface texturing [32]. Additionally, HyET Solar uses sodium hydroxide for their factory baseline and FLAM01
texturing process, so a change in etchant can lead to signi�cant capital costs.

A minimum foil thickness of 95 ¹ m is required after etching in order to maintain mechanical stability during
the subsequent deposition processes. Factory baseline and FLAM01 texturing processes are based on 110 ¹ m
aluminum foil and thus have a small texturing window. The factory baseline process is based on 4g/L NaOH
concentration at 35 ±C for 3.5 minutes. Also, three additives - sodium gluconate (1.8g/L), sodium nitrate (
6g/L), and polyethylene glycol 400 (PEG-400) (0.4g/L) are used in order to maintain uniformity in texturing.
The FLAM01 process uses 60g/L NaOH concentration at 50 ±C for 1.8 minutes along with 13.2g/L sodium
gluconate & 2g/L PEG-400 as additives.

Since a foil with a thickness of 150 ¹ m foil is used for this thesis, the texturing window can be increased, which
will help in achieving better optical properties and surface morphology. Etchant mixtures of NaOH: H2O are
prepared at concentrations ranging from 0 g/L - 100 g/L and temperature ranging from 35 ±C - 70 ±C. The
etching time period is varied from 1 minute - 5 minutes. After etching the aluminum foil at the designated
concentration, temperature, and time period, the foil is �rst rinsed in warm water at 50 ±C. Following this, the
foil is cleaned in a 1% phosphoric acid ( H3PO4) bath at 70 ±C for 4 minutes. This post etching cleaning process
is very important as during etching, by-products known as 'smut' are formed which stick to the aluminum
surface. The rinsing in warm water and cleaning in a phosphoric acid bath helps in removing the smut. The
formation of smut can be explained as follows: when NaOH reacts with aluminum, it gives out heat, making
it an exothermic reaction. At the same time, free hydrogen and oxides of aluminum are also generated. Also,
since the aluminum is not 100% pure, it contains impurities like iron and silicon, so a few inter-metallic
components are also formed which are not soluble in the etching solution. All these particulates are called
smut and these stick to the surface of the aluminum foil [33][34]. The cleaning process thus helps in removing
smut from the aluminum surface. The smut can also interfere during the etching process by sticking on the
aluminum foil which in turn causes non-uniformity in etching. This is why sodium gluconate and PEG-400
are added to the etch bath in order to increase the etching uniformity.

3.2. Thickness Characterization
3.2.1. Linear Gauge
A Mitutoyo linear gauge setup is used to perform thickness measurements of the textured aluminum foil. The
setup consists of a probe and a measuring station. The probe has to be calibrated before every use in order to
ensure the right measurements are recorded. These thickness measurements of the textured aluminum foil
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help in calculating the etch rate and de�ning the further processing window, thus making it one of the most
important steps. Given the non-uniformity of texturing, an average of 5 measurements are taken for every
sample and a standard deviation is calculated.

3.3. Optical characterization
Optical characterization is important to verify the effectiveness of surface texturing. Since aluminum does
not transmit any light, the transmittance is 0. The re�ection properties - total re�ectance ( Rtot ), diffuse
re�ectance ( Rdi f f ), specular re�ectance ( Rspec), haze (RHaze) and re�ective angular intensity distribution
(AID re f l ) are used to characterize the aluminum samples. A PerkinElmer® Lambda TM 950 spectrophotome-
ter and PerkinElmer® Lambda 1050 spectrophotometer are used for the optical characterization.

3.3.1. Integrating sphere
The Integrating sphere is set up in the PerkinElmer® Lambda 1050 spectrophotometer and is used for mea-
suring the wavelength-dependent total re�ectance, diffuse re�ectance, specular re�ectance, haze, and trans-
mittance. Since the aluminum foil does not transmit any light, the wavelength-dependent transmittance is
not considered. The Integrating sphere setup is shown in �gure 3.2. The spectrophotometer has two lamps- a
deuterium arc lamp and a tungsten-halogen lamp, using which a wavelength range of 175nm to 3300nm can
be covered. For the re�ectance measurements, the sample is mounted in the sample holder which is located
at the rear side of the spectrophotometer. The monochromatic light source which is incident on the sample
is placed at an angle of 5 ± in order to ensure that the re�ected ray and incident ray do not interfere with each
other [32]. The re�ected light consists of two parts- the diffuse part and the specular part. The diffuse part
of re�ected light can be measured by opening a slit port which is located next to the monochromatic light
entrance port. This way, the specular part of re�ected light can be removed since the law of µi Æµr . This is
shown in �gure 3.3 & 3.4.

