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Preface

The rule is simple: ’survival of the fittest’. Nature has generously equipped all life forms
with the tools to thrive, adapt, and evolve. Yet, as humanity’s progress turned, it steered
us headlong into a crisis: climate change. With the climate crisis added to the context,
the stakes have shifted dramatically — being fit demands not just physical traits, but
also a sharp intellect and deep emotional resilience. As engineers and researchers, it is
our moment to act by pooling the knowledge, intellect, and relentless drive to forge a
sustainable future. This thesis is my bold contribution to that epic fight — a personal
pledge to our global community. We shall save humanity, crafting a legacy so powerful
that, 200 years from now, our descendants will spin tales of the generation that tamed
its greed and staged a heroic comeback from the brink of the climate tipping point.

What follows is an exciting journey through this dissertation — I hope you enjoy the
read!

Govind Padmakumar

From the ‘pale blue dot’on orion Spur, 2026. Photograph by the author.






Summary

In this dissertation, light management techniques with front textures for thin-film
silicon superstrate configuration solar cells are presented. Specifically, the textures are
developed on glass to act as light scatterers at interfaces in thin-film devices. The thesis
aims to study textures made on glass with a broader idea of transferring it to aluminium
folie for fabricating pre-textured transparent conductive oxide (TCO)s in the roll-to-roll
fabrication by LiFT PV B.V. This thesis aims to answer a main question:

How to engineer a front glass texture with which high-performing thin-film silicon
superstrate solar cells can be fabricated?

This main question is addressed through four different key questions in five different
chapters: The optimisation of thin-film silicon deposition conditions is presented in
Chapter 2. Amorphous silicon and nanocrystalline silicon layers are deposited at very
high frequency conditions to obtain device-grade photoactive silicon. The processing
conditions optimised in this chapter are used to fabricate silicon absorber layers in
subsequent chapters 3,4, and 5 of the thesis to study light trapping by glass textures.

In Chapter 3, the glass surface is textured with randomly scattered texturing shapes
(craters or protrusions), without an explicit placement rule. The textures are referred to
as “random textures”. This chapter addresses the sub-question How does light interact
with glass textures featuring nano-scale structures superimposed on micro-scale textures,
and how does the resulting morphology influence nano-crystalline silicon growth? This
chapter demonstrates that a sequential wet etching technique can superimpose
nano-sized craters on micro-sized craters on glass, with a higher optical performance
and efficiency in solar cells when compared to both micro- and nano-textures
individually.

Textures characterised by a repeating pattern of shapes at fixed, regular intervals are
considered “periodic textures”. Chapter 4 specifically addresses the question How to
design a periodic glass texture composed of micro-scale hexagonal craters to maximise
light scattering efficiency? To answer this, photolithography is used as a technique to
make hexagonal-shaped micrometre-scale craters on the glass surface. The hexagonal
textures increased the light scattering capability with deeper craters and higher
periodicity value. Glass with hexagonal micro-textures demonstrated a diffusivity as
high as 50% in the near infrared light.

Once the design of periodic textures is completed, the recipe to generate hexagonal

shapes with different feature sizes is known. Chapter 5 answers the question: How does
a hexagonal periodic texture on glass influence light interaction, and how do its

xiii



Xiv Summary

morphological characteristics affect the performance of thin-film silicon superstrate solar
cells? The hexagonal periodic textures made on glass are studied in detail for their light
scattering and diffraction effects. Additionally, nanocrystalline silicon single-junction
solar cells are fabricated on these textures with different feature sizes and studied for
their electrical and optical performance. An optical performance of 28.60 mA/cm? was
achieved for the single junction nc-Si:H solar cells without any external antireflective
measures, indicating a high potential for hexagonal textures on glass in multijunction
thin-film solar cell applications.

Chapter 6 explores light scattering of the developed textures when implemented on
multijunction solar cells. The challenge of Fabry-Pérot interference in multilayers with
contrasting refractive indices is identified in multijunctions, limiting their optical
performance. This study addresses the sub-question: What impact do interface and
bulk scattering have on the optical performance of multijunction cells, and which
strategies can effectively mitigate interference effects caused by optical micro-cavities?
For this, light scattering in bulk TCO grains, combined with random and periodic
textures, is studied in detail. Hexagonal craters on glass, combined with a 0.9
micrometre thick i-ZnO layer, effectively mitigated fringes formed by all optical cavities
in the device. The design principles discussed in this work are not restricted to
amorphous silicon/nanocrystalline silicon tandem devices but can be extended to any
thin-film multijunction solar cell that constitutes layers with contrasting refractive
indices.



Samenvatting

In dit proefschrift worden lichtmanagementtechnieken met voorzijdetexturen voor
dunne-film silicium zonnecellen in een superstraatconfiguratie gepresenteerd. De
texturen worden specifiek ontwikkeld op glas, met als doel lichtverstrooiing aan de
interfaces in dunne-film apparaten te bevorderen. Het onderzoek richt zich op het
creéren van texturen op glas, met het bredere doel deze over te brengen op aluminium
voor de productie van voorgetextureerde TCO’s in de rol-tot-rol productie van LiFT PV
B.V. Dit proefschrift tracht de centrale onderzoeksvraag te beantwoorden:

Hoe kan een voorzijde glas texturen worden ontwikkeld waarmee hoogwaardige
dunne-film silicium superstraat-zonnecellen kunnen worden vervaardigd?

Deze centrale onderzoeksvraag wordt door beantwoordt door middel van vier
subvragen over vijf verschillende hoofdstukken:

In Hoofdstuk 2 wordt de optimalisatie van de depostie condities van dunne-film
silicium besproken. Amorf en nanokristallijn silicium worden afgezet onder zeer hoge
frequentiecondities om fotoactief silicium van hoogwaardig zonnecelkwaliteit. De
geoptimaliseerde procescondities uit dit hoofdstuk worden vervolgens toegepast bij de
vervaardiging van siliciumabsorberlagen in de hoofdstukken 3, 4 en 5, waarin lichtinval
en -verstrooiing door glastexturen worden onderzocht.

In Hoofdstuk 3 wordt het glasoppervlak voorzien van willekeurig verspreide
textuurelementen (kraters of uitsteeksels), zonder specifieke plaatsingsregel. Deze
structuren worden aangeduid als “willekeurige texturen ”. Dit hoofdstuk behandelt de
deelvraag: Hoe interageert licht met een glastextuur wanneer nano-schaal kenmerken
worden gesuperponeerd op micro-schaal texturen, en hoe beinvloedt de resulterende
morfologie de groei van nano-kristallijn silicium? Hieruit blijkt dat een sequentiéle
nat-etsmethode in staat is nano-kraters op micro-kraters te superponeren, wat
resulteert in een hogere optische prestatie en efficiéntie dan bij afzonderlijke micro- of
nano-texturen.

Texturen die worden gekenmerkt door een herhalend patroon van vormen op vaste,
regelmatige afstanden, worden beschouwd als “periodieke texturen”. Hoofdstuk 4 richt
zich specifiek op de vraag: Hoe kan een periodieke glastextuur, bestaande uit
micro-schaal hexagonale kraters, worden ontworpen om de lichtverstrooiingsefficiéntie
te maximaliseren? Om dit te realiseren wordt fotolithografie toegepast voor het
vervaardigen van hexagonale microkraters op het glasoppervlak. De hexagonale
texturen verhogen de lichtverstrooiingscapaciteit bij diepere kraters en een grotere
periodiciteit. Glas met hexagonale microtexturen vertoonde een diffusiviteit tot wel
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50% in het nabij-infrarode gebied.

Na de ontwikkeling van periodieke texturen is een reproduceerbaar proces verkregen
om hexagonale vormen met verschillende afmetingen te genereren. Hoofdstuk 5
behandelt de vraag: Hoe beinvioedt een hexagonale periodieke textuur op glas de
lichtinteractie, en hoe beinvloeden de morfologische eigenschappen de prestaties van
dunne-film silicium superstraat zonnecellen? De hexagonale texturen op glas worden
uitgebreid bestudeerd wat betreft hun lichtverstrooiings- en diffractiekenmerken.
Bovendien worden nanokristallijne silicium enkelvoudige zonnecellen op deze texturen
vervaardigd en onderzocht op hun elektrische en optische prestaties. Een optische
stroomdichtheid van 28,60 mA/cm? werd bereikt zonder externe
antireflectiemaatregelen, wat de grote potentie van hexagonale glastexturen voor
meerlagige dunne-film zonnecellen aantoont.

Hoofdstuk 6 onderzoekt de lichtverstrooiing van de ontwikkelde texturen wanneer
deze worden toegepast in multi-junctie zonnecellen. Daarbij wordt de uitdaging van
Fabry-Pérot-interferentie geidentificeerd, die de optische prestaties beperkt. Dit
hoofdstuk behandelt de deelvraag: Welke invloed hebben interface- en bulkverstrooiing
op de optische prestaties van multijunctiezonnecellen, en welke strategieén kunnen
interferentie-effecten veroorzaakt door optische micro-caviteiten effectief beperken?
Hiertoe wordt de lichtverstrooiing in bulk TCO-korrels, gecombineerd met willekeurige
en periodieke texturen, in detail bestudeerd. Hexagonale kraters op glas, gecombineerd
met een 0,9 dikke i-ZnO-laag, bleken de interferentiefranjes afkomstig van optische
caviteiten in het apparaat effectief te onderdrukken. De ontwerprichtlijnen die in dit
werk worden besproken, zijn niet beperkt tot amorf/nano-kristallijn
silicium-tandemcellen, maar kunnen worden toegepast op elk type dunne-film
meerlagige zonnecel.

Revised by Youri Blom
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Introduction

" Crisis is a messenger "

Bryant McGill

1.1. "The Crisis"

At this point, humanity faces two important challenges: climate change and
increasing energy demand. The root cause triggering these issues is overpopulation
and improving living standards.

The rapidly growing global energy demand has been a concern over the past few
decades, driven by exponential population growth, lifestyle changes, energy-intensive
raw material demands (such as those in the construction and steel industries) and
urbanisation. Additionally, with the emergence of new energy-intensive technologies
such as blockchain and artificial intelligence, the electricity demand of data centres
is expected to double (be around 1000 TWh) in the next 5 years [1]. The continued
dependence on fossil fuels is unsustainable due to their finite nature. Energy
resources such as oil and coal are limited and are expected to be depleted over time.
This constraint necessitates a transition toward renewable and low-carbon energy
systems to ensure a long-term energy supply. Meeting the world’s high energy
demand also poses a challenge due to the disproportionate distribution of energy
reserves worldwide and the limited contribution from clean energy sources.

Climate change is frequently discussed and projected as the most critical, directly
challenging life forms on Earth. Reliance on fossil fuels to meet demand accounts
for 74.5% of global GHG emissions in the form of carbon dioxide (methane made up
another 17.9%, and 4.8% consisted of nitrous oxide along with 2.8% by fluorinated
gases) in 2024 [2]. This trend is accelerating climate change, causing extreme
weather events, and slowly pushing some regions of our planet towards humanly
uninhabitable conditions. In addition, the uneven global distribution of fossil fuel
reserves creates energy dependence and geopolitical risks. Economically, countries
that rely on fossil fuel imports to meet their energy needs face vulnerabilities, as
shortages can disrupt industries and economies, hindering global competitiveness
and development in their agricultural and manufacturing sectors. The transition
to domestically available renewable energy sources can reduce this dependence,
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enhance energy independence, and support sustainable economic growth. Socially,
the lack of affordable, clean energy can lead to health problems, increased social
inequality and forced migrations.

As long as the energy requirements of the growing world population are not met
with renewable energy, the energy demand and climate crisis remain intrinsically
linked to each other.

1.2. Breaking the ‘intrinsic link’

To address the interlink between energy demand and climate crises sustainably,
a rapid, high-volume transition from fossil fuels to ‘cleaner’ renewable energy is
urgently required. This transition would require the planned retirement of existing
fossil fuel infrastructures and the scaling up of renewable energy sources, such as
solar and wind. These energy sources are also cheaper than fossil fuels [3]. Models
predicting 100% renewable energy in 2050 consider photovoltaics (PV) as a prime
candidate with 69% of generated power (followed by wind power contributing = 18%)
to replace non-renewable energy technologies [4]. PV manufacturing, installation,
and the implementation of adequate storage technology are among the best routes
for countries to achieve energy self-reliance. It is also very important that this
expansion of PV industry happens in a climate-friendly manner. The extensive
transition from existing energy technologies to solar energy and wind energy requires
significant energy investments, which, in the current situation, will be met mainly
through conventional energy sources.

Figure 1.1 represents a moderately ambitious scenario for the European Union by
Breyer et al. where the current fossil fuel power plants are retired by 2050, and no
new nuclear power plants are considered [5]. As seen in Figure 1.1, the final energy
consumption in different sectors is in the form of electricity, heat and synthetic
fuels. In this scenario, solar energy, wind energy, and energy based on hydropower
constitute 74% of total primary energy sources by 2050. Additionally, synthetic
fuels contribute =~ 15% of total final consumption in industrial and transportation
sectors, and renewable electricity production is expected to be a major contributor
to synthetic fuel production, too.

In the past few decades (at the time of this thesis), solar-energy research has mainly
focused on improving the light-to-electricity conversion efficiency of photovoltaic
(PV) devices and on scaling up the cost-effective manufacturing of PV modules. As
a result, 27.81% conversion efficiency is achieved for a monocrystalline silicon solar
cell in a research facility [6]. This is admirably close to the Auger-limited efficiency
of about 29.4% [7]. At module level, LONGi has reported 26.0% heterojunction back
contact (HBC), and Trina Solar reports 25.4% in heterojunction technology (HJT) [8].
An alternative family of PV technologies called thin-film solar cells is characterised
by their significantly thinner light-absorbing layers. The efficiency of thin-film cell
technologies is lower than that of c-Si wafer-based technologies, except for GaAs [9].
The approximate range of efficiency varies as follows: 15.8% for organic photovoltaic
(OPV) cells, 14% for triple-junction thin-film silicon, 23% for copper indium gallium
selenide (CIGS) and copper indium selenide (CIS), 21% for cadmium telluride
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Figure 1.1.: Sankey diagram illustrating a moderately ambitious pathway predicting
a 100% renewable energy future of the European Union. The
diagram illustrates flows of energy between different energy sources and
consumption in sectors (with different intermediate stages), the width
of each flow is proportional to its magnitude (i.e, wider flows indicate
larger quantities, while narrower flows represent smaller quantities).

(CdTe), 29% for single-junction gallium arsenide (GaAs), 35% for three-junction GaAs
(non-concentrated), and over 47% for certain concentrated photovoltaic (CPV) cells
[8, 10].

Thin-film silicon technologies, such as amorphous silicon and nanocrystalline
silicon, once held a notable share of the market with their advantages, including
scalable production techniques and lower material requirements than wafer-based PV
technologies [11]. Eventually, they lost competitiveness in the market because they
could not keep pace with efficiency and cost reductions at the module/system level
in crystalline-silicon cells, and with the efficiency improvements achieved by other
thin-film technologies [9]. However, the technology is still viewed as complementary
to mainstream c-Si wafer technology as it can potentially capitalise on niche markets
where the scope of existing wafer-based PV technology is limited. Thin-film silicon
has been industrially adopted to produce flexible, lightweight modules [12, 13]
that are typically encapsulated with polymers, resulting in a high energy yield
per functional area. Such flexible, lightweight, and polymer-encapsulated modules
are well-suited for specific applications, such as retrofitting structures that cannot
support heavy systems. Additionally, minimal glare from the polymer encapsulation
also supports cases with glare constraints—like airports—where the usage of glass
encapsulated cells is limited (unless an external antiglare foil or glass texture
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is implemented) [14]. In solar-fuel applications, PV devices require a flexible
voltage source to drive the desired electrochemical reduction reaction. Thin-film
photoactive materials can accommodate this need for a flexible output voltage and
increased performance through multijunction devices. Thin-film silicon has been
demonstrated as an active layer that can be combined with different materials, such
as nanocrystalline silicon (nc-Si:H), organic PV, germanium, germanium-tin alloy,
and narrow-bandgap perovskites [15-20].

1.3. Thin film silicon - single junction and multi junction

solar cells

As discussed in the previous section, thin-film silicon (TF-Si) solar-cell materials
like hydrogenated amorphous silicon (a-Si:H) and nc-Si:H have been vital in
thin-film PV technology, utilised as intrinsic absorber layers and increasingly in
heterojunction with intrinsic thin-film (HIT) solar cells [21]. In HIT solar cells,
a-Si:H layers—typically measuring less than 10 nm— is integrated onto a c-Si
substrate to function as both an emitter and a passivation interface, suppressing
carrier recombination while enabling efficient charge transport. Deposition of
these materials has been demonstrated using different techniques, including the
hot-wire method [22, 23], expanding thermal plasma [24-26], radio-frequency (RF)
plasma-enhanced chemical vapour deposition (PECVD), and very high-frequency
(VHF) PECVD. Among these techniques, only RF PECVD and VHF PECVD have been
industrially up-scaled successfully [12, 27, 28]. At an industrial scale, silicon thin-film
solar cells were developed and manufactured by a range of companies, including LG
[29, 30], Sharp [31], Kaneka [32], United Solar Ovionic LLC. [33], Applied Materials
[34], Oerlikon Solar (later Tokyo Electron) [35], Solarex [36], ARCO Solar [13], LiFT
PV (formerly HyET Solar) [12]. While most of these entities have since ceased
production or shifted their focus away from this specific technology, LiFT PV remains
actively engaged in the research and manufacturing of silicon thin-film cells.
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Figure 1.2.: Film thickness and material utilisation of various silicon PV technologies.

Higher efficiencies can be achieved by stacking different absorber layers forming
multi-junction solar cells. In multijunctions, the band gap of active layers
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progressively decreases, from the illuminated side to the rear side. This approach
gives the advantages of higher output voltage, reduced thermalisation losses of
light-excited charge carriers and reduced non-absorption of photons. A comparison
between absorber thickness and silicon utilisation for both TF-Si and c-Si is shown
in Figure 1.2. In theory, the maximum achievable efficiency of a solar cell rises with
the number of junctions featuring different band gaps. However, in practice, each
additional junction introduces losses: optical losses from parasitic absorption in the
doped layers and electrical losses at the recombination junctions between subcells
[15]. Performance of world-record-efficiency thin-film silicon single-junction and
multijunction solar cells is summarised in Table 1.1. Additionally, Triple-junction
solar cells with configurations other than a-Si:H/nc-Si:H/nc-Si:H stack or any
quadruple-junction solar cell configurations could not yet outperform the efficiencies
reported in Table 1.1.

1.4. Substrate/superstrate/hybrid configurations

Due to the low hole mobility and high defect density in thin-film silicon layers,
charge collection driven by diffusion is insufficient for employing p-n junction
thin-film silicon solar cells. Instead, a drift current driven by the built-in electric field,
created by p- and n-type doped layers sandwiching the intrinsic a-Si:H or intrinsic
nc-Si:H absorber layer, is required to assist charge collection. Although most of
the incident photons are absorbed in the photoactive layers (generating light-excited
electron-hole pairs), a small fraction of light is lost as parasitic absorption losses in
the thin p- and n-type-doped layers. Deposition of the thin-film solar cell layers
on a substrate material can begin on either the p-side (p-i-n deposition) or the
n-side (n-i-p deposition). The illumination of the solar cell is typically done from
the p-doped layer’s side to generate most electron-hole pairs near the p-i interface,
which aids in hole collection as the mobility of holes is lower than the mobility of
electrons.

The solar-cell architecture in which the substrate forms the front window of the
solar cell is called a superstrate configuration, as shown in Figure 1.3(A). When
the substrate forms the rear side of a solar cell, the configuration is referred to
as substrate configuration, as in Figure 1.3(B). To facilitate illumination from the
p-doped side, superstrate configuration solar cells are often deposited in p-i-n order
on transparent substrates that can withstand the high temperatures of the deposition
process. This is the reason why all p-i-n solar modules, except those from LiFT PV,
were manufactured on glass substrates [37]. In contrast, the n-i-p configuration can
accommodate opaque substrates and is often used with flexible materials, such as
stainless steel or polymers.

On a production scale, the configurations are chosen based on the unique
technology of each manufacturing line. In the past, the majority of module
manufacturers, such as Sharp, Kaneka, Sanyo, Oerlikon Solar, made in a p-i-n
configuration solar cells on glass, featuring either a single or tandem junction with
an a-Si:H top cell and an nc-Si:H bottom cell, but there were notable exceptions.
Schott Solar produced tandem a-Si:H/a-Si:H solar cells with glass on both the front
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Figure 1.3.: (A) Superstrate configuration with glass at the illuminated side, (B)
Substrate configuration, (C) Hybrid configuration. *The sacrificial metal
sheet is removed through wet etching and is not a part of the
final product. Arrows show the order of deposition adopted in each
configuration.

and rear sides [37]. United Solar created flexible triple-junction solar cells in an
n-i-p configuration, with a top cell of a-Si:H and middle and bottom cells made
of hydrogenated amorphous silicon-germanium alloys (a-SiGex:H). United Solar had
also reported exploring of other potential layer stacks, including those with nc-Si:H,
but did not adopt them for production [33].

LiFT PV employs a hybrid method, depositing a solar cell in a p-i-n configuration
on aluminium with TCO, which is later transferred to a flexible carrier with glue
[12, 27]. The schematic of the final product (unencapsulated) is given in Figure
1.3(C). This hybrid technique is realised on a roll-to-roll (R2R) production line in
which an aluminium sheet roll (marked in Figure 1.3(C) as sacrificial metal sheet)
is unwound through an atmospheric pressure chemical vapour deposition (APCVD)
for deposition of transparent conductive oxide (TCO), through a plasma enhanced
chemical vapour deposition (PECVD) for deposition of silicon alloys, and through
an RF sputtering chamber for deposition of the back contact in sequence. This
intermediate product is glued to a carrier polymer as the next step. In the final
step, the aluminium metal sheet is etched away completely with NaOH or KOH
solutions. The removal of the aluminium layer leaves behind a pre-textured TCO on
the illuminated side of the solar cell. This industrial R2R manufacturing has the
advantages of easy scaling up and the potential to control absorber layer properties.
Moreover, with the necessary adjustments in processing conditions, this technique is
effectively extendable to other thin-film technologies.

1.5. Light-trapping
Light trapping in solar cells is required to make high efficiency thin film silicon cells

because the absorption coefficient of nc-Si:H is small near the bandgap wavelength
(~ 100 cm™! at 1000 nm). An optically thick absorber layer is required to absorb
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Category Config. n[%] VoclV] Jsc [mA/cm?] FF[%] Year Institute[Ref.]
9.47 0.859 17.52 63.0 2004 IMT [38]
(p-i-n) 10.09 0.877 17.28 66.6 2009  Oerlikon [39]
Single junction .
(a-Si:H] (p-i-n) 10.11 0.906 16.06 69.5 2013  AIST [40]
(p-i-n) 10.22 0.896 16.36 69.8 2014  AIST [19]
(p-i-n) 10.30 0.891 17.20 67.0 2015  Jiilich [41]
- 10.10 0.539 24.35 76.8 1999 Kaneka [42]
(p-i-n) 10.30 0.568 25.50 71.3 2006  Jiilich [43]
(n-i-p) 10.50 0.521 28.17 71.6 2013  AIST [44]
Single junction (p-i-n) 10.69 0.549 26.55 73.3 2013 IMT [45]
[nc-Si:H] (n-i-p) 10.80 0.523 28.24 73.8 2013  AIST [46]
(n-i-p) 10.97 0.542 27.44 73.8 2014  AIST [47]
(n-i-p) 11.40 0.535 29.07 73.1 2014  AIST [48]
(n-i-p) 11.77 0.548 29.39 73.1 2015 AIST [49]
(n-i-p) 11.90 0.550 29.72 75.0 2018 AIST [50]
Iscv(]Tat,init)
[mA/cm?]
- 11.70 5.462 2.99 (-) 71.3 2004 Kaneka® [51]
(p-i-n) 11.91 1.346 12.92 (26.6) 68.5 2010  Oerlikon [52]
- 12.16 - - - 2011 Oerlikon® [53]
- 12.20 - - -~ 2011 Sanyo® [54]
Double junction (p-i-n) 11.90 1.322 13.02 (26.7) 69.0 2012 AIST [55]
[a-Si:H/nc-Si:H] (p-i-n) 12.00 1.330 12.92 (27.1) 70.0 2013  AIST [40]
(p-i-n) 12.10 1.411 12.60 (>25.2) 67.8 2013 HZB [56]
- 12.30 1.365 12.93 (-) 69.4 2013  Kaneka [57]
(p-i-n) 12.63 1.382 12.82 (26.8) 71.3 2014 IMT [58]
(p-i-n) 12.69 1.342 13.45 (27.6) 70.2 2015 AIST [19]
- 12.00 1.840 8.54 (>25.65) 76.2 2004 Kaneka [59]
(n-i-p) 12.41 1.936 8.96 (28.24) 71.5 2011  United Solar [60]
Triple junction (p-i-n) 13.44 1.963 9.52 (>28.57) 71.9 2013 LG [61]
[a-Si:H/nc-Si:H/nc-Si:H] (p-i-n) 13.46 1.967 9.84 (30.0) 69.6 2015 TEL Solar [62]
(n-i-p) 13.60 1.901 9.92 (31.3) 72.1 2015 AIST [63]
(n-i-p) 14.00 1.922 10.39 (31.4) 73.4 2016  AIST [18]

Table 1.1.: Summary of record efficiencies for a-Si:H, nc-Si:H, and multijunction
thin-film silicon solar cells reported in literature. Tabulation inspired by
[371.

“Submodule, aperture area 14.23 cm?
bOnly efficiency is reported
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long-wavelength photons. At the same time, thin-film silicon solar cells require an
electrically thin absorber layer to maintain a strong electric field for efficient charge
collection. Light management techniques mainly focus on three effects: (i) reduction
in surface reflection to increase the input energy to solar cells, (i) reduction of
the parasitic absorption in non-active layers, (iii) increase in light absorption due
to an increase in optical path length by scattering, refraction or diffraction, and
(iv) enhancement of internal/ rear reflection. The latter two effects are vital for
increasing light absorption at higher wavelengths.

Traditional light-trapping strategies in solar cells rely on increasing the optical
path length through geometric designs. This includes scattering incident light into
multiple angles via surface texturing and reflecting the unabsorbed light back to the
absorber at rear side of a cell. A Lambertian scatterer is a perfectly rough surface
that scatters light in all directions [9]. When a Lambertian front surface is combined
with a lossless Lambertian back reflector, the effective optical path length within
the absorber can theoretically be increased up to a factor of 4n? relative to a flat
surface, where n denotes the refractive index of the material [64]. Unlike many
other crystalline materials, a-Si:H and nc-Si:H can be deposited highly conformally,
enabling their use on rough textured substrates.

Random textures consist of surface morphology with randomly scattered texturing
shapes (craters or protrusions). Random textures exhibit a specific range of feature
sizes that determine how the light interacts with the interface between two media
(reflection, transmission, and absorption). The nature of the incoherent scattering
mechanisms and the coherent refraction of light by these textured interfaces lies in
their geometry and dimensions relative to the wavelength (1) of the light [65]. The
type of interaction is determined by the shape and size (S) of a surface feature in
reference to the A. For small sizes of surface features and roughness, incoherent
Rayleigh scattering (S << A1) and Mie scattering (S ~A) occur. In contrast, coherent
refraction at an interface takes place at large ‘macro’ -sized features (S>> 1) [66].
Since the textures must maximise scattering over a broad spectral range (equivalent
to the optical response of the thin-film absorber from the UV to the IR), the shape
and dimensions of the texture features should be present accordingly. Different
textures, shapes, and sizes must coexist on a surface to maximise the optical gain.

Periodic textures are characterised by a repeating pattern of shapes at fixed, regular
intervals. The periodic textures can be characterised by the distance at which each
shape recurs (periodicity) and the height of craters. For achieving high performance
in solar cells with periodic texturing, two-dimensional (2D) gratings are preferable
to one-dimensional (1D) designs because 2D structures provide a greater number
of diffraction channels [67, 68]. Additionally, gratings couple incident light more
effectively when they are tapered, as the gradual variation in optical density improves
coupling [69]; on front surfaces, this tapering can also reduce reflection losses [70].
If the periodicity of the texture is too small, the light cannot resolve the structural
features, resulting in weak diffraction. Conversely, if the periodicity exceeds the
wavelength considerably, higher-order reflection modes beyond the zeroth order can
emerge, which lowers absorption. In such cases, light becomes poorly confined
within the film and can escape through these higher-order channels [71]. Despite



1.6. Textures on glass 9

numerous studies, the question of whether periodic structures or random textures
benefit solar cells the most remains unresolved [72, 73]. Notably, most of the
world’s record-high spectral-utilisation single junction nc-Si:H solar cells (above 28.0
mA/cm?) to date have used a periodic-structured n-i-p substrate configuration (Table
1.1).

Other than the direct texturing approach of the interfaces, bulk scattering or grain
scattering is also employed on thin-film solar cells. Polycrystalline materials do
not have uniform optical properties because of residual porosity, secondary phases,
and/or crystalline anisotropies [74]. These optical inhomogeneities cause scattering
in the bulk, which varies with layer thickness and grain size [75]. In solar cells, grain
scattering is achieved with thick TCO layers that act as contact electrodes as well as
light scatterers with their grain structure. Some examples of thick TCOs used as
grain scatterer in solar cells are zinc oxide [45, 76], boron-doped zinc oxide (BZO)
[19, 20, 28], and thick FTO layers [12].

Another method to facilitate light trapping is by integrating thick TCOs with
surface textures [77]. This method combines interface scattering and grain scattering
to boost optical performance in the cell. The hybrid manufacturing route adopted by
LiFT PV enables the use of this technique with pre-textured TCO layers as described
in Section 1.4. The texture on the sacrificial aluminium layer determines the TCO’s
front texture that causes interface scattering.

A general challenge for integrating textured interfaces into thin-film PV devices is
that texture features may induce inhomogeneities, defects, cracks or pinholes in the
PV-active materials. This might deteriorate the film’s electrical quality by enhancing
Shockley-Read-Hall recombination of light-excited charge carriers. The relation
between substrate roughness and the accompanying additional electrical losses is
often reflected in reduced open circuit voltage (V;c) and fill factor (FF) of the solar
cells as described in detail in [78-82]. This demonstrates that there is a delicate
interplay between increasing optical yield using textured interfaces and preserving
electrical performance [12, 83-86].

1.6. Textures on glass

On a laboratory scale, making a textured interface on glass is a straightforward
approach to evaluate the interface scattering of a morphology. A texture made on
glass can be realised and transferred to an aluminium roll-to-roll flexible aluminium
substrate with methods such as wet etching with chemicals like NaOH or KOH [87]
or using a simple mechanical embossing technique [88]. The Figures 1.4(A) shows a
wet-etched surface of aluminium foil in a lab-scale chemical bath, and 1.4(B) shows
a periodic texture embossed on the aluminium surface prepared on a lab-scale roller
press. Both these techniques can be incorporated into an R2R production line with
a chemical bath chamber or an embossing roller.

Light-trapping and light-coupling using random and periodic textures for thin-film
silicon solar cells have been explored extensively over the years by industry and
research groups, for substrate and superstrate configurations. Despite this, the
literature contains limited examples of multiscale random textures implemented
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Figure 1.4.: Atomic force microscopy images of aluminium surfaces with (A) random
textures made with wet etching and (B) periodic textures made with the
embossing technique. The top row isometric images are 30 p x 30 p.

directly on glass i.e,, without the aid of TCO grains. This direct approach is
essential for roll-to-roll manufacturing, particularly when utilising sacrificial layers, as
demonstrated by LiFT PV. This thesis explores this route. Furthermore, while periodic
textures are typically fabricated on silicon wafers for lab-scale substrate-configuration
solar cells, this research identifies the critical parameters required to translate these
periodic structures onto glass superstrates for practical device integration. In this
thesis, to support the further optimisation of enhancing the light management
performance and processing of high electrical quality thin-film silicon solar cells,
all the texturing concepts are explored and demonstrated on glass using chemical
etching. The focus is specifically on p-i-n superstrate architecture solar cells made
on glass.

1.7. The Questions

The primary objective of this thesis is to design a scattering front window for solar
cells. This structure at the front should enhance the light management performance
and enable the processing of high-quality thin-film silicon layers on top of it. To
realise this, we need to answer the following main scientific question:

How to engineer a front glass texture with which high-performing thin-film silicon
superstrate solar cells can be fabricated?

This main scientific question is broken down into four key research questions:

1. How does light interact with glass textures featuring nano-scale structures
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superimposed on micro-scale textures, and how does the resulting morphology
influence nano-crystalline silicon growth?

2. How to design a periodic glass texture composed of micro-scale hexagonal craters
to maximise light scattering efficiency?

3. How does a hexagonal periodic texture on glass influence light interaction, and
how do its morphological characteristics affect the performance of thin-film
silicon superstrate solar cells?

4. What impact do interface and bulk scattering have on the optical performance of
multijunction cells, and which strategies can effectively mitigate interference
effects caused by optical micro-cavities?

1.8. Thesis Outline

This thesis contributes to a broader bilateral agreement between Lift PV and TU Delft
PVMD. The project’s overarching milestones were divided into distinct sub-projects,
with this specific study designed to be complemented by two parallel streams of
research: first, the work of Dr. Paula Perez-Rodriguez and Federica Saitta on low
band gap alloys, TCO development, and opto-electrical modelling; and second, the
research by Peer Sluijs and Dr. Sreejith K.P. regarding PV module reliability testing,
characterisation methods, and environmental impact analyses.

The thesis is structured into seven chapters, each introduced with a dedicated
preface and conclusion to guide the reader through the research progression.
Chapter 2 presents the optimisation of the laboratory-scale deposition process for
amorphous silicon (a-Si:H) and nanocrystalline silicon (nc-Si:H) thin films using
a PECVD multichamber system. The photoactive absorber layers employed in
subsequent chapters are fabricated under the optimised conditions established in
this study. Key Questions 1, 2, 3, and 4 are addressed in Chapters 3, 4, 5, and
6, respectively. Chapter 3 investigates three random surface texturing techniques
and their implementation in solar cells, demonstrating improved spectral utilisation
in indirect-band-gap silicon-based solar cell materials. Chapter 4 introduces and
optimises a novel fabrication process for generating periodic hexagonal microtextures
on glass substrates. Chapter 5 explores the interaction between light and periodic
hexagonal gratings, evaluating the optical behaviour and performance of nc-Si:H
solar cells deposited on these textured surfaces. Chapter 6 focuses on the application
of light scattering approaches in multi-junction silicon solar cells. Both random
and periodic surface textures are analysed for their ability to suppress interference
fringes caused by Fabry-Perot optical cavities within the device. Chapter 7 provides
the overall conclusions and summarises the key findings of the thesis.
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Optimisation of a-Si:H and nc-Si:H
Intrinsic Absorbers

Manuscript in preparation!

Thin film silicon photovoltaic technology has the potential to act as a complementary
technology to mainstream crystalline silicon wafer technology. Industrially
demonstrated roll-to-roll technology with plasma-enhanced chemical vapour deposition
is a method for manufacturing thin film silicon solar cells on a large scale.
Conventionally, in roll-to-roll processing, amorphous silicon (a-Si:H) depositions in
PECVD are conducted at an input voltage operating at radio frequency (RF) and
nanocrystalline silicon (nc-Si:H) depositions at very high frequency (VHF) in dedicated
chambers. This chapter explores the feasibility of depositing both device-grade a-Si:H
and nc-Si:H in the same PECVD chamber with the same VHF generator. This work reports
optimised deposition conditions for wide bandgap a-Si:H single junction cells with a
band gap energy of 1.90 eV in VHF conditions. In the same chamber, deposition of
crystalline nc-Si:H layer is conducted at conditions optimised for 62% crystallinity phase
fraction to obtain device-grade absorber material.

el Padmakumar, O. Eringfeld, S.M. Ghayeni, S.M. Karthikeyan, T. De Vrijer, E Saitta, P. Perez-Rodriguez,
R.A.C.M.M. van Swaaij, Arno H.M. Smets, ‘Optimisation of Amorphous and Microcrystalline Silicon in VHF
Deposition Conditions”
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Over the past 40 years, thin-film silicon solar cells have been seen as a
complementary technology to mainstream crystalline silicon solar cells, offering
benefits such as reduced raw material use, suitability for large-scale production, and
adaptability for lightweight, flexible modules [11]. Thin-film photoactive materials such
as amorphous silicon, nanocrystalline silicon, Copper Indium Gallium Selenide (CIGS),
cadmium telluride (CdTe), III-V technology, organic PV (OPV) and Perovskites (PVK) are
deposited as thin layers with thickness up to 2-4 micrometres. Enhancing device
conversion efficiency through multijunction architectures is commonly implemented
with at least one thin-film PV junction. PVK/c-Si, GaAs/c-Si, PVK/CIGS,
InGaP/GaAs/Ge, a-Si:H/a-Si:H/nc-Si:H are some examples. In this work, we focus on
a-Si:H/nc-Si:H tandem solar cell.

With a relatively wide band gap, a-Si:H (bandgap tunable between 1.70 and 1.95 eV)
has the potential to be combined with nc-Si:H (bandgap energy between 1.0 to 1.1 eV),
germanium, germanium-tin alloy, narrow-bandgap perovskites or OPV [15-20, 89]. The
properties of a-Si:H and nc-Si:H materials are heavily dependent on their deposition
conditions [90-92]. Performance optimisations for thin-film silicon-based devices have
been extensively published [15, 93-100]. These previous reports describe a-Si:H and
nc-Si:H depositions using different techniques, including the hot-wire technique,
expanding thermal plasma, radio-frequency (RF) plasma-enhanced chemical vapour
deposition (PECVD), and very high-frequency (VHF) PECVD. Among these techniques,
only RF PECVD and VHF PECVD have been industrially up-scaled successfully [12, 27,
28].

At an industrial scale, silicon thin-film solar cells were developed and manufactured by
LG [29, 30], Sharp [31], Kaneka [32], United Solar Systems Corp.[33], Applied Materials
[34], Oerlikon Solar (later Tokyo Electron) [35], Solarex [36], ARCO Solar [13], LiFT PV
(formerly HyET Solar) [12]. While most of these entities have since ceased production or
shifted their focus away from this specific technology, LiFT PV remains actively engaged
in the research and manufacturing of silicon thin-film cells.

Conventionally, in industries like LiFT PV(formerly HyET Solar) that utilise a p-i-n
deposition sequence, a-Si:H depositions in PECVD are conducted at an input voltage
operating at RF and nc-Si:H depositions at very high frequency (VHF) in dedicated
chambers [12, 27]. This study explores the feasibility of depositing both device-grade
a-Si:H (wide-bandgap and Vpc > 900 mV) and nc-Si:H in the same PECVD chamber
with the same VHF generator without dedicated conditioning. When realised, this
approach is beneficial for the industrial production of a-Si:H, nc-Si:H and
a-Si:H/nc-Si:H tandem solar cells [20]. Eventually, such an adjustment can reduce
capital expenditure, as the a-Si:H and nc-Si:H absorbers, as well as their grading, can be
fabricated using the same electrical generator and chamber.