Figure 3.2: Integrating sphere setup in PerkinElmer® Lambda 1050 spectrophotometer in for re�ectance measurements[35]

For this thesis, it is desirable to have high diffuse re�ectance and low specular re�ectance in order to ensure
that the light is scattered at more angles. The effectiveness of light scattering can be measured by a parameter
known as the haze factor. Haze factor can be calculated as a ratio of diffuse re�ectance to total re�ectance.

HRe� Æ
RDiff

RTot
(3.2)

The specular part of re�ected light can be calculated by subtracting the diffuse re�ectance from the total re-
�ectance.

RspecÆRtot ¡ Rdi f f (3.3)
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Figure 3.3: Total re�ectance measurement using Integrating
sphere [35]

Figure 3.4: Diffuse re�ectance measurement using Integrating
sphere [35]

It is important to measure the total and diffuse re�ected light at the same point of the sample since the tex-
turing is not uniform due to the formation of smut during the wet chemical etching process.

3.3.2. ARTA (Automated Re�ectance Transmittance Analyzer)
The PerkinElmer® Lambda 950 spectrophotometer has an accessory to measure the angular intensity distri-
bution of light, known as ARTA. The setup is shown in �gure 3.5. Due to the diffuse part of re�ected light,
the light is scattered at a lot of angles. Since aluminum does not have any transmittance, it is not considered
for these measurements. The measurements in ARTA can be taken in different modes such as �xed sample
mode, �xed detector mode, etc. For this thesis, a �xed sample mode is selected. The sample is �xed at 10 ± to
ensure that the incident ray and re�ected ray do not interfere. A stepper motor is used to connect the detector
to the sample stage and is set to move around the sample from 10 ± to 100± & 280± to 350±, which covers all the
re�ected angles.

Figure 3.5: ARTA setup in PerkinElmer® Lambda 950 spectrophotometer for angular intensity distribution measurements [35]

The angular intensity distribution function (AID) is both angle and wavelength-dependent. The intensity of
light can be calculated by I ÆI0¢10¡ A , where Io is the intensity of incident light and A is the absorptance given
by ARTA. Before the measurements, the system is calibrated with A=0 and µ=180±. After the measurements
values are obtained, the values are normalized for comparison.



3.4. Morphological characterization 23

Figure 3.6: ARTA along measuring plane [35]

3.4. Morphological characterization
Morphological characterization is important to verify that the textured surface has the surface properties in
the required range. This is also used to ensure that the subsequent cell layers are deposited in a way such that
there are no voids or cracks. A Keyence VK-X250 3D Laser scanning microscope and a Hitachi Regulus 8230
Scanning electron microscope are used for the morphological characterization in this thesis.

3.4.1. 3D laser scanning microscope
The Keyence VK-X250 3D laser scanning microscope can perform non-contact roughness, pro�le, and �lm
thickness measurements on any material with nanometer-level resolution. This microscope works by com-
bining white light with a laser source and is able to scan a surface and collect both high-resolution surface
data and optical images. The precise nanometer level heights can be measured by analyzing the intensity of
the returned laser light relative to the z-position of the laser. The main advantage of the 3D laser scanning mi-
croscope over other 3D morphology measurement systems like contact pro�lers & atomic force microscope
(AFM) is that the 3D laser scanning microscope takes very little time and is simple to use compared to the
others [36].

Figure 3.7: Keyence 3D laser scanning microscope [36]

To obtain a surface morphology image, the sample is placed on the stage and the required lens is put in
focus. For this thesis, a 50x magni�cation lens is used to �nd out the overall surface morphology while a
150x magni�cation is used to �nd out individual feature properties. It is possible to get images of size be-
tween 30*50¹ m - 1*1.5mm. The scanning process is carried out via the VK Analyzer software in a computer
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placed beside the microscope. After the image has been scanned, the image is transferred to Keyence Multi-
�le Analyzer software . The required morphological parameters can be found out using this software. Before
carrying out the measurements, the plane tilt and reference plane need to be corrected using the software.
Also, while �nding out the required morphological parameters, a Gaussian �lter is used to smoothen the
surface and remove noise [37]. The parameters used for 3D laser scanning microscope image characteriza-
tion are Sa (Average surface roughness), Sz(Maximum peak height) and Spc(Arithmetic mean peak curvature)
and Sal (Auto-correlation length). The Sa is an indicator of the average vertical height of the surface. The
Sz indicates the maximum vertical height of a feature scanned in the image. The Spc is used to indicate the
peakiness of the surface. The Sal indicates how wide a feature is. For each sample, 4 sets of measurements
were taken in order to get precise values and �nd out the standard deviation. It was observed that no prior
literature is available on the morphology measurements of textured aluminum foil using 3D laser scanning
microscope. It was also seen that there is a deviation among the morphological parameters obtained when
the same sample is analyzed using the 3D laser scanning microscope and AFM. Since there is no available lit-
erature to validate the correct approach, the obtained morphological parameters in this thesis are to be used
for correlation among different samples and not for the exact measurement values.