The experiments in this chapter map the processing parameters of a solar cell in
relation to its performance parameters. Optimisations of a-Si:H and nc-Si:H materials
are conducted individually on single-junction p-i-n superstrate configurations to
ensure device-quality layers can be fabricated in the same chamber. The objective of
this study is to deliver standard recipes for depositing a-Si:H and nc-Si:H absorber
layers in VHF conditions.
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2.1. Experimental Details
2.1.1. Photoactive layer deposition parameters

The solar cells reported in this chapter are all made on textured glass with a p-i-n
substrate configuration. The overview processing conditions that influence the
material properties of thin film silicon and specific parameters selected in this study are
as follows:

i. Silane Concentration, (SC) is given as the ratio of the silane flow rate (Fsjy4) to the
hydrogen flow rate (Fip2), SC = Fsina/(Fsinga + Fr2) [101].  SC is a measure of the
composition of precursor gases in the deposition chamber and plasma. ii. Excitation
frequency, (f) is the frequency of voltage applied across deposition electrodes.
Consequently, f determines the time over which an ion is accelerated in the plasma
sheath. f can RF 13.56 MHz or VHF at 40.68 MHz. This chapter explores f = 40.68 MHz,
which falls within the VHF range. At VHF frequencies, high-power deposition is
possible without amorphizing the layer because the maximum ion bombardment
energy is lower. As a result, nc-Si:H can be deposited at high deposition rates without
compromising material quality [100, 102]. iii. Chamber Pressure, (p) inside the
chamber is controlled using a throttle valve in the chamber. p has a direct influence on
the residence time of the species in the chamber[103, 104]. An increase in p at constant
power density will reduce the ion-bombardment energy towards the substrate surface
due to increased ion-neutral collisions (decreasing the mean free path) in the plasma
sheath. iv. Power density (PD) coupled into the Plasma region determines the energy
carried by the ions and electrons in the plasma. The increase in power results in an
increase in the deposition rate, provided there are sufficient SiH4 precursor molecules
present in the volume to dissociate [103-105]. Additionally, parameters such as the
electrode gap (the gap between the substrate holder and the excited electrode) and the
substrate temperature (T,;) influence material properties. In this chapter, the
electrode gap is kept constant at 13 mm and Ty, is maintained at 170 °C throughout
the deposition.

In a PECVD process, the effects of the parameters mentioned above are often
interlinked, and material properties are determined by multiple parameters
simultaneously. p, PD and total precursor flow have a complex interplay and have been
explored extensively before [98, 100, 101, 105, 106].

2.1.2. a-Si:H to nc-Si:H transition

As discussed in Section 2.1.1, multiple process parameters determine the material
properties of silicon deposited on solar cell superstrates. Most processing condition
changes can cause a transition from nc-Si:H to a predominantly amorphous material
within the bulk, SC is generally reported to be most influential. An elevated precursor
flux of atomic hydrogen in reference to dissociated SiH4 precursor products in the
plasma results in nc-Si:H growth [94, 107]. For this reason, in this experiment, the
influence of silane flow and hydrogen flow conditions on the performance of
single-junction p-i-n superstrate silicon devices (with either a-Si:H or nc-Si:H
absorbers) is investigated. This experiment determines the processing window within
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which further optimisation of absorbers can be conducted.

The deposition and solar cells in this experiment are made on commercially available
Asahi UV-type substrates. The TCO on these commercially available glass is
predeposited FTO with a thickness of 650 nm. The device structures are given in the
Figure 2.1 (A) and (B). The deposition of intrinsic nc-Si:H absorbers and a-Si:H was
made in a PECVD multichamber tool at very high frequency (40.68 MHz) and 170 °C
substrate temperature. Using BoHg and PH3 as dopant gases, a boron-doped p-silicon
oxide (p-SiOx) layer (16 nm) -used as hole transport layer- and a phosphorus-doped
n-silicon oxide (n-SiOx) layer (20 nm) -used as electron transport layer- were deposited
at RF (13.8 MHz) and 180 °C substrate temperature in dedicated chambers. The back
reflector consists of sputtered i-ZnO (60 nm) and an evaporated silver (300 nm) layer.
An aluminium strip (500 nm) serves as the front contact for these solar cells, and the
back contact consists of 5 mm x5 mm square-shaped chromium (30 nm) and
aluminium (500 nm) dots. This results in a solar cell structure of FTO (650 nm) /
p-nc-SiO:H (16 nm) / Si Alloy / n-nc-SiO:H (20 nm) / i-ZnO (60 nm) / Ag (300 nm).

A thin seed layer (Fsijjg = 1 sccm, Fryp = 120 scem) is used for facilitating nucleation
sites [108] during the depositions. The results of variations in Fsjys, processed at a
constant Fyjp of 120 sccm, are presented in Figure 2.2(A). Fsjpy is varied from 2.4 sccm (
SC =1.96%) to 4.0 sccm ( SC = 3.22%) initially. The deposition times of these conditions
are adjusted such that all nc-Si:H absorbers have a constant thickness of =2.5 um. The
investigation is further extended to another batch of solar cells, with Fs;jy4 varying from
6.0 sccm (SC = 4.76%) to 7.0 sccm (SC = 5.51%). These solar cells, specified under the
latter conditions, are further re-fabricated without the incubation layer and with the
material thickness controlled (configuration in Figure 2.1(B)). The reason for this step is
detailed in the results in Section 2.2.1.

(A) (B) (©)
M 10:H
M (p)nc-Sio,
FC sio
FC FTO FC FTO M (n)nc-Sio,
VWA - “AWWVIAAS / 0 st
(i) a-Si:H sl . : M Chromium
(1) eI M Aluminium
VWAV A FC - Front Contact

PV e als

Figure 2.1.: Solar cell architectures of (A) a-Si:H on Asahi glass used for VHF silicon
deposition and a-Si:H absorber optimisation, (B) nc-Si:H on Asahi glass used
for VHF silicon deposition, (C) nc-Si:H on micro-textured glass used for VHF
silicon deposition.

Ll (i) nc-Si:H

2.1.3. a-Si:H absorber optimisation

Optimisation of processing conditions for wide-bandgap a-Si:H is conducted on Asahi
glass in a p-i-n configuration. The a-Si:H absorber is 300 nm thick, deposited in PECVD
multichamber at VHF and a substrate temperature of 170 °C. The front and back
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contacts, doped layers, and back reflector stack have specifications identical to those
mentioned in Section 2.1.2. The resulting solar cell architecture is given to Figure 2.1(B).
In this experiment, p is varied from 4 mBar to 9 mBar with an interval of 1 mBar, and
PD is varied from 0.10 W/cm? to 0.4 W/cm? with an interval of 0.1 W/cm?. L.e., a total of
30 different settings are used. A solar cell was fabricated under each processing
condition, during which the plasma was observed to remain stable and deposited a
spatially uniform layer. An additional solar cell was made at 5 mBar and 0.28 W/cm? to
narrow down the variation in the optimised window. In total, 28 solar cells were
fabricated in this experiment (each of these p — PD combinations is explicitly marked
in the summary plot in upcoming section 2.2.2 using hexagonal-shaped dots).

The conventionally used optimised recipe (optimisation not shown here) for a-Si:-H
using the RF input voltage in the same multichamber tool is as follows.

L SiH, Hy p PD Tsub Deposition
ayer [sccm] [sccm] [mBar] W/ cmz] [°C] rate [A/s]

(i)a-Si:H Narrow band-gap 40.0 0.0 0.7 0.028 180 2.8

(i)a-Si:H Wide band-gap 3.0 200.0 10 0.095 130 0.1

Table 2.1.: Deposition conditions of different silicon layers in RF conditions. The
distance between the RF electrode and the grounded electrode is 13 mm for
all p-doped layer depositions, 13 mm for all intrinsic layer depositions, and 21
mm for all n-doped layer depositions.

2.1.4. nc-Si: H absorber optimisation

The solar cells used for optimising the nc-Si:H absorber layer use glass with micro-sized
craters as superstrates. A 90 nm thick 90% crystalline seed layer (SC = 1%) is used for
facilitating nucleation sites in all solar cells [108]. The growth of nc-Si:H conglomerate
layers often leads to shading effects, crack formation, and poor passivation of
crystallites [11]. As the layers are made thicker, the probability of crack formation also
increases on nano-sized Asahi superstrates [109]. So it is ideal to optimise the
conditions for micro-sized features. Similar superstrate approaches have been
previously used in [96, 110] to study the deposition and properties of nc-Si:H. For this
chapter, micro-textures on glass are created using a 300 nm-thick indium-doped tin
oxide (ITO) sacrificial layer. This layer is etched using HF to produce textured glass. The
process is explained in detail elsewhere [111]. The single-junction nc-Si:H solar cells
included in this study have an absorber thickness of 2.5 um. The solar cells have
hydrogenated indium oxide (IOH) as the front electrode TCO. IOH is RF magnetron
sputtered from a ceramic indium oxide (InpO3) target in Ar/O,/H,O mixtures at room
temperature. The resulting solar cell architecture is given in Figure 2.1(C).

The solar cells were designed to sweep across crystalline phase fraction (y.) from 30%
to 90%. 54 samples were fabricated with combinations of randomly varied Fy, p, and
PD at Fgipgs = 3.2 sccm. These samples depicted a variety of y values. p is varied from
3.0 mBar to 5.0 mBar, Fyy is varied from 100 to 200 sccm. A deposition series with PD
varied between 0.34 and 0.47 W/cm? at p= 4.0 mBar, F» = 120 sccm is also made. This
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set of samples is referred to as “power-series”henceforth.

2.1.5. Solar cell characterisation

The open-circuit voltage (V) and fill factor (FF) of solar cells were measured by a
WACOM-class AAA xenon-halogen dual lamp continuous AM1.5G spectral simulator at
25 °C. The short-circuit current density (Jsc) values were calculated based on the
external quantum efficiency (EQE) measurement of solar cells. This helps to prevent
the effect of any mismatch between the solar simulator spectrum and the AM1.5
spectrum. Also, it eliminates any overestimation of current caused by errors in
estimating the active cell area in small-area solar cells. EQE measurement is conducted
at a short-circuit condition of 0 V and a reverse bias condition of -2 V. The total
reflection of the solar cell is also recorded using a LAMBDA 1050+ UV/Vis/NIR
Spectrophotometer with a 150 mm InGaAs integrating sphere from PerkinElmer.

xc of the solar cells was characterised using a Renishaw Raman spectrometer
equipped with a 633 nm excitation laser. The devices, configured in a superstrate p-i-n
structure, were probed from the rear side (n-doped SiO, layer). The Raman spectra
were deconvoluted into Gaussian components centred around 520 cm™}, attributed to
the crystalline silicon (c-Si) phase, and near 510 cm™ L corresponding to a transitional
or partially ordered phase. Additional Gaussian peaks observed at 160, 320, 390, and
480 cm™! are associated with the amorphous silicon (480 cm™') [112] and silicon oxide
matrix within the bulk absorber. Although there are subtle differences in how to
determine y. from a Raman spectrum [113], in this study, the degree of crystallinity is
quantified using the relation [114, 115]:

_ Aszo + As1o
(0.8A4g0) + As20 + As10

Xc 2.1

where Asyg, As19, and Asgp represent the integrated intensities of the respective Raman
peaks. 0.8 is a correction factor to account for the different scattering cross-sections
from crystalline and amorphous phases in the bulk. Extended Raman measurements
were carried out under the same configuration to investigate the hydride (Si-Hy)
stretching mode (SM) region in nc-Si:H. These stretching modes typically appear within
the range of 1800-2300 cm™!. Gaussian functions were fitted to the spectra to identify
characteristic hydride bonding configurations in the bulk. The low stretching mode
(LSM) peaks, located between 1980 and 2010 cm™!, and the high stretching mode
(HSM) peaks, positioned between 2070 and 2100 cm™!, originate from a-Si:H regions
within the bulk material[116, 117].

In nc-Si:H, the HSM region broadens with additional features at 2120 and 2150 cm™L
which are attributed to contributions from dihydride and trihydride species associated
with amorphous tissue in the nc-Si:H bulk. Furthermore, three narrow HSM
components (NHSMs) appearing at 2083, 2103, and 2137 cm™! correspond to
monohydride, dihydride, and trihydride bonds on crystalline surfaces, respectively.
These NHSMs are indicative of hydrogen termination at crystalline grain boundaries
within the bulk [112, 117, 118].
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2.2. Results and Discussion

2.2.1. a-Si:H to nc-Si:H transition

Figure 2.2(A) maps the variation in solar cell performance with a change in Fsjiy4 from
2.0 sccm to 7.0 sccm at Fyp kept constant at 120 sccm. A secondary horizontal axis is
included in the plot, marking the corresponding y. values for the samples. It is noted
that change in y. is not linear with Fsjjy4. Figure 2.2(B) shows the Raman spectra
normalised about the intensity of 520 cm™!, measured from the n-side. The c-Si peak at
520 cm’! relatively decreases in reference to the amorphous silicon transverse optic
mode at 480 cm™!, with increasing Fsjis. This decrease of the y. with increasing SC has
been well established [95, 101, 102, 113, 119]. A significant and rapid change in y. can
be observed when Fs;py4 is varied from 3.4 sccm to 3.6 sccm. Even though the change in
SC is only 0.20%, a significant change in the y. of about 28% absolute is observed. This
very sharp transition from a-Si:H to nc-Si:H for minor changes in the SC is in agreement
with earlier reports [93, 98, 101]. The transition from the dominant crystalline to the
amorphous phase of silicon significantly impacts the characteristics of solar cells.

It can be observed in Figure 2.2(A) that with an increase in Fsjy4, the amorphous
fraction in the bulk absorber increases (ie, y. decreases), which results in a gradual rise
in V. The V. values range from 400 mV to 940 mV. Beyond the crystalline to
amorphous transition regime, a significant Jsc drops by 12 mA/cm?. The FF also drops
rapidly once the material transitions into an amorphous-dominated phase. The overall
trend of Jg, FF drop accompanied by V. increase with increase in Fsjij4 < is due to the
rise in amorphous fraction of the solar cell [120].

The EQE spectra in 2.2(C) further explain the J,. variation. For Fgjys < 3.0, significant
loss occurs in the collection of high-energy photons (blue part of the spectrum,
wavelengths (1) below 500 nm). The least loss occurs for Fsips = 3.0, and it has the
highest Ji. value in the series, for the Fsjiyq > 3.2 major Jgc loss occurs in the infrared
(A >700nm)part of the spectrum, which is in line with [97, 101]. The loss in the infrared
is likely due to the dominance of the higher band gap a-Si:H, and fewer narrow band
gap nc-Si:H grains are incorporated in the bulk. A drop in y. results in a decrease in the
average absorption probability for the low-energy infrared photons. A corollary of this
is seen in Figure 2.2(D), which plots the specific EQE response value at A =400 nm and
A =950 nm. The red response increases with crystalline phase fraction in the absorber.
For a y. >70%, the red response also drops. For y. =10%, photo-response is low in both
the blue (1 <600 nm) and in near infrared (A >800nm). The loss in the blue part of the
spectrum is likely due to poor charge-carrier (both hole and electron) collection.
Generally, the defect density in the amorphous tissue is much higher than that of the
crystalline phase, and consequently, the recombination probability in an y. =9%
absorber is relatively high. Considering that the majority of the high-energy blue
photons will be absorbed near the i/p-interface, the poor collection efficiency of
electron-hole pairs generated upon blue-photon absorption can be understood to be
significantly reduced in these relatively thick, predominantly amorphous absorber
layers.

For Fsjis > 6.0 sccm, the absorber layer is completely amorphous. The transition to a
fully amorphous phase significantly increases the deposition rate, thereby making very
thick a-Si:H layers severely suffer from charge-carrier collection. This leads to a very
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Figure 2.2.: Single junction thin film silicon solar cells made at different SC. (A) External
parameters of the solar cells. (B) Raman spectroscopic analysis of the
crystalline fraction was done on cells from the rear side. (C) EQE of the cells
with the absorber deposited at different SC. (D) QE values at A =400 nm and
A =950 nm.

low FF and Js.. At the same time, V,. follows the trend and increases with Fsjps. For
a fair comparison with other solar cells in the experiment, new samples are prepared
with 300 nm a-Si:H absorber layers, a typical absorber thickness for single-junction solar
cells. This adjustment reduced losses associated with thickness. The highest-performing
sample in this batch demonstrated a V,,c 0of 970 mV, an FF of 65%, and a power conversion
efficiency (m) of 8.9%.

From this variation of SC at VHF PECVD depositions, the processing window of the
a-Si:H absorber is identified with an Fsjgs > 6.0 sccm and Fyo = 120 sccm.  For
crystalline dominated phase Fsjis < 3.5 sccm and Fipp = 120 scem is identified. These
two deposition regimes are explored in detail and optimised for input PD and inlet pin
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the upcoming sections 2.2.2 and 2.2.3.

2.2.2. a-Si:H optimisation on nano-sized textured Asahi superstrates

The experiment is conducted over various p — PD combinations to identify the plasma
conditions that lead to the best-performing solar cells. All solar cells are made at Fsjisa =
6 sccm and Fyp = 120 sccm. Figure 2.3 maps the plasma stability and the external
parameters of a-Si:H single junction solar cells fabricated at different p — PD
combinations. The EQE data of each solar cell is broken down into values at three
different 1: 405 nm, 505 nm, and 705 nm. From the experiment, it is observed that to
maintain a stable plasma, the required PD input increases with increasing p. A
flickering plasma zone is also marked in the figure, where the p is barely enough to
ignite the plasma, but cannot maintain a stable plasma. The p for plasma ignition
scales with Paschen’s law.

The contour plots in Figure 2.3 (A), (B) map the V;,. and FF of all the 27 single junction
a-Si:H solar cells made against a p — PD grid. The V, is the highest at a low-p, high-PD
region. This is due to the high deposition rate (= 0.8 nm/s) under this condition. The
high PD results in high deposition rate, subsequently resulting in less dense material
with high volume deficiencies. A FF of 68% is attained at 5 mBar and PD = 0.30 W/cm?
at a deposition rate = 0.4 nm/s. Figure 2.3 (C), (D) shows that both 1 and Js: exhibit
similar trends, marking a sudden drop in performance for p > 5 mBar.

The EQE spectra of samples were extracted into three components at A =405 nm,
A =505 nm, A =705 nm in Figure 2.3 (E), (F), (G). The QE plot at 1 = 405 nm (Figure 2.3
(E)) indicates that the cells experience a conversion loss in the blue region of the
spectrum under low-p, high-PD deposition conditions. However, this loss of blue
response is not observed in any RF-deposited a-Si:H single junctions with the same
p-doped nc-SiO:H window layers (EQEs not shown in this chapter). It is previously
reported that vigorous deposition conditions for intrinsic a-Si:H cause a boron impurity
diffusion ( via etching of existing p-doped layer and redeposition at the p-i interface) in
the initial growth phase of the intrinsic a-Si:H single junctions [121, 122]. f is a critical
parameter in determining the ion energy distribution in the plasma. Assuming a
collisionless Child-Langmuir space charge sheath, the energy distribution of ions
bombarding the substrate follows a broad and bimodal distribution at 13.56 MHz RF
[99, 123]. In RE the ions tend to respond instantaneously to varying sheath voltage
values as the ion transit time to cross the plasma sheath is smaller than the RF cycle.
With an increase in f, as discussed in this experiment, for VHF 40.68 MHz, the
distribution of the ions reacts only to an average sheath voltage value, resulting in a
narrow energy distribution [123]. This variation in ion energy distribution in a VHF
plasma, when compared to RE is cited as a contributing factor to boron impurity
diffusion at low-p. By fine-tuning the p — PD combination, this boron tailing can be
avoided. A ’pressure surplus’ processing region near the unstable (flickering) plasma
zone results in an EQE >0.75 at A = 405 nm. This can be attributed to an increase in
ion-neutral collisions in regions of higher p and lower PD [99]. EQE at A = 705 nm is an
indicator of the bandgap of the material. At the high PD and low-p combination region,
the bandgap of deposited a-Si:H is high (as noticed from the V), which causes a
diminished EQE response at (A = 705 nm).
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Figure 2.3.: External parameters of a-Si:H single junction solar cell. (A) Vg, (B) FF (C) Js¢
and (D) n. The A specific QE values are extracted from EQE data to make the
bottom box, (E)A = 405 nm, (F)A = 505 nm, (G)A = 705 nm

Figure 2.4 shows a summary of the processing conditions taking into account blue
response, red response and V, of the solar cells with an absorber thickness of 300 nm
fabricated at those processing conditions. Different zones are numbered in the p — PD
grid. Zone 1 belongs to the region where the input power is insufficient to ignite the
plasma at the given p. The boundary of this region, marked with stars, marks the values
at which the plasma seemed unstable (flickering). Zone 2 and Zone 3 (neighbourhood
of unstable plasma zone) have a V,,. value of around 0.80 V. Zone 4 further decreases the
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Figure 2.4.: Summarised plot of the a-Si:H deposition outcome (mainly V,, and specific
QE value at A = 400 nm) at various p — PD combinations arranged to 7
different groups.

Voc = 600 mV. Zones 5 and 6 yield a V,,c > 910 mV, but Zone 5 exhibits a poor blue
response. Zone 7 of the grid - the low p and high PD conditions, start forming silicon
dust particles as a result of silane polymerisation [124]. The region between zones 5 and
6 has the highest n with V;,c = 934 mV, FF = 68 and a blue response QE > 0.70 combined
with red response QE > 0.29. The Tauc bandgap energy (Erqy.) of a-Si:H deposited
under these conditions is 1.90 eV 2. The p — PD grid mapping is significant as it
demonstrates the feasibility of achieving varied band gaps in deposited a-Si:H films
under identical precursor gas flow conditions, which is crucial for the fabrication of
bandgap-graded solar cells.

To add context to the optical performance of a-Si:H at VHE the EQE spectra of a-Si:H
single junction solar cell deposited at RF (optimised processing conditions mentioned
in Table 2.1) on the same multichamber deposition tool are also added to Figure 2.5. The
influence of an increase in the material bandgap is clearly visible as the drop in EQE
response at long wavelength ranges of the spectrum.

2.2.3. nc-Si:H optimisation on micro-textured glass superstrates

In Section 2.2.1, it is observed that a Fsjys <3.7 sccm and Fyz = 120 sccm had resulted
in deposition of crystalline absorber y. >25% on Asahi UV superstrates. Additionally, we
observed that the change in performance is mainly correlated with the crystalline phase
fraction of the deposited material. It is widely reported that device quality nc-Si:H is
obtained for plasma conditions near the crystalline-to-amorphous "transition regime"
[98, 101, 106, 119, 127-129] and that this particular transition regime is usually within a
very narrow processing window [106, 129].

2This value is directly obtained from the Tauc-Lorentz model fit of spectroscopic ellipsometry data. Eqgy¢ is
reported as it is close to the actual electrical band-gap of amorphous materials [125, 126].
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Figure 2.5.: EQE of VHF PECVD wide band gap a-Si:H compared to RF PECVD wide BG
a-Si:H, and RF PECVD narrow BG a-Si:H.

Figure 2.6(A),(B),(C) and (D) plots the external parameters and resistances (series and
parallel) of the solar cells. The cells made in power series are overlaid on the plot with
semi-open data points and dotted lines. As observed from the plots, the power series is
a good representative of the effect of y. variation in solar cells.

General trend: In Figure 2.6(A), the V,. drops continuously with increasing
crystalline volume fraction. This is previously observed in detail for different processing
techniques by Droz et al. [130]. The FF shows a general increasing trend and drops
sharply beyond y. =67%. This drop in FF is primarily attributed to a steep decrease in
parallel resistance as observed in Figure 2.6 (C). High crystallinity can result in cracks
and pinholes and consequently shunt paths through the absorber bulk. The a-Si:H
phase fraction is insufficient to passivate the grain boundaries under these conditions.
At the same time, a mild drop in series resistance is also observed with very high y.
values as more microcrystalline conglomerates are available in the bulk for conduction
[15, 102]. The density variation with crystallinity is discussed in the last paragraph of
this section. Figure 2.6 (C) plots the V;,c x FF product, which is a good representation of
the electrical performance of thin-film silicon cells [131, 132] against y¢. Vi x FF peaks
at around 58 to 65% and declines sharply beyond y. =65%. The J. scatters between 22
and 24 mA/cm? for y. > 50% as the Ji. for these crystallinities is majorly determined by
the dominant light scattering mechanism (interface scattering or TCO bulk scattering).
Owing majorly to a V,c x FF trend, the n shows peak values for nc-Si:H cells with
absorber y. between 61 and 64%.
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Figure 2.6.: External parameters (A) Vo and FE (B) Vy.x FF (solid line is guide to
the eye) (C) Series and parallel resistances and (D) Jsc and n plotted for
nc-Si:H optimisation samples and power series fabricated on micro-sized
superstrate glass. NOTE: The dashed lines represent power series, not a fit
or guide to the eye.
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Figure 2.7.: (A) Stretching modes obtained from Raman spectroscopy measurements of
nc-Si:H solar cells. (B) Increase in crystallinity variation in nc-Si:H absorber
with increase in power. (C) EQE of solar cells from power series.

Power series: Figure 2.7(A), (B)and (C) give the crystallinity from Raman spectra, EQE
and the extended Raman spectra of the solar cells in the power series. The Raman
spectra show that the y. increases with PD, which is in agreement with earlier
observations by[100, 101]. Again, for a 0.03 W/ cm? change in PD near the transition
regime, the y. decreases steeply by approximately 25%. This demonstrates the
sensitivity of this transition threshold to minor variations in the applied PD, similar to
SC. Figure 2.7 (B) gives the EQE of the samples; a transition to amorphous-dominated
absorbers shows significant losses in the blue and near infrared part of the EQE
spectrum, explaining the substantial Js. decrease that was mentioned in the previous
paragraph. For PD = 0.40, the charge collection and red response is highest, which,
when combined with the light trapping of micro-texture, gives Jsc = 25 mA/cm?. The
best performing solar cells from the power series are the ones with nc-Si:H bulk
absorber (with 90 nm thick seed layer) processed at Fsipjs =3.2 sccm, Fp = 120 scem,
p =4 mBar, PD =0.40 W/cm? with Xc =63%. This solar cell has a V¢ = 512 mV, FF =
70.2%. Jsc = 25.0 and n = 9.0%.
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The signature stretching modes of high device quality nc-Si:H are discussed in [100,
112]. Narrow high stretching modes (NHSM) are observed at 2083, 2103, and 2137
cm~!'. These peaks represent the mono-, di-, and tri-hydrides on the crystalline
surfaces[118]. These are generally present in low-density nc-Si:H with very high y. and
will undergo post-deposition oxidation over time [112]. The best nc-Si:H cell
performance is usually observed for the y. without any NHSM after deposition and
sharp extremely low stretching modes (ELSM) peaks. The nc-Si:H deposited at PD =
0.43 and 0.40 W/cm? do not show NHSM peaks. This denotes a dense bulk matrix with
thin, hydride-dense a-Si:H tissue passivating the crystalline grain boundaries, resulting
in a high-quality absorber bulk. The transition to amorphous suppresses the stretching
modes further, and only the ELSM (the ELSM peak at y. =0.08 is considerably small in
reference to low stretching mode (LSM) and high stretching mode (HSM)), LSM and
HSM components are present in the Raman spectra at PD =0.34 W/cm? and Fgipy4 = 3.2
sccm. The stretching modes of amorphous-dominated bulk deposited at PD = 0.34
W/cm? and Fgipg = 3.4 sccm in Figure 2.7(C) demonstrate an LSM, MSM (divacancies)
and HSM (trivacancies) peaks. Medium stretching mode (MSM) peaks in the spectra
indicate hydrogenated multivacancies in the bulk, which increase the material’s band
gap [133, 134].

It can be observed that for both the Fs;jpy4 series and PD series, the highest conversion
efficiencies are achieved for the transition regime, which is located around y. =60%. It
is speculated that a slightly higher value of optimised y. in micro-sized textures
compared to Asahi superstrates is due to the shallow angles of micro-sized textures
favouring crack-free growth of nc-Si:H [110]. Therefore, to maximise the performance
of nc-Si:H absorbers, the processing window should be closely monitored and
controlled. The crystallinity has to be chosen as close to the transition regime as
equipment-dependent control and sample-to-sample fluctuations allow.

The optimised processing conditions of a-Si:H and nc-Si:H absorber materials are
summarised in Table 2.2. Table 2.3 gives the performance parameters of the
best-performing samples obtained from the optimisations discussed in this chapter.

L SiHy H» p PD Thickness  Deposition Xc Voc FF
ayer
[sccm] [sccm] [mBar] [W/cm?] [nm] rate [A/s] [%] [mV] [%]
(i)a-Si:H 6 120 5 0.30 320 4.0 0 934 68.0
(i)nc-Si:H
1.1 120 4 0.4 90 2.25 90
(seed)
(i)nc-Si:H
3.2 120 4 0.4 2500 4.82 62 512 70.0
(bulk)

Table 2.2.: Optimised deposition conditions at VHF of different silicon layers in the solar
cell. The distance between the RF electrode and the grounded electrode
is 13 mm for all p-doped layer depositions, 13 mm for all intrinsic layer
depositions, and 21 mm for all n-doped layer depositions.
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. Xc Voc Isc FF Ry Rp n
f Absorber Material (%] [mV] [mA/em?] (%] [Qem?]  [kQ.ocm?] (%]
RF Narrow band-gap a-Si:H 0 855 16.0 71.7 13 6.2 9.8
RF Wide band-gap a-Si:H 0 902 14.6 68.0 17 4.74 8.9
VHF Wide band-gap a-Si:H 0 934 12.7 68.0 13 4.4 7.9
2 VHF nc-Si:H 63 512 25.0 70.0 9 2.42 9.0

Table 2.3.: External parameters of a-Si:H solar cells deposited at RF and VHF chambers.
Standard deviation (04) of measurements are as follows: root-mean-square
error of Js. = 0.8% (absolute) o ,4(Voc)= 3 mV, 04(FF)= 0.7%, 0,;(Rs)=~ 0.2
Q.cm?, 04(Rp)~ 0.2 kQ.cm?.

2.3. Conclusion

The fabrication of device-grade nc-Si:H and a-Si:H absorber material is realised in VHF
conditions using the same chamber. The performance of nc-Si:H absorber is the best
at a crystallinity near the amorphous to nanocrystalline transition regime (y. = 60 to
65%). Fine-tuning of this value depends on the surface morphology of superstrates. For
a micro-textured glass highest performing cells were made at 40.68 MHz VHE chamber
pressure of 4 mBar, power density of 0.4 W/cm?, silane flow of 3.2 sccm and hydrogen
flow of 120 sccm (resulting silane concentration: 2.6%). Wide bandgap a-Si:H single
junction cells with band gap energy of 1.90 eV, V¢ = 934 mV and fill factor of 68% were
deposited at VHF conditions, at a pressure of 5 mBar, power density 0.30 W/cm?, silane
flow 6 sccm, and hydrogen flow 120 sccm (resulting in a silane concentration of 4.8%).
These will be used as the standard recipes in this thesis.
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Smets, “Superimposed Sacrificial Texturing to Enhance the Optical Performance in Thin Film Solar
Cells’, Progress in Photovoltaics, 34, 465-481, 2026 DOI: 10.1002/pip.70046

Techniques to facilitate excellent optical yield are required to manufacture high-performing solar
cells. In thin film solar cells, light scattering with the help of textured interfaces increases the
absorption path length of photons and reduces the reflection of the photovoltaic active layer. These
textures should also facilitate the growth of crack-free thin film layers, ensuring high efficiency in
multi-junction devices. This work explores three texturing methods for glass that have the potential
to be integrated into solar cells in a superstrate configuration. A detailed study of sacrificial
texturing on glass using i-ZnO (SLT1zp) and indium-doped tin oxide (SLTjTo) is presented. The
optical interaction of these textures is correlated to their root-mean-square (RMS) roughness
(0rms). It is demonstrated that high optical scattering can be achieved for both SLTiro and
SLTrz0 but at different orms regimes. A novel texture with superimposed morphology, named
superimposed sacrificial texturing (SIT), is created by combining SLT;ro and SLT;zo through
sequential wet etching. The SIT exhibits exceptional transmission and light scattering properties.
Nanocrystalline silicon (nc-Si:H) single-junction solar cells were fabricated in a superstrate
configuration to investigate the impact of these textures on indirect bandgap thin-film solar cells.
The efficiency of solar cells on SIT is nearly 0.57% and 1.52% (absolute) more than SLT;To and
SLTrz0 solar cells, respectively. By superimposing two textures, solar cells can combine the
advantages of enhanced optical performance with high-quality nc-Si:H material growth.
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3.1. Introduction

Progress in the conversion efficiencies of photovoltaic (PV) technologies requires a reduction of
the fundamental optical, electrical, and thermodynamic conversion loss mechanisms in solar cell
devices. The introduction of textured interfaces in PV device architectures is a successful light
management technique that improves the optical performance of solar cells. It enhances the
PV-active absorption by enhancing the absorption path length of the light [135]. Texturing of
interfaces is an integral process step in the manufacturing of various thin-film PV technologies,
including CIGS, perovskites, amorphous-nanocrystalline silicon, and wafer-based crystalline
silicon (c-Si) PV technologies [136-138]. Thin-film silicon PV devices are often fabricated in a
substrate or superstrate configuration. For thin-film PV modules, texturing the front window
based on glass in a superstrate configuration or texturing the back reflector in a substrate
configuration is typical to maximise light trapping.

The random surface texture and its surface features can be physically characterised by the
root-mean-square roughness (o), lateral correlation length (Lcorr) and aspect ratios (AR)
[65]. Random textures exhibit a specific range of feature sizes that determine how the light
interacts with the interface between two media (reflection, transmission, and absorption). The
nature of the incoherent scattering mechanisms and the coherent refraction of light by these
textured interfaces lies in their geometry and dimension in reference to the wavelength (1) of the
light [65]. The type of interaction is determined by the shape and size (S) of a surface feature in
reference to the A. As illustrated in Figure 3.1, Rayleigh scattering scatters light equally forward
and backwards, whereas Mie scattering is generally much stronger in the forward direction. For
small sizes of surface features and roughness, incoherent Rayleigh scattering (S << 1) and Mie
scattering (S ~ 1) occur. In contrast, coherent refraction at an interface takes place at large
‘macro’ -sized features (S > 1) [66]. Since the textures present on the glass must maximise
scattering over a broad spectral range (equivalent to the optical response of the thin-film
absorber from the UV to the IR region), the shape and dimensions of the texture features should
be present accordingly. Different textures, shapes, and sizes must coexist on a surface to
maximise the optical gain. This article helps determine the type of texture and which texture sizes
result in the highest transmission and light scattering, thereby increasing absorption in a solar
cell.

nd<<A
Rayleigh

20 00
70

Decreasing A/nd

Figure 3.1.: Rayleigh vs Mie scattering. Illustration inspred by [9].

A general challenge for integrating textured interfaces into thin-film PV devices is that texture
features may induce inhomogeneities, defects, cracks or pinholes in the PV-active materials. This
might deteriorate the film’s electrical quality by enhancing Shockley-Read-Hall recombination of
light-excited charge carriers. The relation between substrate roughness and the accompanying
additional electrical losses is often reflected in reduced open circuit voltage (V) and fill factor
(FF) of the solar cells as described in detail in [78-82]. This demonstrates that there is a delicate
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interplay between increasing optical yield using textured interfaces and preserving electrical
performance [12, 83-86].

Glass is an amorphous solid with a random network of silicon and oxygen atoms [139]. The
absence of both well-defined lattice structure and a suitable etching process makes glass
texturing extremely challenging, especially for large-area applications. Methods such as
photolithography [140, 141] and wet etching of sacrificial aluminium [142] or sacrificial
transparent conductive oxide (TCO) layers [143, 144] on top of glass substrates are commonly
employed to create craters on glass. Photolithography is an expensive and time-intensive
process, especially for large-area processing [145]. For wet chemical etching using a sacrificial
layer, a polycrystalline TCO layer like indium-doped tin oxide (ITO) [144], aluminium doped zinc
oxide (AZO) [146], or gallium doped zinc oxide (GZO) [147] acts as a ‘leaking’ mask that is partly
or wholly removed during a chemical wet-etching process. The etching solution penetrates the
easiest through pinholes and pores around grain boundaries in the TCO material [77]. As the
sacrificial TCO layer dissolves, the glass is etched inhomogeneously, resulting in a random
surface texture. In previous studies, ITO has often been used as a sacrificial TCO layer to add
micro-scale texture and AZO as a sacrificial layer to impart nano-scale textures to glass.

To demonstrate the potential of multi-scale features coexisting on glass, a modulated surface
texturing (MST) concept was implemented by Isabella et al. for substrate configuration. The MST
combined etched glass (07ms = 200 nm) with AZO-induced sacrificial textures (0,5 = 82 nm)
[65]. Later, the MST concept was extended to nano-textures generated with partially etched AZO
in a superstrate configuration solar cell device by Tan et al. and Yang et al. [77, 79, 144]. But these
methods had the drawback of parasitic UV light absorption by the retained AZO or ZnO when
implemented in a superstrate configuration. This report presents an extensive sample-size study
of nano-scale and micro-scale textures for the first time, aiming to determine the design rules for
optimal modulated texturing conditions. A novel texturing method is required to address these
issues for implementing the MST concept in superstrate thin-film devices. In solar cells,
nanocrystalline silicon is an ideal material to illustrate the performance of textures because it
behaves as an indirect bandgap material in the spectral range of 800-1100 nm and requires light
trapping concepts to enhance the absorption in this wavelength range [44, 46].

This work focuses on undoped zinc oxide (i-ZnO) as a novel sacrificial TCO material for
creating small-sized craters on glass. We also explore in detail the conventional method of using
ITO as a TCO sacrificial layer to make large-scale textures. In addition, multiple-step etching of
the glass is identified as a route to create modulated surface textures at the glass surface. The
properties and thickness of the sacrificial TCO layers are varied to make an extensive range of
surface features and texture sizes. Through a comprehensive study of this sample set, the relation
between light scattering, quantified in terms of diffused transmission (Tp) and o5, has been
revealed. This empirical relation serves as a guideline for developing superimposed textured
surfaces (SITs) with a broad spectral range of light scattering. The optical performance of textured
glass substrates in solar cells is demonstrated using hydrogenated nanocrystalline silicon
(nc-Si:H) single-junction PV devices. The nc-Si:H single-junction solar cell devices are fabricated
in a superstrate configuration to compare the impact of all three developed textures on optical
and electrical device performance. An identical solar cell architecture is fabricated on flat glass to
observe the optical response when light scattering is negligible. The thin-film nc-Si:H absorber
layers adopt the morphology of the textured glass when they are processed in a superstrate
configuration. It is demonstrated that exceptional optical performance can be combined with
good electrical performance using SIT.
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3.2. Materials and Methods

Corning XG glass, 0.7 mm thick with ;s < 10 nm [148, 149] is used as a substrate throughout this
study to develop textures. In the study presented here, two different TCO masking materials have
been selected, namely ITO and i-ZnO. Three different texturing approaches are presented in this
work: (i) ITO sacrificial layer texturing (SLTjT0), (ii) i-ZnO sacrificial layer texturing (SLT7z0),
and (iii) superimposed sacrificial texturing (SI7), which uses both ITO and i-ZnO for texturing.
Varying several processing parameters alters the crystallinity (y.), density, and thickness of these
sacrificial TCO layers, resulting in the creation of textures with different shapes and dimensions
[150, 151].