Selection of Gaussian �lter
The purpose of the Gaussian �lter is to remove noise & detail and blur the image. While analyzing images, a
2D Gaussian �lter is used which is given by the equation:

G(x, y) Æ
1

2¼¾2 e¡ x2Åy2

2¾2 (3.4)

where ¾is the standard deviation and determines the size of the Gaussian �lter [37]. The higher the standard
deviation, the higher the Gaussian �lter size, and thus more noise and detail is removed from the image.

HyET Solar B.V. uses a 25¹ m Gaussian �lter for the surface morphology measurements. This is because the
Optical Pro�ler used at HyET does not have the necessary surface correction tools and so the images need
to be blurred in order to reduce the projected waviness of the foil. Initial results at TU Delft have shown that
using a 25¹ m Gaussian �lter leads to a reduction in Sa , Sz,Spc but a substantial increase in the Sal . A com-
parison is made using two aluminum foils textured with factory baseline and FLAM01 recipes respectively
and is tabulated in table 3.1. After analyzing the 1D pro�le images, it can be inferred that the use of a Gaus-
sian �lter may lead to the removal of small craters from the surface, thus leaving only the craters with high
auto-correlation length. Although carrying out measurements without the use of a Gaussian �lter gives more
realistic results, in order to maintain the same standards as HyET Solar B.V, the 25 ¹ m Gaussian �lter will be
used for all the morphological measurements in addition to the measurements without Gaussian �lter. Thus,
two sets of morphological measurements will be carried out for each image- �rst, without Gaussian �lter and
second, with a 25 ¹ m Gaussian �lter. For this thesis, the measurements without a Gaussian �lter will be used
as the standard for comparison among different aluminum foil textures.

Sample
Without Gaussian �lter With 25um Gaussian �lter

Sa (nm) Sz (nm) Spc (1/mm) Sal (nm) Sa (nm) Sz (nm) Spc (1/mm) Sal (nm)
F. baseline 115 6210 1324 2943 71 1301 1.8 7405
FLAM01 210 7829 1960 4114 125 1465 2.6 10900

Table 3.1: Comparison of obtained surface morphological values with and without Gaussian �lter

3.4.2. SEM
The Hitachi Regulus 8230 Scanning Electron microscope features resolutions as low as 0.7nm. This micro-
scope employs a novel cold-�eld-emission(CFE) gun which is optimized for high-resolution images at very
low accelerating voltages. The CFE makes it possible to magnify an image by 2 million times [38].

For this thesis, the microscope is used to view the craters formed during the texturing process on a 1-10 ¹ m
scale. It is advised to use a low voltage for these measurements as aluminum has a very shiny and conductive
surface and thus using a high voltage can lead to distorted images.
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Figure 3.8: Hitachi Scanning Electron Microscope [38]

3.5. Effect of annealing on aluminum foil pinholes
HyET Solar B.V. conducts TCO leakage tests to correlate the time it takes to expose the aluminum with defects
in the TCO. It was observed during one of the TCO leak tests that the aluminum foil contains pinholes, which
are further enhanced during the texturing process. These pinholes act as defect spots for the further depo-
sition layers and are not desirable. Additionally, the aluminum foil also contains milling tracks, which are
formed during the aluminum foil production process. These milling tracks increase the surface roughness
in an uncontrollable manner and the same gets carried on with the subsequent layers. They also introduce
undesirable features that in turn introduce inhomogeneities which can possibly lead to defective solar cell
morphology. For example: in �gure 3.9, the 3D microscope image shows that even after the deposition of
AZO at the back contact, the milling tracks of the aluminum foil are still visible. It was observed at HyET
Solar that annealing the aluminum foil before texturing decreases the pinhole density and also reduces the
sharpness of the milling tracks. Although, the removal of pinholes from the aluminum foil is desirable, the
reason why annealing before texturing leads to less number of pinholes in not yet known and is worth fur-
ther investigation. This experiment to �nd out if annealing does play a role in altering the aluminum surface
morphology and to what extent is divided into two parts:

• Does the annealing effect as seen at HyET Solar reproduce?