3.2.1. ITO sacrificial layer texturing - SLT;70

SLTrT0 is developed using ITO deposited on glass. A flowchart of the processing method is
presented in Figure 3.2. The first five steps represent SLT 7o texturing. In step 1, Corning XG
glass is cleaned in ultrasonic baths of acetone and 2-propanol for 10 minutes each. During step 2,
ITO is deposited as a sacrificial TCO layer using magnetron sputtering at elevated temperatures.
The properties of the deposited layer are controlled by varying the physical parameters of power,
pressure, and temperature [152, 153]. In subsequent steps 3 and 4, the layer deposited on the flat
glass is wet-etched. Step 3 is the phase in which the TCO is being etched up to the moment the
etchant reaches the glass-TCO interface. Step 4 corresponds to the phase in which both TCO and
glass are being etched. During steps 3 and 4, the TCO deposited over the glass is removed and
dissolved into the bath, and the textures referred to as SLT[1¢ are visible on the glass surface.
The etchant solution used in this study is HF(40%): H202(31%): H2O in the ratio 1:2:10. After step
4, the textured samples are cleaned by dipping in HNO3(69.9%) for 3 minutes (step 5). This step
removes any possible remaining ITO residues.

Design of experiment: To vary the properties of the ITO layer, the deposition conditions are
varied over different combinations of RF power, temperature, and thickness. The deposition
temperature ranges between 200 °C and 300 °C. Deposition power density varies between 1.35
W/cm? and 2.45 W/cm?. The thickness of the deposited ITO layer ranged from 150 nm to 400 nm.
In this specified range of deposition conditions, 35 different conditions have been explored to
create different SLT;T( textures.

3.2.2. i-ZnO sacrificial layer texturing - SLT7z0

A similar approach as in section 3.2.1 is employed for SLT;zp. The flowchart of the processing
method is given in Figure 3.2 steps 1 to 5. During step 2, an i-ZnO layer is deposited as a sacrificial
layer using magnetron sputtering. These layers are subsequently wet-etched using a HF (40%)
solution and HNOj3 (69.9%) solution in a 1:8 ratio in steps 3 and 4. The residual TCO is cleaned by
dipping in HNO3 (69.9%) for 3 minutes in step 5.

Design of experiment: The i-ZnO layer deposition temperature varies between 25 °C and 400 °C.
The deposition power density varies between 0.5 W/cm? and 4.0 W/cm?. The resulting thickness
of i-ZnO is between 120 nm and 300 nm. 26 conditions were explored within this specified range
of deposition conditions.

3.2.3. Superimposed sacrificial texturing - SIT

SIT is developed by superimposing SLT; 7o on SLTjro using two cycles (step 1-5 and step 6-10)
of sacrificial etching as shown in Figure 3.2 in sequence. For this, the deposition conditions
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Figure 3.2.: Flowchart of the sacrificial texturing approach. steps 1-5 are the
development of SLT;to or SLT;z0 depending on the TCO layer. Steps 6-9 are
representations of the superposition of SLT1zp over SLT;To. The processing
steps 1-9 are referenced in the text. Step 3 illustrates an intermediate phase
that occurs shortly after the etchant has reached the glass, and Step 4 shows
the result after the required time has elapsed, resulting in craters and the
complete removal of the sacrificial layer.

resulting in the highest diffused transmission SLT;7o and SLT;zp (will be discussed in Section
3.3.2 were utilised to make SIT. In step 2 (first cycle), SLT 1o sacrificial layer of 360 nm thickness
is deposited at 230 °C temperature and 2.1 W/cm? power density on cleaned glass. This is
subsequently etched as mentioned in section 3.2.1 to make craters of SLT;To (steps 3 to 5). In
step 7, during the second cycle, a 140 nm thick layer of i-ZnO is deposited at 200 °C, 4 W/cm?, and
2.6 micro bar pressure on the textured side of SLT;1¢. This is followed by wet etching (step 8) of
the i-ZnO layer by similar processes explained in section 3.2.2. The residual TCO layers were
removed, and samples were cleaned by dipping in HNO3 (69.9%) for 3 minutes (step 9).

The textures made and their summary of characterisation techniques are given as a flow chart
in Figure 3.3. The characterisation methods are detailed in the upcoming sections.

3.2.4. Characterisation of textures

Atomic Force Microscopy (AFM) is carried out to examine the surface morphology of developed
textures using a Bruker AFM FastScan in the FastScan closed-loop scanner head modus.
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Figure 3.3.: Flow chart representing the design of the experiment and characterisation
steps.

Scanning sizes of a 16 um x 16 um and a 30 pm x 30 pm were chosen for analyzing the differently
sized textures. In cases when small area scans (16 um x 16 um) were not enough to capture all
typical feature sizes and their fractal nature, larger area scans were opted for (30 um x 30 um).
The surface parameters orms, Power Spectral Density (PSD), and slope distribution were
extracted from the AFM data using the NanoScope Analysis software from Bruker. PSD is used to
represent the morphology of textures quantitatively. PSD of the height variation on the surface is
a spatial frequency (in w1 units) representation of the surface based on a discrete 2-dimensional
Fourier transform of the height-height correlation function [154, 155]. NanoScope analyses the
surface slopes based on the normalised occurrence distribution of angles subtended by surface
vectors with the vertical plane. Further, the textures were analysed for their increase in effective
surface area, which is defined as the ratio (in percentage) of the real surface area of the texture to
the projected area. The effective surface area analysis is completed using Gwyddion software
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(version 2.63). In addition, the surface textures have been analysed using Scanning Electron
Microscopy (SEM) with a Hitachi Regulus 8230 at an acceleration voltage of 1.5 kV.

To characterise textures optically, the transmission of all glass samples was measured with
probing light on the flat side as shown in Figure 3.4(a). Optical transmission measurements were
performed using a LAMBDA 1050+ UV/ Vis/ NIR Spectrophotometer equipped with a 150 mm
InGaAs integrating sphere from PerkinElmer. The Angular Intensity Distribution (AID) of
transmitted light was examined using the 180 mm automated reflectance/ transmittance
analyser (ARTA22) accessory on a LAMBDA 950 PerkinElmer unit. Measurement methods of AID
for transparent objects can be found in [156, 157]. The percentage of light transmitted in any
direction other than normal is quantified as diffused transmittance (Tp). Tp values at different
wavelengths were considered the prime metric for quantifying the optical scattering performance
of the textured glass in this work.

3.2.5. Solar cells on textures

Finally, the impact of textures on the optical and electrical performance of solar cells, as well as
their effect on absorber crystal growth, was investigated. Solar cells were made on selected
substrates of SLT;70, SLTz0, SIT, and also on non-textured Corning XG glass (FLAT) for
reference. Hydrogenated nano-crystalline silicon (nc-Si:H) single p-i-n junction solar cells were
made in a superstrate configuration with an area of 5 mm x 5 mm. The solar cell architecture is
shown in Figure 3.4(b).

Air
Contact ‘ . 10:H

(a) (b) 0 M (p)nc-Si0,
Seed i) nc-Si:H )
A xeo0% E‘l (n)nc-sio,
\ Silver
ABIIEGN m crromium
Front,
: A Contact B Aluminium
FC - Front Contact
Probe Light Air G G G

Light

Figure 3.4.: (a) Representation of air/ textured glass/ air system probed from the flat
side. (b) Schematic diagram of a 5 mm x 5 mm solar cell made on a
glass superstrate configuration. Probing direction is also shown for the air/
textured glass/ IOH/ silicon solar cell/ back reflector system.

The solar cells have hydrogenated indium oxide (IOH) as the front electrode TCO. IOH is RF
magnetron sputtered from a ceramic indium oxide (InpO3) target in Ar/O2/H»0O mixtures. The
introduction of water vapour prevents crystalline growth of IOH, and the resulting IOH deposited
at room temperature is amorphous [158, 159]. This choice of IOH is made because it is flat by
nature and omits the possibility of any added roughness and light scattering by TCO grains [160,
161]. The silicon alloy deposition was done on a Plasma-Enhanced Chemical Vapour Deposition
(PECVD) multi-chamber tool with dedicated processing chambers for the boron-doped
hydrogenated nano-crystalline silicon oxide p-layer (B-doped (p)nc-SiO:H), intrinsic
hydrogenated nanocrystalline silicon ((i)nc-Si:H) and phosphorus-doped hydrogenated
nano-crystalline silicon oxide n-layer ((n)nc-SiO:H). The B-doped nc-SiO:H layer (16 nm thick)
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and p-doped nc-SiO:H n-layer (20 nm thick) were deposited using radiofrequency (13.8 MHz) in
the PECVD tool at 180 °C substrate temperature and using BpHg and PH3 as dopant gasses,
respectively. The (i)nc-Si:H absorber layer was deposited at very high frequency (40.68 MHz) at
170 °C substrate and deposition rate of 4.9 A/s. The solar cells have a back reflector consisting of
sputtered i-ZnO (60 nm) and an evaporated silver (300 nm) layer. The front contact is an
aluminium strip with a thickness of 500 nm, and the back contact consists of chromium (30 nm)
and aluminium (500 nm). The solar cell area is defined by 5 mm x 5 mm squares. This results in a
solar cell structure of IOH (150 nm) / (p)nc-SiO:H (16 nm) / (i)nc-Si:H (3000 nm) / (n)nc-SiO:H
(20 nm) / i-ZnO (60 nm) / Ag (300 nm). No external front anti-reflective coatings were applied to
the solar cells presented in this study.

The specific deposition parameters are included in Table 3.1. The deposition rates, refractive
indices (n), and extinction coefficients (k) of the mentioned layers (except the nc-Si:H absorber)
were measured using spectroscopic ellipsometry, and the data are included in the Appendix
Figure A.3. The deposition parameter optimisation of the 3200 nm thick nc-Si:H bulk photoactive
layer is conducted on micro-textured glass, with y. as the optimised parameter. The deposition
conditions are optimised to attain a y. between 55% and 65% to ensure the use of high-quality
material [96, 98, 101]. The deposition rate of nc-Si:H was determined with SEM cross-section
imaging. The n and k values of nc-Si:H are determined by postprocessing spectroscopic
ellipsometry measurements through the effective medium approximation method.

L SiH, Hp Dopant Gas CO, Pressure Power Elec.Gap Depo. rate
ayer
[sccm] [sccm] [sccm] [sccm] [mBar] [W/cmZ] [mm] [A/s]
10
(p)nc-SiO:H 0.8 170 1.2 2.2 0.12 13 0.33
0.02% BpHg in Hp

(i)nc-Si:H

1.1 120 - - 4 0.4 13 2.3

(seed)

(i)nc-Si:H

3.2 120 - - 4 0.4 13 4.9

(bulk)
2
(n)nc-SiO:H 1 170 1.6 1.5 0.11 21 0.16
2% PH3 in Hp

Ar H>O0 Pressure T Depo. Rate

TCO 2 Power sub P
[sccmy] PP [uBar] °C [As]
IOH

50 - 0.06 - 5.7 1.5 27 0.98

(Front electrode)
i-ZnO

20 - - 2.6 2.0 130 0.87

(Back Reflector)

Table 3.1.: Deposition conditions of different layers in the solar cell. PP is the partial
pressure.

The V¢ and FF of solar cells were measured by a WACOM-class AAA xenon-halogen dual lamp
continuous AM1.5G spectral simulator at 25 °C. The short-circuit current density (Jsc) values were
calculated based on the external quantum efficiency (EQE) measurement of solar cells (Js¢,gQE)-
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This helps to prevent the effect of any mismatch between the solar simulator spectrum and the
AM1.5 spectrum. Also, it eliminates any overestimation of current caused by errors in estimating
the active cell area in small-area solar cells. EQE measurement is conducted at a short-circuit
condition of 0 V and a reverse bias condition of -2 V. The total reflection of the solar cell is also
recorded, with the help of LAMBDA 1050+ UV/Vis/NIR Spectrophotometer with a 150 mm InGaAs
integrating sphere from PerkinElmer.

3.3. Results and Discussion

Sacrificial layers of TCOs, each different from the others, were deposited on flat glass and etched
to develop random textures on the glass using the sacrificial method successfully. When observed
under SEM, the i-ZnO exhibits a columnar crystal growth, whereas ITO exhibits bulky growth for
its crystals, as shown in Figure 3.5. Wet etching of ITO and i-ZnO sacrificial layers deposited by
varying power, pressure and temperature produced surface textures over a wide range of o s
values. In the upcoming sections, the discussions will be based on two optical systems: (i)
air/glass/air and (ii) air/glass/IOH/nc-Si:H solar cell/silver. The former system provides insights
into the physical and optical behaviour of developed textures, while the latter offers conclusions
on their impact when employed in a solar cell. The optical properties of textures in one system
are not one-to-one translatable to the other because the Fresnel reflection and transmission
coefficients differ. Additionally, the system (ii) exhibits multiple reflections at the interfaces.

Figure 3.5.: ITO and i-ZnO crystal structure observed with SEM on flat glass. ITO
demonstrates a bulky growth on glass while i-ZnO has a columnar growth
of the crystals.

3.3.1. Physical characterisation of SLT;ro, SLT;z0 and SIT

The shape of craters made using the sacrificial texturing method was observed with SEM and
AFM. Data of SLTirg, SLT;zp and SIT samples are shown in Figure 3.6, 3.7, and 3.8,
respectively. The image suggests that SLT 1o possesses sharp boundaries with a polygonal shape
on the glass surface, compared to SLT7zp, which has more circular borders. Another interesting
visual observation is that SLT;7o possesses a larger fraction of hexagon-shaped craters, whereas
SLTrz0o has a larger fraction of tetragon- and pentagon-shaped craters. SIT was successfully
made by wet etching i-ZnO layer deposited on SLTjTo texture. Upon executing this sequential
etching step on SLT;10, a superimposed version of craters is identified on the glass surface as
shown in Figure 3.8. This is made possible as the sputtered i-ZnO films have more frequent
boundaries compared to ITO to act as a ‘leaking mask’. This columnar structure of i-ZnO allows
multiple paths for the etchant to reach the glass surface and create craters within the large craters
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of SLT;70. This phenomenon occurs uniformly across the entire surface. Multiple leak paths for
the chemical also result in a quicker removal of the deposited i-ZnO mask (in comparison with
ITO) from the surface, which also limits the depth of SLT( craters (compared to SLT;10).

(SLTiro.5)
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Figure 3.6.: AFM images (top row) and SEM image (bottom) of SLT;7o samples. From
left to right, the samples have a decrease in 0, and are named as SLT770-1,
SLTit0-2, SLTiT70-3. N.B. Area of SLT;1¢0-2 and SLTj7p-3 is 16 um x 16 pm
and SLT;ro-1 isa 30 pm x 30 pm.
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Figure 3.7.: AFM images of SLT7zp samples (top row), and SEM image of SLT;zo
samples. From left to right, the samples are named as SLT;z0-1, SLT1z0-2,
SLT;z0-3 indicating decrease in o, ;s and an increase in flat regions.

The surface profiles extracted from AFM data of the samples SLT;ro-1, SLT1z0-1, SIT are
given in Figures 3.9 (a), (b) and (c), respectively. To visualise the signature shape of craters in 3
dimensions (3D), an isometric view (15 pm x 15 pum) of surfaces is shown in the inset. The isometric
view for SLT;7¢ (Figure 3.9 (a)) shows an ‘inverted U’ shape, suggesting that it resembles spherical
sectors. The surface craters of SLT7zo (Figure 3.9 (b)) show an ‘inverted V’ shape at the edge,
suggesting the dips resemble inverted cones. While adding the surface morphologies, SLT;70o
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Figure 3.9.: Surface profile over 30 um length (all graphs in the same scale) of top:
SLT;10-1 sample, middle: SLT;zp-1 sample, bottom SIT sample and their
isometric views (inset). The surface is the glass (G)/air (A) interface, with
media as indicated for each image. N.B. The inset images are flipped
vertically to display their features.

accommodates small cones of SLT;z¢ in its wide spherical craters to form SIT (Figure 3.9 (c)-
inset). Interestingly, the SIT maintains the polygonal-shaped borders inherited from SLT;7¢o on
its surface. The amplitude of the extracted profile of the SLT7p sample is 0.5 um, and that of
SLTy70 is 2 um. The second etching step in SIT fabrication reduces the amplitude of SIT to 1.3
um from the high amplitude of SLT;7¢. After etching, the textures show an increase in effective
surface area by 8.0% for SLT10, 2.5% for SLT170 and 6.8% for SIT when compared to FLAT.

3.3.1.1. Slope distribution of the surfaces

Slope analysis of the textures obtained from their respective AFM scans is given in Figure 3.10.
The conical shape of SLT;zp results in a concentrated slope distribution in the range 0° to
38°(maximum = 7°) in contrast to spherical sector-like SLT;ro with wider angle distribution
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from 0° to 55°(maximum = 16°). Upon superimposition, the slope distribution of SIT resembles
the shape of the slope distribution of SLT;T(, but at the same time shows a shift in peak. The
range of surface slope for SIT is determined by the largest-sized textures (of SLTjTg), whereas
covering the whole area by small conical features (of SLT} () shifts the peak occurrence value to
the left (maximum = 12°). The texture regions contributing to shallow angles (taken as 12° here)
are depicted in Figure 3.11. The wider shallow angle region (greyscale) at crater boundaries of
SIT compared to SLTjT0o implies that the sharp peaks of SLT;7¢ are marginally rounded in SIT
during the second etching step.
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Figure 3.10.: Surface normal distribution curves of SLT;ro, SLTrz0 and SIT in terms of
angle. The occurrence value is normalised such that the total of each curve
adds up to 1. Different angle ranges are identified in the Appendix Figure
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Figure 3.11.: Surface angle distribution of SLT 1o and SIT. The occurrence of angles less
than and greater than 13°is specified. The areas of both AFM scans are 30
um x 30 wm.

3.3.1.2. PSD analysis of the textures

Figure 3.12 is a PSD analysis of three surfaces SLT;70-1, SLT;z0-1 and SIT. PSD is plotted
against spatial frequency (in units of u=1). The PSD of a texture at low frequencies (Zone 1)
characterises the features with large lateral and vertical dimensions. The high-frequency (Zone 2)
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represents small-scale texture features. The influence of feature sizes on light scattering has been
widely discussed with PSD as a tool [65, 162]. It is ideal to have features from both Zone 1 and
Zone 2 in a solar cell, enabling light scattering across a broad wavelength range. Spectrum
scattering by the discussed features in Zone 1 is coherent scattering, which can be understood
using ray optics models. Whereas Zone 2 features (where S < 1) can be understood with Mie
scattering and incoherent diffraction [65, 163]. The highest occurrence for large features is for
SLTrT0, and the lowest is for SLT77o. This implies that the scattering mechanism of SLT;7¢ is
predominantly coherent refraction. The small features occur the most in SIT, followed by
SLTr70. The fact that SIT has most small-scale features is highly likely a combined result of
small textures inherited from SLT77o and pre-existing crater boundaries of SLT;7o. This also
implies that SIT is not a perfect superposition of SLT;zo and SLT;rg. These observations
predict that SIT can be active in interacting with light over the wide range of spectrum from
300-1100 nm.
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Figure 3.12.: PSD function versus spacial frequency of SLT;ro-1, SLT;z0-1 and SIT.
Zone 1 corresponds to large feature sizes, and Zone 2 corresponds to small
feature sizes.

3.3.1.3. Roughness of the textures

Due to the self-affinity of the random textured surfaces, general fractal scaling laws show that the
scan size needs to be much larger than the typical feature sizes (L > S) to accurately determine
Leorr [164]. The AFM scan size is smaller than the required size for features considered in this
work. Therefore, in the remainder of this article, we will plot the optical properties as a function of
o0 rms to demonstrate the empirical relation between parameters.

For SLT|T0, the obtained o ;s value ranges from 186 to 1124 nm. SEM images (Figure 3.6)
imply that the cause of the increase of o5 for SLTjT( is a result of the increased crater depths.
For SLTj 70, the attained 0,5 value ranges between 73 nm and 336 nm. Also, SLT7z( can result
in flat regions on the glass, which can reduce its o, s (Figure 3.7, SLT;70-3). A wide range of
orms values across SLT7zo samples explicitly shows that the variation in i-ZnO’s deposition
conditions can be used to tune the texture properties. This is similar to observations on
nano-scale sacrificial texturing using AZO layers [143, 144]. The o5 of SIT determined from
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the 2D AFM scan area 30 pm x 30 um is 416 nm. This o, is intermediate to the roughness of its
two constituent morphologies.

3.3.2. Diffused transmission of SLT o, SLT;z0 and SIT

Tp data of SLT;7: In Figure 3.13, T for each SLT;1¢ sample is shown as the percentage of total
transmitted light. The diffusivity of transmitted light gradually increases with o ;s for o ;s <500
nm. For 500 nm < 0,5 < 800 nm, there is a steeper increase in Tp. Tp saturates for o5 > 950
nm. Three samples of SLT;7¢, namely SLT;7o-1, SLTiT0-2, and SLT;To-3, are marked on the
plot Tp vs 0 rms. The mechanism of scattering in SLT;7( is refractive - governed by the refractive
properties of the medium at the interface. For this reason, deep textures like SLT;To-1 effectively
scatter light. Whereas, for SLT;70—3 with shallow craters, the diffusivity is limited.

The observed Tp for SLT;ro-1 at A = 400 nm, 600 nm, 800 nm, 1000 nm are 84%, 80%, 79%
and 78% respectively. SLTjrp-1 was made from a 360 nm thick sputtered ITO sacrificial layer
deposited at a temperature of 230°C, power density of 2.1 W/cm?, chamber pressure 16 micro bar
and an argon flow of 45 sccm.
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Figure 3.13.: Diffused Transmittance values in percentage of different sacrificial textures,
SLTiro (red and triangle), SLT7zo (blue and diamond), and SIT (green and
star) at wavelengths 400 nm, 600 nm, 800 nm, and 1000 nm. The lines are a
guide to the eye.

Tp data of SLT;,o: Tp values for each SLT} 7 sample were recorded as the percentage of total
transmitted light in Figure 3.13. The increase in Tp is monotonous with the increase in o p;s.
Three samples of SLT;70, namely SLT;z0-1, SLT1z0-2, and SLT;zp-3 are highlighted in the
data plot in Figure 3.13. The scattering mechanism in SLT} 7 is mainly incoherent diffraction,
which is related to the S of texture. The best scatterers in the set of SLT;7p samples are glass
samples with uniformly distributed and well-developed craters, similar to those in SLT;zp—-1. The
small 0,5 samples like (SLT;zo—3) have intermediate regions without any craters (as observed
in Figure 3.7). This explains the limited scattering ability of SLT},p_3 over all A.

In this experiment, the highest value of Tp is attained at o5 = 318 nm. This sample -
SLTr70-1, was etched from the glass with a 140 nm thick layer of i-ZnO deposited at 200°C, 4
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W/cm?, 2.6 micro Bar pressure and 20 sccm argon flow. The Tp values are 75%, 71%, 67%, and
55% at A =400 nm, 600 nm, 800 nm, and 1000 nm, respectively.

Tp of SIT: The data point at 0,5 = 416 nm in Figure 3.13 (the green star) represents Tp of
SIT. The processing conditions of the ITO layer and the i-ZnO layer in SIT correspond to those of
SLTiTo-1 and SLT170-1, respectively. SIT displays a T higher than all SLT7os but lower than
the best SLTrT0.

Figure 3.13 demonstrates that at A = 400 nm, 600 nm, 800 nm, and 1000 nm, SIT diffuses 77%,
73%, 70%, and 66% of transmitted light, respectively. SIT at relatively small o ,,s shows a high
Tp which is nearly equal to Tp of SLT;7p—1. For A =400 and 600, the data point of SIT appears
similar to an extrapolated point of SLTjzp, suggesting a scattering mechanism similar to
SLT770- For A >600, SIT shows a minor drop in Tp - a behaviour similar to SLT;1¢s.

In the upcoming sections, names SLT;ro and SLTjzo refer to the sample with the highest
observed Tp of the set, i.e., SLT;Tp-1 and SLT; 701, respectively.

3.3.3. AID of SLT]To, SLT]ZO and SIT

AID of SLT 70, SLT1 70, and SIT for four different A are compared in Figures 3.14. SLT scatters
the light over wider angles for all A compared to SLT;zp and SIT. AID of SLT;7( is the highest
for near infrared (A = 850 nm) and red (A = 700 nm), where the wavelength is comparable to o5
of SLTiTo. SLTrz0 shows the highest AID for A = 400 nm, where A is comparable to its o y;s.
The scattered light intensity for A = 850 nm steeply drops beyond 40 °angles and reaches zero at
65 °. The diffractive scattering nature of SLT7( is the reason for the quick drop of Tp for A =
850 nm. This same effect is also observed in Figure 3.13 in the form of accumulated data points
for A = 800 nm and 1000 nm at 0,5 < 0.2 (highlighted with a circle in the graph). SIT exhibits
an intermediate AID of its constituent textures. The diffused transmittance trends in Figure 3.15
also demonstrate the same. SIT exhibits good angular scattering for A = 400 nm and 850 nm,
presumably because the constituent features of SLT;ro and SLT; 7o are closest comparable to
these values.
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Figure 3.14.: Angle dependent transmission properties of SLT;70, SLT1z0, and SIT:
(a) Normalised intensity as a function of scattering angles (5°to 85°).
Normalisation is performed with respect to the maximum intensity. N.B. To
interpret intensity normalised AID graphs of a specific texture at a particular
wavelength, use the corresponding Tp[%] values of that texture at that
wavelength in Figure 3.15.
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3.3.4. Total transmission of SLT;ro, SLT; 70 and SIT
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Figure 3.15.: Total transmission spectra (solid line with symbols) and diffused
transmission spectra (dashed lines) of SLT;ro, SLT;z0 and SIT.

The total transmission (T7oT) spectra (solid line with symbols) and diffused transmission
spectra (dashed line) of different textures when probed from the flat side are shown in Figure
3.15. SLTiro (red curve) shows a lower transmission for all wavelengths compared to FLAT. This
suggests that when we introduce a texture with S > A on a flat glass, the transmission at the
glass/ air interface of the sample decreases. The light incoming from the non-textured side of the
glass interacts with the curved interface of SLT;7¢ as “locally flat” due to its feature diameter.
The interaction of micro-textured glass at this interface follows coherent reflection and obeys
Fresnel’s relations of reflection coefficients for light entering an optically rarer medium at angles
> 0° [9]. With an increased surface area, this texture reflects more light than a flat surface.
Interestingly, a weak interference fringe appears for all SLT77o samples around 350 nm, which is
absent in the transmission measurement of FLAT. The small textures of SLT} ¢ reduce reflection
at the glass/ air interface when compared to FLAT. For SLT}7(, the small features (S~ 1) aid in
breaking the coherence at the glass/air interface. The light scattering is based on incoherent
diffraction and follows the Mie scattering mechanism. The total transmission of SLTjzq is
greater than that of both SLT;7o and FLAT. When the small features of SLT} 7 are superimposed
over SLT;7(, a diffractive nature is added to the optical response. The resultant surface (i.e., SIT)
no longer acts as “locally flat” (in comparison with SLT;7¢). As observed in Figure 3.12 Zone 2,
SIT possess the highest amount of small-scale features among the three textures. For SIT, the
incoherent diffraction scattering dominates the transmission mechanism and as a result, SIT
exhibits the highest transmission spectrum among the three textures.

The interaction of light with textures is determined by their o5, surface vector angles, and
crater shapes. These observations suggest that to combine two textures, the large and small
craters should have distinct, well-defined roughness ranges for which they perform best
individually. These ranges must belong to optically refractive and diffractive regimes. As observed
in this work, optically, this approach yields the least reflectance while also facilitating effective
light diffusion.

3.3.5. Solar cells on textures

The performances of nc-Si single-junction solar cell devices fabricated on SLT;ro, SIT and
SLTrz0 in superstrate configuration are compared. A solar cell is also made on FLAT as a
reference to the textured glass. The performance of solar cells on different textures is shown in
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Figure 3.16 (a), (b) and (c). The performance parameters of each superstrate solar cell are
summarised in Table 3.2. The tabulated values represent the average performance of the top ten
solar cells (out of 30) for each sample. Selected solar cells, their position on the superstrate and
standard deviation (SD) are included in Appendix A of this thesis. The SD of 0,5 and the
external parameters suggest that the texture properties and their effect on cell performances are
homogeneous over the glass strip (3 cm x10 cm) used in this experiment. SIT solar cells showed
the highest power conversion efficiency () among the differently textured solar cells. The n of
SIT solar cells is 0.57%, 1.52% and 2.71% (absolute) more than SLT;ro, SLT; 7o and FLAT solar
cells, respectively. Jsc gQE Of SIT solar cells was significantly higher than the other two textured
solar cells. SIT sample outperforms the next best (SLT;10o) by 0.94 mA/cm?2. Interestingly, Voc
and FF values of SIT, SLT|to are in the same range, whereas V¢ and FF values of SLT7z0 and
FLAT were considerably lower. The efficiency of FLAT is lower than the reported values for n-i-p
substrate cells on flat glass, as seen in [143]. While the V¢ and Jsc values are comparable, the
performance drop is primarily due to a low FF. The values of FF reported here on superstrate
configuration solar cells in this study, for 3 pm thick nc-Si:H single junction solar cells, are close
to the observed values by Tan ef al. for identical p-i-n configuration and thickness [144]. The
electrical losses through series resistances can be further reduced with a thicker IOH as the front
electrode.
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Figure 3.16.: (a) Current density versus Voltage characterisation of solar cells on each
texture, (b) EQE at 0 V bias, (c) EQE at 2 Vreverse bias and reflectance (R) as
a function of wavelength for the solar cells.

3.3.5.1. Photocurrent Density

The optical properties of textures explained in the previous Sections 3.3.2, 3.3.3 and 3.3.4 account
for the reflection of the air/ glass/ air system with two interfaces. In the solar cells, the refractive
index of the layers is graded. Four intermediate interfaces of air/ glass/ IOH/ nc-Si:H solar cell/
silver architecture are decisive in determining the reflection spectrum of a solar cell. Figure 3.16
(c) shows the reflectance spectrum of the solar cells. Two major optical Fabry-Perot cavities [165]
were observed in the solar cell stack, giving rise to interference fringes in the spectra [166, 167]. (i)
The fringe in the visible wavelengths and (ii) fringes in the near-IR wavelength.

(i) The fringes with minima at 350 nm and 525 nm are related to the interference in the TCO
layer (by reflection at the IOH/silicon interface). We observe that with changes in the thickness
of the IOH, the minima of this fringe shift (Appendix Figure A.2). This is shown in Appendix A of
this thesis. Cross-sectional SEM images of solar cell (Figure 3.17) suggest that at the mentioned
deposition conditions, the 150 nm layer of sputtered IOH is conformal, and does not influence
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Sample Orms Voc  xc JscEQEOV) JscEQE(-2v) Alsc,ep  FF Rs Rp n
[nm] [mV] [%] [mA/cm?]  [mA/cm?] [mA/cm?] [%] [Q-cm?]  [kQ-cm?]  [%]

958 £22 540 57 25.8 26.8 1.03 632 110 2.8 8.8

SLT;7o 318+12 534 58 25.1 26.5 1.45 58.7  13.9 1.7 7.9
SIT 416+8 544 57 26.8 27.7 0.94 645 9.0 2.7 9.4
- 521 63 23.1 24.1 1.02 555  13.7 1.0 6.7

Table 3.2.: External parameters of solar cells deposited on different textured glass
samples. The reported values are calculated from ten cells on each textured
substrate which has the highest Vgcx FF value. The standard deviation of
superstrate o, is calculated from four different AFM scan areas on the
same sample. The standard deviation of external parameters are included in
Appendix A Table A.1.

the crater shape. Examining the interfaces as discrete changes in refractive indices (njoH — gjqss
and ng;7ic0n —10H), the IOH/silicon interface makes the dominant contribution to the reflection
losses. The superstrate ;s with respect to the thickness of the IOH front electrode determines
the R and amplitude of interference fringes in the visible spectrum for these solar cells [166]. For
SLTiT0, the 0rms > 10H thickness. For SIT the 0,5 > IOH thickness. Whereas for SLT; 70,
o rms ~ IOH thickness, which implies the interface is relatively flat for SLT7z¢. In solar cells, the
overall reflection losses (R) and fringe amplitude follow the same order as o, ,s: Flat > SLT 70 >
SLTITO >SIT.

(i) The Fabry-Perot interference beyond 700 nm in the near IR region is correlated to
reflections in the nc-Si:H bulk absorber layer. Compared to FLAT, all three textures on glass have
almost nullified the fringes induced by the nc-Si:H. This is because the solar cells on FLAT have
flat interfaces for the absorber layer and back reflector, which are unable to break the optical
cavity formed. With the introduction of textures to solar cells, the specular component decreases
considerably, quenching the interference fringes in EQE and R.

SIT improves the QE in near UV, visible and near IR ranges in comparison with other textures
(Figure 3.16 (b)). The gain is primarily due to the reduction in R combined with the scattering
properties of features. The overall response of the solar cell can be further improved using an
external anti-reflection coating [11, 168]. The spectral utilisation at long wavelengths near IR is
affected by the back reflector properties. From the SEM image in Figure 3.17, it is observed that
the back reflector surface morphology is rather flat and not an exact repetition of the textures on
glass after a deposition of a very thick nc-Si:H layer. The spectral utilisation in the near IR can be
further increased with increasing y. [98], but this often causes a drop in V. Sai ef al. and Guha
et al. have reported an EQE of =0.3 at A = 1000 nm for their record devices at high y. values with a
Voc = of 480 mV [168, 169].

To add results into perspective, Tan et al. had reported the highest Jsc for the superstrate
configuration single texture at oy, = 126 nm, achieving 27.7 mA/ cm?, but at the cost of FF and
Voe, resulting in n = 7.4% [77]. Also, n = 10.2% is reported in the same paper at a 0,5 = 370 nm
and a Jsc of 25.6 mA/cm? [77]. For a TCO (5 pm thick)-based pyramidal texture approach on flat
glass (07 ms not available), the highest reported 7 is 10.9% at a Js¢ of 27.5 mA/cm? [45] by EPFL. A
similar TCO-based MST approach on periodic honeycomb textures on glass has also been
reported for two-junction tandem solar cells, with a total spectral utilisation of approximately
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26.0 mA/cm? [170]. For a periodic honeycomb texture on glass with IOH (150 nm), a spectral
utilisation of 28.6 mA/cm? is reported by TU Delft [171] in superstrate p-i-n configuration. It has
been a point of long discussion whether the substrate or the superstrate configuration is
beneficial from a conversion efficiency perspective [172, 173]. Still, from an optical standpoint,
the substrate configuration has an inherent advantage in that it does not have a smooth glass (or
similar transparent material) acting as an extra reflective layer at the front of solar cells. In the
substrate n-i-p configuration, the main component to be optimised is the back reflector texture.
The highest reported 7 values on the substrate n-i-p nc-Si:H solar cells are 11.9% with Jsc = 28.74
by AIST, Japan[17, 50] on honeycomb textures developed on wafers with moth eye anti-reflection
coatings [168]. Additionally, a very high Jsc of 32.9 mA/cm? is reported on a honeycomb textured
wafer [11].

3.3.5.2. nc-Si:H absorber quality

Cross-section SEM images of solar cells are shown in Figure 3.17. For a 3 um thick nc-Si:H absorber,
we observe a few cracks (or voids) near the back contact of the solar cells. Cracks are formed in the
crystalline absorber due to the shadowing effect at narrow funnel-shaped growth regions [11, 174].
This crack formation is dependent on the thickness of the cell and the slope of the superstrate, at
which silicon is deposited [78]. These cracks act as sites for charge carrier recombination and low
parallel resistance, leading to low FF.

Figure 3.17.: Cross-sectional images of superstrate p-i-n solar cells made on SLT;ro,
SLTrz0, SIT. The direction of cell deposition is from the glass (marked) to
the top. Defective filaments in the nc-Si bulk are identified and marked with
arrows (gold) and zoomed in (gold boxes). IOH conformality is qualitatively
examined at different crater shapes and zoomed in (red boxes).
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Figure 3.16 (b) shows the EQE of solar cells at 0 V and Figure 3.16 (c) shows EQE of solar cells at
a reverse bias voltage of 2 V. The absolute difference between EQE measurements at 0 Vand -2 V
bias is representative of the recombination losses in the at defect rich filaments in solar cell [175].
From the AJsc, gQE(-2v,0v) values tabulated in the Table 3.2, SLT] 7 has the most recombination
losses in the bulk, this is persumably because of the sharp angles of SLT;zp with its ‘V
shape’ craters. The AJs. is significant in the blue response as well, indicating an electron
recombination in the vicinity of the p/i interface of the cell. These recombinations lead to low Vi
values. As a consequence of the bulk defects, V,¢ and FF values also follow the order of angle
distribution: SIT >SLT ;7o > SLTj7o > FLAT. Python et al. have made a similar discussion on how
the U-type superstrate mitigates crack formation when compared to Asahi V-type superstrates
[109]. We speculate that SIT has the added advantage of smoother crater boundaries owing to
the double etching step involved in making SIT. This suppresses the density of recombination
centres in the solar cell [80]. However, to make a conclusion on this effect in SIT, more statistics
are required.

3.4. Conclusion

This work presents a detailed sample study of three sacrificial random texturing approaches on
glass utilising two different sacrificial TCO layers, namely indium-doped tin oxide (ITO) and
intrinsic (not intentionally doped) zinc oxide (i-ZnO). i-ZnO is a novel TCO material used in
texturing glass. The chapter presents observations on the physical properties of the created
textures and their interaction with light. Using the ITO layer for sacrificial texturing (SLT;70)
resulted in large craters with spherical ‘inverted U’ shapes with peak RMS roughness (0 ms) of
958 nm. Using the i-ZnO sacrificial layer (SLT;z() created small craters with conical ‘inverted V’
shapes and peak attained o;;;s = 318 nm. A correlation is observed between the o5 of the
textures and their diffused transmission. Large-size textures of SLT;ro follow coherent
refraction, while SLT;zp nano textures follow incoherent Mie scattering. The best-performing
SLT;70, SLT1 70 resulted in n of 8.81% and 7.38% with Jsc 25.81, 25.08 mA/cm?, respectively. The
processing conditions of optically best-diffusing textures from each sample set are combined to
make a superimposed texturing - SIT. SIT has features resembling its constituent morphologies
(0rms = 418 nm) and exhibits combined scattering characteristics of both diffractive and
refractive scattering regimes across a broad wavelength. SIT exhibits excellent optical properties
in terms of reflectance and scattering. The nc-Si:H single-junction solar cells made on SIT
resulted in the highest-performing solar cell in terms of external quantum efficiency (EQE) with
Jsc of 26.75 mA/cm? and 1 =9.38% among the mentioned textures.
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Textured glass is utilised in a wide range of applications to enhance optoelectrical performance,
including photovoltaics, biosensing, microfluidics, and photonics. Honeycomb textures have
demonstrated excellent performance in optical devices using crystalline silicon wafer substrates. As
a pathway to translate these advantages to superstrate configuration, hexagonal-shaped
micro-sized craters (honeycombs) are made on glass in this study. We use photolithography
combined with wet etching for this process. The relationship between photoresist mask design,
glass-photoresist adhesion, wet etching steps, and the mechanism of honeycomb formation is
studied. It is demonstrated that the higher the isotropic nature of etching achieved, the deeper the
hexagonal craters will be. The potential of hexagonal textures on the glass to significantly reduce
reflection losses to <8% over the entire spectral range is observed. Finally, hexagonal micro-textures
with 5 um periodicity and 1.01 um depth that effectively diffuses 50% of total transmitted light at
near-infrared (1100 nm) wavelength are developed.
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4.1. Introduction

Texturing of glass is extensively used in applications where active interaction with light is
required. In photovoltaics (PV) applications, textured glass surfaces enhance light trapping to
improve efficiency; in biosensing, textures on glass improve sensitivity and detection capabilities
[176, 177]; in photonics, textures manipulate light generating colours and adding haze [178-180];
in microfluidics, textures make channels for devices [181]. Two broad classifications of textures
are (i) random shapes with random distribution over the surface and (ii) periodically distributed
shapes on the surface.