• Does annealing temperature play a role?

Figure 3.9: Visibility of milling tracks after Aluminum doped zinc oxide (AZO) deposition at back contact
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Although initial experiments have shown that the annealing process on aluminum foil before texturing has
advantages like reduced peak sharpness, small & fewer pinholes after texturing, and suf�ciently degreased
foil, two main areas of concern are the additional manufacturing step added to the process & the softening
of aluminum foil after annealing that could lead to issues in the further processing steps. Also, the annealing
process at HyET Solar can only be done using the APCVD (atmospheric pressure chemical vapor deposition),
which is already heavily used for a major deposition process.

In order to not have any prede�ned conceptions and not expect a particular trend, this experiment was car-
ried out as a blind experiment where one person carries out the annealing of the aluminum foil process and
another person does the texturing & morphological analysis. This experiment has three variables: annealing
temperature, annealing time, and texturing recipe. The annealing temperature is varied from 200 ±C to 600±C
and the annealing time from 3 minutes to 9 minutes. Three types of texturing recipes are used - factory base-
line, FLAM01, and FLAM02 recipe. The annealing and texturing parameters used can be seen in the table
3.2

Sample Annealing parameters Texturing recipe
S1 500±C 9 mins FLAM01
S2 500±C 9 mins Factory Baseline
S3 500±C 3 mins FLAM01
S4 500±C 3 mins Factory Baseline
S5 350±C 6 mins FLAM01
S6 350±C 6 mins Factory Baseline
S7 350±C 6 mins FLAM01
S8 350±C 6 mins Factory Baseline
S9 350±C 6 mins FLAM01
S10 350±C 6 mins Factory Baseline
S11 200±C 9 mins FLAM01
S12 200±C 9 mins Factory Baseline
S13 220±C 3mins FLAM01
S14 220±C 3mins Factory Baseline
S15 Room temperature FLAM01
S16 500±C 3mins Factory Baseline
S17 500±C 3mins FLAM01
S18 500±C 3mins FLAM02
S19 600±C 4mins Factory Baseline
S20 600±C 4mins FLAM01
S21 600±C 4mins FLAM02

Table 3.2: Annealing parameters and texturing recipe used

3.5.1. Morphological analysis using 3D confocal microscope and SEM
The morphological analysis of the annealed aluminum foils is done both before and after texturing in order
to validate if annealing does actually play a role in reducing the pinhole density and the additional surface
roughness caused due to milling tracks. The white light interferometry imaging using a 3D microscope is
carried out at three different magni�cations. The 10x lens is used to get an overview of the overall surface
morphology. Using this magni�cation gives an image of size 1mm*1.5mm. 50x magni�cation, which mea-
sures a sample size of 215¹ m*285¹ m, is used to measure the morphological parameters - Sz, Sa, and Spc.
150x magni�cation is used to �nd out the roughness parameters of a particular individual crater in the im-
age. Using this magni�cation gives an image of size 70 ¹ m*95¹ m. All the morphological measurements are
carried out after correcting the reference plane and plane tilt using the Keyence Multi-�le Analyzer software .
Additionally, a 25 ¹ m Gaussian �lter is used to �lter out the noise and smoothen the surface.

The scanning electron microscope is used to obtain high magni�cation images of the annealed aluminum
foils. Since aluminum is highly conductive, a low voltage of 1V is used in order to get good quality images and
avoiding charge collection on the surface. The sample size of the images obtained is 5 ¹ m*5¹ m.
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3.5.2. Texturing of annealed aluminum foils
Once the morphological analysis before texturing is completed, the foils are divided into 3 groups depending
on the type of texturing it will undergo. The three texturing parameters used for this experiment are:

• Factory baseline: 4g/L NaoH at 35 ± for 3.5 minutes + additives

• FLAM01 : 60 g/L NaOH at 50 ± for 1.8 minutes + additives

• FLAM02 : 60 g/L at 60 ± for 2.5 minutes + additives

Once the texturing is completed, all the foils are rinsed in warm water at 50 ±C followed by cleaning in 1%
phosphoric acid ( H3PO4) bath at 70 ±C for 4 minutes.