Wet etching with a deposited crystalline sacrificial layer is an effective method to develop
random textures on glass. The crystals over glass act as a selective mask to form crater-like
structures on glass. This ‘leaking’ mask is partly or wholly removed during a chemical
wet-etching process step [182, 183]. The etching solution penetrates the easiest through pinholes
and pores around grain boundaries in the layer. As the sacrificial layer is dissolved, the glass is
inhomogeneously etched, resulting in a random texture at the surface [77, 184].

To make a periodic texture on any surface, the constituent geometric shape should cover the
plane with no gaps or overlaps. This property is called tessellation. The three regular polygons
that can form regular tessellation are triangles, squares, and hexagons [185]. Regular hexagons
have the smallest perimeter for a given area among all shapes that can tessellate. This property,
referred to as ‘honeycomb conjecture’, makes hexagons the most efficient shape for enclosing
and separating spaces [186]. For crystal depositions, honeycomb-shaped textures minimise the
length of sharp boundaries caused by texture borders, which can otherwise interfere with crystal
structure, causing cracks [187]. For this reason, hexagonal textures (alias ‘honeycomb textures’)
are of special interest in thin-film PV applications. Commonly adopted methods to make periodic
hexagonal textures are nanoimprint lithography(NIL) [188], laser ablation [189], and
photolithography [190]. NIL is a method of physically pressing polydimethylsiloxane (PMDS)
mould with a targeted pattern onto a substrate coated with a thin polymer layer. The polymer
layer with the impressed pattern is cured under ultraviolet (UV) light as the next step. Upon
removal of the PMDS stamp, the complementary pattern is made on the substrate [191, 192]. A
nano-imprinted resist layer can also be used as a three-dimensional etching mask to obtain a
hexagonal pattern in the c-Si absorber surface by reactive ion etching [193]. To make hexagons on
metals, laser ablation is utilised. A nano-pulsed fibre laser beam travels in a hexagonal pattern on
the substrate surface to remove a material partially through vaporisation or sublimation [194].

Photolithography uses polymer-based materials known as photoresists (PR). The PR layer
clones a desired pattern with the help of either X-ray or UV light transmitted through a
photomask [195]. When exposed to these high-energy wavelengths, the PR degrades. These
degraded areas are removed in the following step called ‘development’ . In the final step of
pattern generation, the glass substrate with PR masks is dipped in an etchant to remove material
from its surface. Since PR-covered regions act as a shield for etching, selective etching through
the PR-less areas creates patterns on the substrate. Photolithography is generally used to make
patterns on silicon wafers [196, 197]. Lithography with row-wise distributed and alternatively
spaced orifices for wet etching can make hexagonal patterns [198, 199]. In this method, a silicon
dioxide (SiO») layer is grown on the wafer surface and subsequently patterned with orifices. The
wafer is subsequently wet etched isotropically using (HNOz:HF:CH3COOH—25:1:10) acid
solution or BHF to obtain hexagonal features [46, 47, 187, 200]. Texturing methods on glass differ
from texturing on silicon wafers. Glass is an amorphous solid with a random network of silicon
and oxygen atoms [139]. To develop honeycomb textures on glass wafers, a similar
photolithography mask technique can be employed. This can be done without an additional SiO»
layer [201, 202]. However, upon direct translation of photolithography and subsequent etching
steps to glass, the resultant textures suffer from flat bottom regions [141]. The detailed
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optimisation of the steps involved in photolithography to create honeycomb textures on glass has
not yet been explored. Hexagonal textures with flat bottom regions cannot actively scatter light
itself and require additional scattering mechanisms [203] when used in PV applications.

The work presented in this article aims to develop a fabrication process for making honeycomb
textures on glass with rounded bases. We have taken the process of making honeycomb textures
on silicon [187] as a starting point and optimised it to achieve the desired rounded features on
glass. For the first time, this work identifies challenges specific to developing honeycomb textures
on glass using photolithography. The underlying wet etching mechanism and its implications on
surface morphology are explored in detail. Further, process parameters based on the shape and
height of the hexagons are optimised. We define a term ‘effective orifice diameter’ as a parameter
to quantify the isotropism involved in the generation of hexagonal textures on glass. Finally, we
demonstrate the potential of hexagonal textures on glass to enhance total transmittance while
ensuring excellent light scattering.

4.2. Materials and methods

4.2.1. Generating hexagonal textures on Glass

The methodology adopted to create hexagonal textures on glass is similar to that described in
[187, 204]. The glass substrates used in this study are Corning glass XG Boro-alumino-silicate glass
wafers of 4 inches in diameter and 0.7 mm thickness with a primary flat [148, 149]. The basic
process for obtaining the honeycomb textures using photolithography on the glass superstrates is
depicted in Figure 4.1. Each step in Figure 4.1 is detailed in the following subsections.

-l-l-l- BHF [HF:NH,F — 1:7]
— e mm w w uimimde

XG Corning glass Photoresist Coating UV Exposure Development Wet etching HC textured glass

O

Figure 4.1.: The schematic diagram of all steps involved in generating hexagonal textures
on glass (top row). The bottom row shows the Corning glass wafers after the
corresponding steps.

4.2.1.1. Step 1: Superstrate preparation

The glass wafers are composed of silicon oxide, which makes them extremely hydrophilic. In Step
1, the glass wafer undergoes a non-acidic cleaning step to remove organic impurities from its
surface. This includes 10 minutes of ultrasonic cleaning in an acetone bath followed by 10
minutes in an isopropyl alcohol bath [205, 206]. The cleaned glass is dried with nitrogen flow and
loaded for further processing. It is essential to conduct these steps with minimal delay to prevent
the hydroxyl groups from getting attached to the surface from the atmosphere [206].

4.2.1.2. Step 2: Coating of PR on superstrate

Following cleaning, the next step is to coat the PR onto the glass superstrate. An EVG120 coater
machine is used for this step.
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Pre-coating bake: In a pre-baking step inside the EVG 120 coater, the substrate is annealed at
100 °C for 600 s. This is an extra step to decrease the surface density of hydroxyl groups attached
to the surface as much as possible.

Hexamethyldisilazane (HMDS) exposure: After prebaking, the wafer is vapour-primed with
HMDS on a hotplate in order to suppress any remaining hydroxyl groups. HMDS priming of the
surface before coating PR significantly affects PR adhesion on the surface [206]. The reaction
between the OH group on the surface and methyl groups boosts the hydrophobicity of the
surface. HMDS forms a strong bond with hydroxyl groups on the wafer surface, thereby bridging
the inorganic wafer and the organic photoresist [206, 207]. EVG120 exposes the samples to HMDS
with Ny as the carrier in a separate priming chamber. This process is carried out at 130 °C for 50
seconds.

PR coating: The PR used in this work is Shipley SPR3012 positive PR. 1.4 um thick SPR3012
is coated on glass. The coater tool dispenses 2600 ul of PR at a rate of 1000 ul/s onto a wafer
spinning at 600 rpm. Afterwards, an acceleration of 2500 rpm/s is applied until the wafer reaches
a rotational speed of 3450 rpm, which is maintained for 30 seconds. Resist can flow around the
wafer edges, or the resist may splatter from the coater bowl, too. Both cases can land the PR on
the back side of the glass wafer and can eventually cause issues in later processing steps (such as
contaminating hotplates or introducing flatness errors during exposure). Then, the backside of
the wafer is rinsed (BSR) with propylene glycol methyl ether acetate (PGMEA) for 2 s at a rotational
speed of 1700 rpm. At the end of this step, the rotational speed increases to 2500 rpm to remove
the PGMEA.

Post-coating bake: Once the PR is coated on the wafer, it is soft-baked (or post-coating bake)
for 90 seconds at 90 °C. This step ensures that a monolayer of the PR is formed on the superstrate
surface [208]. The formed monolayer ensures that the pattern’s accuracy is maintained
post-development, aiding in the formation of a precise PR mask on the superstrate. The optimum
annealing duration and temperature suggested in the technical datasheet offered by Merck [209]
is used in the EVG120 recipe. This is conducted in a dedicated chamber at 90 °C for 90 s.
Afterwards, the wafer is cooled down on a cooling plate for 20 s.

4.2.1.3. Step 3: Exposure of coated superstrates

The subsequent step after PR coating is the exposure of the coated PR to UV light. The UV
exposure is conducted using the ASML PAS5500/80 Waferstepper. For 1.4 pm thick PR coated
wafers, exposure is done at 150 MJ/cm?. The chromium reticle used for obtaining the hexagonal
textures has a pattern of orifices spaced out at a particular periodicity along the horizontal
direction. Around each orifice, six adjacent orifices occur spaced out at 60°angles. Figure 4.2
shows an SEM image of this orifice distribution on PR mask.

4.2.1.4. Step 4: Development of exposed superstrates

In the final step of the photolithography, the exposed superstrates are developed in the EVG120
Developer. The superstrate is spun at 5 rpm in the developer rack with the developer solution
poured onto the surface. Slow spin speed ensures a uniform layer of the developer solution, which
reacts with the exposed parts of the PR and dissolves them. Then, the superstrate is spun at high
speeds ranging from 2000 to 3000 rpm and washed with DI water to remove the dissolved PR from
the wafer surface. At this step, the PR mask formation is complete with a diameter (D) 1000 + 11
nm and an orifice periodicity (P) 3000 + 13 nm. The standard deviation of D and P reported in this
article are based on multiple measurements of orifice diameter and periodicity after development
of PR.

Hard baking: Following this, the superstrate with the developed pattern is baked at 100 °C for
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Figure 4.2.: SEM image of the 2D distribution of orifices on the PR imparted using
chromium reticle.

90 s to evaporate excess PR and developer present on the superstrate. This step hardens the PR
and causes crosslinking.

4.2.1.5. Step 5: Wet etching of patterned superstrates

The glass superstrate with the patterned PR is to be chemically etched to obtain the hexagonal
texturing on the surface. This is done in a sequence of two steps. The first step involves a 1-minute
dip in a 1:5000 aqueous Triton X-100 ([C14H220(C2H40)n: H20 = 1:5000]) bath. The main purpose
of this bath is to improve the wettability of the surface by the etchant. The Triton X-100 acts as a
surfactant, lowering the surface tension and enabling better contact between the solid and the
aqueous medium [210].

As the next step, the glass wafer is dipped as a whole in the etchant to make patterns. The non
PR coated side of the wafer is not shielded from etching during the process. For glass etching,
hydrofluoric acid (HF) offers an etching rate of around 833 nm/min at 40 % concentration [148,
149, 211]. However, the usage of HF increases the peeling off of the PR due to the influx of the
F~ ions through the PR [212, 213]. To gain better control over the etching rate and etch step, in
this work, we use premade buffered hydrofluoric acid (BHF), comprised of ammonium fluoride
(NH4F) (40%): hydrofluoric acid (HF) (49%) in ratio 7:1. In BHE the buffer results in an increase in
the concentration of F~ ions and due to their high electronegativity, tends to form HF,~ ions. The
PR is more resistant to the diffusion of these ions due to their larger size. This helps to protect the
PR from the impact of HF and aids in better selectivity in the etching of the glass [212, 213].

4.2.1.6. Step 6: Cleaning of textured superstrates

The remaining photoresist on glass is removed with PVA TePla Microwave Plasma system asher.
The cleaned glass is dipped in ultrasonic baths of acetone, followed by isopropyle alcohol for 10
minutes each [205, 206]. The cleaned glass is dried with nitrogen flow.

4.2.2. Design of experiment

Experiments in this work are conducted in three phases. An overview of the design of experiments
is depicted in the flowchart in Figure 4.3. The crater height of a completely developed hexagon
is the metric chosen to define the texture quality throughout the experiments. To clarify the term
height of texture, Figure 4.4 is included.



58 4. Engineering of Hexagonal Micro-textures on Glass

Phase 1:
Baseline definition :

A.  Honeycombs made with baseline
processing condition.
B.  Mechanism of etching.

Phase 2:
Process optimization of :

A.  Cleaning step.
B.  Pre-coating bake temperature,

HMDS exposure.
C.  Hard baking Temperature.
Phase 3:

Implementing process optimisation :

A.  Change in PR thickness.
B.  Change in orifice periodicity.

Figure 4.3.: Design of experiment flowchart. The experiments in this manuscript are
divided into three phases.

Highest Point

Height of
honeycomb

Figure 4.4.: Image of a completely developed honeycomb. (a) SEM image - tilted view.
(b) Concept of height of the honeycomb as defined in the text.

Phase 1 - Baseline definition: To define a baseline for the processing conditions, with the
processing steps elaborated in Section 5.2.1, an etching duration series of 18 to 30 minutes with
2-minute steps was conducted. This experiment was carried out to observe the properties of
hexagonal textures on glass and identify the challenges involved in processing.

Phase 2 - Process optimisation: In this phase, the experiments are designed to optimise the
processes involved in substrate cleaning and preparation (2.1.1), coating on PR on superstrate
(2.1.2), and development of exposed superstrates (2.1.4). The experiments in these three sections
are optimised based on the adhesion between PR and glass.

2.A. Four different cleaning procedures are attempted to identify a suitable surface cleaning
procedure for photolithography on Corning XG glass. i. Non-acidic cleaning with IPA and
acetone in an ultrasonic bath. ii. Acidic cleaning by dipping the wafers in HNO3 (30%) bath for 3
minutes at room temperature. #ii. Acidic cleaning by dipping the wafers in HNO3 (69.5%) at room
temperature for 3 minutes. iv. Acidic cleaning by dipping the wafers in HNO3 (99%) bath and
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then followed by HNO3 (69.5%) bath for 3 minutes each. All baths used for cleaning have
dimensions 15 cm x 15 cm x 15 cm. HNO3 was selected for its feasibility, as it is the standard
cleaning solution available in the lab where these experiments were conducted. These wafers are
cleaned in a deionised running water bath in each procedure. After rinsing, the samples were
dried using the spin dryer. For each cleaning procedure, two wafers were coated with 1.4 um PR
and wet etched for 24 minutes, and their height was analysed with atomic force microscopy
(AFM) data.

2.B. To optimise PR coating on superstrate, variation in pre-coating bake temperature and
HMDS exposure is conducted, staying within the limits of the EVG 120 Coater tool. The
maximum duration for the pre-baking was fixed at 10 minutes since the dipod arm in the EVG120
cannot handle hot superstates. If the superstrates were to be heated longer, they had to be cooled
again before being used in the EVG120. This delay could offer enough time for the surface to
re-adsorb water. To determine the optimum pre-coating bake temperature, the samples were
heated at temperatures ranging from 100 °C to 140 °C, in 10 °C increments. This temperature
range was suggested by the manual provided by Microchemicals for sample preparation [208].
HMDS exposure time varies from 0 to 150 seconds in 50-second increments. For these two
experiments, the hydrophobicity of the surface is studied to identify the influence of each step in
PR adhesion on glass (the measurement procedure is described in Section 4.2.3.1).

2.C. To study the effect of the development steps, the influence of hard baking temperature is
studied. Hard baking is generally done to physically and chemically stabilise the PR material. The
thermal softening and roundening of PR3012 occurs at a temperature around 110 - 130 °C called
reflow temperature [214, 215]. The two options considered for this experiment include hard
baking at temperatures similar to and above the reflow temperature of PR [216]. The first trial is to
heat the superstrates at 110 °C for 30 minutes. The second option is hard-baking the PR at 140 °C
for 30 minutes. It was also necessary to etch the samples to visualise the effect of the hard baking
experiment. The samples were etched using the procedure mentioned in Section 4.2.1.5 over an
etching duration series conducted for 14 to 30 minutes at 2-minute intervals. At each time value,
one wafer was processed and etched. These samples were processed using the parameters
optimised in Section 4.3.5 to 4.3.7. The physical properties of each wafer were studied by AFM
scan of multiple spots on the wafer to ensure spatial uniformity of textures.

Phase 3 - Implementing optimised process: In phase 3 of the experiments, the parameters
optimised through the experiment conducted at phase 2 are implemented. The experiments in
Phase 3 do not impact Phase 2 as the conditions optimised in Phase 2 address the PR-glass
adhesion, which is kept the same for Phase 3.

3.A. To study the effect of variation of PR thickness, the thickness of PR SPR3012 is increased
to 2.1 pm. An etching duration series for 14 to 26 minutes for each PR thickness is conducted.
This work does not attempt to use a chemically different PR because such a change might require
re-optimising parameters explored in Phases 1 and 2. For a 2.1 pm thickness, a 3000 ul volume of
PR is dispensed at 750 ul/s on a spinning wafer at 600 rpm. Then, an acceleration of 1000 rpm/s is
introduced to reach a speed of 1575 rpm, which is kept constant for 30 seconds. The backside of the
wafer is rinsed with PGMEA for 2 seconds at 1500 rpm. At the end of this step, the rotational speed
increases to 2500 rpm to remove PGMEA. Since the UV exposure dose for a sample is determined
based on the thickness of the PR used, a UV exposure dosage of 315 MJ/cm? is required for 2.1 um
thick PR.

3.B. To study the effect of orifice periodicity on etching, PR masks corresponding to periodicity
3 um, 4 um, and 5 pm were used. An etching duration series between 14 and 24 minutes is made
for each periodicity.

At each phase of this work, the observed patterns are physically correlated to the etching
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process utilising matrices defined in the upcoming Section 4.3.3. It has to be noted that the
wafers were etched one at a time, as the author’s attempts to etch multiple wafers simultaneously
in one bath [dimension: 15cm x 15cm x 15cm] had adverse effects on texture uniformity due to
the re-deposition of the peeled-off PR onto adjacent wafers.

4.2.3. Characterisation methodology
4.2.3.1. Hydrophobicity of glass wafers

The surface energy or the hydrophobicity of the surface could be related to the contact angle of a
water droplet dropped onto the surface. This could be measured from the superstrate’s water
contact angle (WCA). WCA is the contact angle formed by a water droplet on the surface. This
measurement is conducted with DataPhysics-OCA200. 1 ul of water was dropped on five different
spots on the superstrate. The droplet’s left and right contact angle with the superstrate is
calculated with a microscopic image of the droplet profile as illustrated in Figure 4.5. The mean
value of the five measurements indicates the hydrophobicity of the surface.

Walter
Dreplet

s s

Figure 4.5.: [llustration of water contact angle measurement. L and R represent the
tangential angles formed by water with glass at left and right contact points.

4.2.3.2. Physical characterisation

To examine the surface morphology of developed textures with AFM, a Bruker AFM FastScan with
a FastScan closed loop scanner head is utilised. Scanning areas of a 16 um x 16 um were chosen
for analyzing the differently sized textures. The surface parameters, such as maximum height and
slope distribution, were extracted from the AFM data using Bruker’s NanoScope Analysis
software. The standard deviation in height measurement of texture was reported based on
multiple AFM measurements of the same wafer. The practical surface area analysis and angle
distribution are completed using Gwyddion software (version 2.63). Gwyddion analyses the
surface slopes based on normalised occurrence curves of angles subtended by surface vectors
with the vertical plane. The Scanning Electron Microscopy (SEM) analysis of the surface was
conducted on Hitachi Regulus 8230 at an acceleration voltage of 1.5kV.