3.5.3. Optical analysis using laser scattering
The laser scattering setup is an in-house tool built at HyET Solar in order to analyze the optical properties of
a surface. The most important part of this setup is the He Ne(Helium- Neon) gas laser. This gas laser is used
to point red laser light on the aluminum surface which is then re�ected on a wall exactly opposite the laser
setup. It is very important to be in a dark room while performing this experiment in order to be able to see
the light that is diffused by the aluminum foil. For surfaces that are not able to diffuse light ef�ciently, the
re�ected laser image will be a small red pointed dot. Also, the presence of milling tracks can easily be veri�ed
by looking at the diffused light on the wall. The samples that are able to diffuse light effectively will show a
very diffused red light on the wall. The re�ected laser pointer image should also appear scattered.
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Results and discussion

4.1. Bare aluminum
Bare aluminum foil is used as the starting point of the modulated surface texturing process. It is created by
rolling highly pure and thin rolled base foil into an even thinner gauge [39]. The �nished aluminum foil con-
sists of an aluminum alloy that is 92-99% pure. Even after the �nal processing step, traces of silica, iron oxide,
and titania can often be found in the aluminum foil [40].

The factory baseline and FLAM01 processes are based on a 110 ¹ m thick aluminum foil while the FLAM02
process is based on a 150 ¹ m thick aluminum foil. Using a thicker aluminum foil is advantageous as it in-
creases the texturing window while being able to maintain the minimum required foil thickness for mechan-
ical stability in the subsequent manufacturing steps.

Figure 4.1: SEM image of bare aluminum foil

The bare aluminum foil is not uniform. The surface is slightly uneven and this can be seen from the 3D mi-
croscope image in the �gure 4.2 & the 1D pro�le image in �gure 4.3. As mentioned in section 3.5.1, two sets
of measurements are taken- with and without Gaussian �lter and the values are tabulated in table 4.1. The
aspect ratio is calculated to be 2.7%. As mentioned in section 3.4.1, since there is no available literature to
validate the correct approach among the 3D microscope and AFM measurements, the morphological param-
eters in this thesis are to be used for correlation among different samples only and not for the precise values.

Sample
Without Gaussian �lter With 25 ¹ m Gaussian �lter

Sa (nm) Sz (nm) Spc (1/mm) Sal (nm) Sa (nm) Sz (nm) Spc (1/mm) Sal (nm)
Bare aluminum 56 2787 1972 2005 26 489 0.6 5432

Table 4.1: Surface morphological parameters of 150 ¹ m bare aluminum foil

28
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Figure 4.2: 3D microscope image of bare aluminum foil

Figure 4.3: 1D pro�le along Y and X axis of bare aluminum foil

Figure 4.4: Diffuse and specular re�ectance of bare aluminum foil Figure 4.5: Haze factor of bare aluminum foil




	List of Figures
	List of Tables
	Acknowledgments
	Abstract
	Introduction
	Thin-film silicon solar cells
	Modulated Surface Texturing
	FLAMINGO PV
	Aim and outline of this thesis

	Fundamental concepts
	Solar cell working principle
	Types of solar cells

	Solar cell parameters
	Optics
	Optics of flat interfaces
	Optics of rough interfaces
	Optics in absorptive media 

	Losses
	Spectral mismatch
	Optical losses
	Additional losses

	Light management 
	Light scattering

	Experimental details
	Texturing by wet chemical etching
	Bare aluminum etching using sodium hydroxide

	Thickness Characterization
	Linear Gauge

	Optical characterization
	Integrating sphere
	ARTA (Automated Reflectance Transmittance Analyzer)

	Morphological characterization
	3D laser scanning microscope
	SEM

	Effect of annealing on aluminum foil pinholes
	Morphological analysis using 3D confocal microscope and SEM
	Texturing of annealed aluminum foils
	Optical analysis using laser scattering


	Results and discussion
	Bare aluminum
	Factory baseline
	FLAM01
	NaOH etching
	Etching kinetics
	Arrhenius equation
	Morphological trend with NaOH etching
	Optical trend with NaOH etching

	FLAM02
	Selection of best sample for FLAM02
	Comparison between factory baseline, FLAM01, and FLAM02 
	Solar cell deposition based on FLAM02 texturing

	Annealing effect on aluminum foil roughness and pinholes
	Pre-texturing morphological analysis
	Post-texturing morphological analysis
	Post-texturing optical analysis


	Conclusions
	Texturing of aluminum foil
	Annealing of aluminum foil

	Recommendations
	Texturing of aluminum foil
	Annealing of aluminum foil

	Bibliography
	Appendix
	50C Etching
	60C Etching
	70C Etching
	Arrhenius equation

	Appendix
	Annealing of aluminum foil