4.2.3.3. Optical characterisation

Optical transmission measurements were carried out using a LAMBDA 1050+ UV/Vis/NIR
Spectrophotometer with a 150 mm InGaAs integrating sphere from PerkinElmer. All glass
samples were probed with light on the flat side for this measurement. The percentage of light
transmitted in any direction other than normal is quantified as diffused transmittance (Tp). Tp
values at different wavelengths were considered the prime metric for quantifying the optical
scattering performance in this work. The total transmission (Tro7r) and Tp of flat glass
(acid-cleaned glass wafer) are also added as a reference.
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4.3. Results and discussion
4.3.1. Mechanism of etching

The different steps involved in forming hexagonal textures through wet etching are schematically
illustrated in Figure 4.6. The circular patterns formed on the glass surface intersect to form a
hexagon due to the spatial placement of orifices on the PR mask.

PR3012

Figure 4.6.: Demonstration of hexagon formation during etching with BHE (a) Position
and spacing of orifices to make hexagonal textures. (b) The initial etching
stage is when BHF enters through the orifice and initiates crater propagation.
(c) Initial intersection points of craters (green dot, marked as g). (d)
Completion of honeycomb formation (red dot, marked as r).

The centre of the orifice can be considered the origin of the etching process, which is marked
as @ in Figure 4.6. The distance between the orifices on PR is translated to the periodicity (P)
of the resultant texture. The etchant penetrates through the orifice and etches glass vertically and
laterally. The lateral etching exhibits a circular behaviour centred at @ The first intersection

point of the formed circles is marked (g ) in Figure 4.6 (c). The circle’s boundary propagates radially
outward and eventually merges with that of its neighbours, as demonstrated in Figure 4.6 (d). The
point @ marks the completion of merging and formation of hexagonal shapes. Removal of glass

in the vicinity of continues until the hexagon formation is completed. By geometry, is at
a distance of P/2 from the origin @ and @ is at a distance P/v/3 from the origin @ Figure 4.7
(a) shows the schematic top view of hexagons on glass. Figure 4.7 (b) shows the top view of a unit
hexagon. The hexagons have an edge with a P/v/3 length.

4.3.2. Physical characterisation of textures

Aregular hexagon is symmetric at 60°rotations and asymmetric at 30°rotations. The surface profile
of wet-etched hexagonal textures differs in two directions with a phase difference of 30°. Figure 4.7
explicitly shows the two directions. Two surface profiles in these directions can describe the entire
surface topology of each hexagon. The two directions are named Red axis (R-axis) and Green axis
(G-axis) for convenience. The G-axis represents an imaginary centre-to-centre line perpendicular
to the edge of the hexagons. The R-axis represents the centre-to-centre line parallel to the edges of
the hexagons. This is demonstrated in 4.8(a).

The height profile along the G and R axes is plotted on the same scale in Figure 4.8 (b). The
observed peak height of the R-axis (H;) is more than that of the peak height of the G-axis (Hg).
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Figure 4.7.: (a) Top view of hexagonal microtextures after final cleaning. (b) Dimensions
of one hexagon unit in terms of periodicity, P (c) The cross-sectional
representation of etched glass with PR assuming isotropic etching with BHE
The axes are marked R and G.

Both profiles are periodic in nature, with periodicity P along the G axis and /3 P along the R axis.
This arises from the fact that @ marks the point of completion of the honeycomb and is located

at a longer distance than (g ) from @

From Figure 4.7 (b) and (c), for the isotropic etching mechanism, the expected texture height
(Hexp) can be related to the orifice diameter (D), and texture periodicity (P) by the equation,
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Figure 4.8.: (a) Demonstration of the asymmetric axes (G and R-axis) of the honeycomb
texture on honeycomb texture (SEM image). (b) Extracted AFM profiles over
the R-axis profile (solid line, marked R) and the G-axis profile (lines with
triangles, marked G). Points with encircled letters are the same as in Figure
4.7 (a). The Profiles are extracted from AFM data with a 3 um periodic texture.
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4.3.3. Effective orifice diameter (D,)

To quantify the extent of isotropism resulting from etching, we define the term effective orifice
diameter (D¢). D, for a specific periodicity is the orifice diameter at which the texture height
is achieved with isotropic etching. A decrease in the numerical value of D, signifies enhanced
directional uniformity in the etching. For any peak height, H measured, D, is given as,

De=2

i—H] (42)
v3 '

The term v/3D,/2P gives a ratio of effective orifice diameter to the diagonal length of the
honeycomb. This term is referred to as D, p from now on in this work. D, p can quantify the
isotropism of a processing step irrespective of texture periodicity. This term is also a measure of
the texture’s sensitivity towards a sub-process. The aspect ratio (AR) of hexagons on glass can be
defined in terms of D, p as

H;

AR=—=—[1- De,p] (4.3)

L
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4.3.4. Baseline processing

The measured peak profile heights H, and Hg with AFM are plotted against etching durations in
Figure 4.9. As explained in Section 4.3.1, the lateral propagation of etching leads to the formation
of hexagons. Once the circles join completely, the honeycomb formation is complete. For baseline
definition time series, this event occurs at 24 minutes. Glass wafers etched below this duration are
under-etched and etched above this duration are over-etched.

The presented time series starts at 18 minutes. For etch durations below 18 minutes, the
situation resembles Figure 4.6(b). For this case, the height of the two profiles is the same
Hy = Hg. Above 18 minutes, the circles intersect along the G-axis, but are still distinct along the
R-axis (as in Figure 4.6(c)). SEM image in Figure 4.10 represents this scenario. From Figure 4.10
(b), it is clear that Hy > Hg once etching starts at point . Both H; and Hyg increase with etching
duration up to 24 minutes and decrease if over-etched. The highest value of H; in this time series
is 0.34 + 0.01 pm, when the hexagons are completely developed.

The value of Hy — Hg increases over time and is highest for completely developed hexagons (etch
time = 24 minutes). Beyond 24 minutes, when over-etched, etching at @ is quicker than as
the conical structures at @ are etched from all sides. This gradually decreases Hy — Hg and starts
flattening out the peaks.

According to the Equation 4.1, for an orifice diameter of 1000 nm and periodicity 3000 nm, Hexp
= 1230 nm. Whereas H; in baseline processing is 0.34 + 0.01 um, which is significantly smaller
than the expected value. This diminishing height effect is caused by PR peel-off as demonstrated
schematically in Figure 4.11 (c). During the wet etching, the orifice diameter does not stay constant
at 1000 nm, but increases with the etching duration. As the orifice diameter increases, the lateral
etching is faster. Etching continues up to a critical level of PR peel-off, causing a flat region at the
base of the honeycomb. The SEM image of texture in Figure 4.11 (a) shows this. Similar cases of
flat bottoms are reported elsewhere in the making of hexagonal textures [141, 187, 203]. The PR
peel-off is mainly determined by the adhesion of the PR to the glass surface [212].

The D, of baseline processing is 2.80 + 0.02 pm. This implies that the effective diameter for
etching is much higher than the intended diameter of 1.00 + 0.01 pm. The corresponding D, p is
0.80 £ 0.01, and ARis 11.2 + 0.1 %.




64

4. Engineering of Hexagonal Micro-textures on Glass

350

Profile Height [nm]
N w
v =3
o o

N
=]
=]

T T
--a- - H
Under-etching: -
Craters intersect along 3 - —y- -
G-axis /5‘ v Hg
A
’ \
’ \
a. ’ \
H~ , -4 N
1w 0y a--4
1. Y.
1y \\ 7 A \
1 \? N v \
1y - N N
1 ‘§’ \ A
1 N
, \;
Z, Y
/ .
Over-etching
I I I i I I I
18 20 22 24 26 28 30

Etch duration [minutes]

Figure 4.9.: Profile height of G-axis (green) and R-axis (red) for wafers processed with
baseline conditions for different etch durations.

Figure 4.10.: SEM images of under-etched glass wafer (corresponding to etching time for
22 minutes in Figure 4.9). (a) Top view. (b) Tilted view.

Figure 4.11.: 3 um periodic hexagonal textures with a flat base. The sample corresponds
to baseline processing conditions etched for 24 minutes. (a) The 2D surface
profile along the G and R-axis as extracted from AFM (profiles are not

to scale).

(b) SEM image. The encircled letters are given to aid in the

interpretation of the SEM image. (c) Conceptual drawing of PR peel-off and
effective orifice diameter D, leading to a flat base.

4.3.5. Influence of cleaning method

The effect of different cleaning steps on texture heights Hr and Hg is plotted in Figure 4.12. Acidic
cleaning with a 30% HNOj3 solution shows an increase in Hy and Hy — Hg value compared to the
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non-acidic baseline cleaning step. This implies that the non-acidic method is insufficient to clean
the wafer surface. With an acid cleaning method, the adhesion between the PR and the glass is
stronger [206]. As a result, the lateral etching is slowed down, implying that the vertical depth
will be higher by the time PR peels off. However, for glass substrates, a further increase in the
concentration of the acidic bath from 30% to 69.5% and 99% HNOj3 decreases texture height. The
nitric acid cleaning affects the surface of Corning glass, altering the chemical composition of the
glass [217], combined with mild surface etching. This minute surface structure change can cause
capillary action and pinning, changing material adhesion [218]. The local surface composition
changes during acid etching affect the surface free energy of the wafer. For concentrated baths, the
composition changes are vigorous enough to affect PR-Glass adhesion negatively. This explains
the decrease in profile height.

Increasing the acidic concentration improves the uniformity of texture over the substrate area.
The standard deviation (o) = 40 nm for 30% HNO3 and o = 10 nm for 69.5% HNO3. This would
imply that the cleaning methodology based on the 30% HNOs3 has a good adhesive nature,
resulting in the deepest textures, but is insufficient to texture the 4-inch wafer area uniformly. For
this reason, 69.5% HNOj3 is selected as an optimised condition in this work.
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Figure 4.12.: Influence of different cleaning methods on hexagonal texture height. G-
axis height (Hg) and R-axis height (H;) are plotted. The standard deviation
represents the uniformity across the wafer surface area.

4.3.6. Influence of pre-coating bake temperature

Figure 4.13 represents the WCA measured for the glass wafer surface before HMDS exposure and
PR coating at different pre-treatment temperatures. The mean WCA peak value is at 85° for the
samples pre-coat baked at a temperature of 110 °C. For any temperature above 110 °C physically
absorbed hydroxyl groups are removed from the glass. In the optimised processing recipe, 110 °C
temperature is used.

4.3.7. Influence of HMDS exposure duration

Figure 4.14 shows the effect of the exposure duration on the PR adhesion. The WCA of wafers
primed with HMDS for different periods, from 50 to 150 s, in steps of 50 s at 130 °C, is depicted in
the plot. Right after the wafer cleaning step - without HMDS treatment, the WCA is 45°. However,
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Figure 4.13.: Variation of contact angle with pre-coating bake temperature. Contact
angle at Left (L) and Right (R) of the water droplet.

the WCA increases with an increase in exposure duration of HMDS, with a maximum value of 80°
attained at 150 s of HMDS priming. The presence of non-polar trimethylsilyl groups on the glass
surface [219, 220] decreases the wettability of the surface and, as a result, enhances PR adhesion
to the glass.
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Figure 4.14.: Variation of contact angle with HMDS exposure duration. Contact angle at
water droplet’s left (L) side and right (R) side.

4.3.8. Influence of hard bake temperature

After developing the coated PR, we observe that the hard baking of wafers results in a change in
a pattern called "roundening". Around reflow temperature, the PR softens, and the top surface of
the PR changes to a blunt orifice border due to the evaporation of the PR from these parts [215,
216]. The top diameter of orifices has become larger due to the rounding effect, channelling the
etchant to the glass surface. Simultaneously, a thermal cross-linking of the PR occurs at the PR-
glass interface at elevated temperatures. Compared to baseline processing conditions, the texture
height increases with hard baking.
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Figure 4.15.: Influence of hard bake temperature on texture height. G-axis height (Hyg)
and R-axis height (H,) are plotted for each time stamp.

Figure 4.15 indicates the texture height along the G and R axes obtained for different etch
durations at 110 °C and 140 °C hard baking. After 18 minutes of etching in both hard bake
conditions, the maximum texture height is attained. Hard baking at 140 °C results in a deeper
texture than at 110 °C for all etch durations. Visually observed, the PR sediment inside the
solution significantly reduces for hard-baked samples. This indicates the improved stability of the
PR mask in etchant.

The value of D, p for hard baking at 110 °C and 140 °C are 0.78 + 0.02 and 0.73 + 0.02,
respectively. The drop in D, p implies the etching is approaching an isotropic nature, forming the
crater with reduced PR peel-off. However, hard baking at such high temperatures can also result
in crack formation in the PR, which could allow the etchant to seep in during the wet etching
process. This situation causes broken periodicity and unexpected spots on patterns on glass
wafers [216]. Changes in PR around reflow temperatures can also shut off some orifices. After
etching, such regions appear as unpatterned patches on wafers. This is an after-effect of the
nonuniform heating of wafers.

4.3.9. Influence of PR thickness

The samples prepared using the optimised recipe were etched for a time series with 2-minute
intervals ranging from 14 to 26 minutes. The variation of texture height along the G and R axes
for 2.1 pm and 1.4 pm PR thicknesses is shown in Figure 4.16. After 18 minutes of etching, 2.1 um
PR coating makes deeper hexagons than a 1.4 pm PR coating. The gain in H; is a consequence
of the protected etching of the honeycomb edges, which is indicated by the same Hg of 1.4 and
2.1 um thick PR. We speculate that the thicker coating reduces the influx of etchant ions through
the PR. The PR peel-off starts at 16 minutes of etching, but the thickness slows the effect. Beyond
18 minutes, the advantage of using 2.1 um PR vanishes as the hexagon formation is complete.
At 20 minutes, the H, value is the same for 1.4 and 2.1 um thick PR. This is because the etching
is prominent for peaks at the R-axis and not for the crest of the G-axis. Other Hr and Hg values
between 16 and 22 minutes coincide, indicating the etch mechanism is the same once the hexagon
formation is complete.

Another significant observation of this experiment is that using 2.1 um PR avoids unpatterned
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Figure 4.16.: Influence of PR thickness on texture height. G-axis height (Hg) and R-axis
height (H,) are plotted for each time stamp.

areas on wafers (caused as a result of hard baking 1.4 um PR at elevated temperatures). This
suggests that at 140 °C temperature, the 2.1 um thick PR does not reflow to the extent that it
affects the developed orifice pattern. The D, p values of process for 1.4 um PR and 2.1 um PR are
0.73 £ 0.02 and 0.71 + 0.02 respectively.

The optimised processing steps for generating hexagonal microtextures on glass is given in
Figure 4.17.

Pre- coating bake
110°C, 600 s
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Figure 4.17.: The schematic diagram of optimised processing steps involved in
generating hexagonal textures on glass from the conducted experiments.

4.3.10. Influence of periodicity

Figure 4.18 shows the variation in height by changing the orifice periodicity. This figure shows
that the profile height increases with the orifice periodicity. The Hy = 0.52 £+ 0.01 um for 3 um
periodicity, Hr = 0.75 + 0.01 pm for 4 pm periodicity, and H, = 1.010 + 0.005 pm for 5 um
periodicity. This implies that the increase in periodicity plays a significant role in increasing the
texture’s height. The increase of texture height with orifice periodicity across all the etching
durations is because point @ is located farther away from the orifice @ when P increases. This
can also explain why 2 extra minutes are required for complete honeycomb formation for orifice
periodicities of 4 um and 5 um than for 3 um.

The D, p decreases as the periodicity increases. The D, p value for 3 um orifice periodicity is
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Figure 4.18.: The influence of orifice periodicity on texture height. G-axis height (Hy)
and R-axis height (H,) are plotted for each time stamp.

0.70 + 0.03; for 4 um orifice periodicity, it is 0.67 + 0.01; and for 5 um orifice periodicity, it is 0.65 +
0.01. The orifice periodicity of 5 um makes the hexagonal texture with the highest aspect ratio of
20.2 £+ 0.1% among all samples used in this study.

4.3.11. Sensitivity of processes, D, p

The effective orifice diameter values, D, and D, p are recorded in Table 4.1. The magnitude of
the drop of D, p value for a step implies the increase in isotropism imparted by the corresponding
step. The final optimised recipe (refer Figure 4.17) changes D, p from 0.80 + 0.01t0 0.73 + 0.02 i.e.,
adecrease in D, p by 0.10 + 0.04. Hard baking is the critical parameter in this optimisation, which
contributed to 70% of this D, p decrease. This implies that hard braking is the most critical step in
the total process. Further, an increase in periodicity enhances isotropism involved in etching by
approximately 3% for every 1 um increase.

The AFM profile and SEM analysis of honeycomb texture for orifice periodicity 5 um developed
with the optimised recipe is shown in Figure 4.19 (a) and (b). It shows the hexagons have changed
from craters with flat bases under the baseline recipe in Figure 4.11 (b), (c), to craters with curved
bases under optimised processing conditions.

Hy D, Dep AR
Process (nm] (nm] ] (%]
Baseline 336+ 4 2800 + 15 0.80 + 0.01 11.2+0.1

Hard Baking 110 °C 370+ 5 2720 + 17 0.78 + 0.02 12.3+0.2
Hard Baking 140 °C 460 + 8 2540 + 20 0.73 +0.02 15.3+0.3

PR Thickness = 1.4 pm 491 + 12 2480 + 26 0.71 + 0.02 16.3+0.4

Opt. Recipe, P =3 um 521 +13 2420 + 26 0.70 + 0.03 17.3+ 0.6

Opt. Recipe, P=4 um 748 + 10 3120 + 23 0.67 + 0.01 18.8 £ 0.2

Opt. Recipe, P =5um 1010+ 3 3750 + 14 0.65 + 0.01 20.2+0.1

Table 4.1.: Texture height, effective orifice diameter, and the associated parameters of
each etching duration series presented in this manuscript.
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Figure 4.19.: Honeycomb textures with optimised processing conditions (etching time of
20 minutes) with H, = 1.010+0.005um. (a) The 2D surface profile along the
G-axis and R-axis, as extracted from AFM (the profiles are not to scale). (b)
SEM image. The encircled letters are added to aid in interpreting the image.
(c) Conceptual drawing of the cross-section with hard-baked PR

4.3.12. Potential of hexagonal textures on glass

Figure 4.20 shows the distribution of surface angles of hexagonal microtextures made on glass
with 3 pm, 4 um, and 5 pm periodicity. The isometric views of AFM scans are shown in the inset.
The distribution of surface normal values of hexagons shows two major peaks. As elaborated in
Figure 4.21, the first peak occurring between 5° and 15° represents crater bases and honeycomb
boundaries. This peak’s intensity and absolute value combined represent the honeycombs’
flatness. The second peak beyond the 15° angle represents the curved surface of the honeycomb
textures. The intensity of this peak is representative of the steepness of the honeycomb. With an
increase in periodicity, both peaks shift toward smaller angles.
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Figure 4.20.: Distribution of surface vectors of the deepest obtained honeycomb texture
for different periodicities, in terms of percentage of occurrence. The
isometric view of AFM (scan size 16 um x 16 um) is shown inset.

Figure 4.22 shows the total and diffuse transmittance corresponding to these samples. The total
transmission (TTor) increases with periodicity, specifically for long wavelengths. Below 800 nm,
a periodicity increase of 1 um shows a gain of 1% in total transmission. Beyond 850 nm, 4 um,
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Figure 4.21.: Surface slopes of honeycomb textures for different periodicity. The angle
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Figure 4.22.: Total transmission (solid lines) and diffused transmission (dashed lines)
spectra of hexagonal textures with periodicity 3 um (top), 4 um (middle)
and 5 um (bottom). Each periodicity has six samples for an etching time of
14 to 24 minutes with 2-minute intervals.

and 5 um periodicity show similar transmission with an increase of 2% compared to 3 um texture.
The diffused transmittance (7p) of hexagonal textures increases with periodicity. This observation
correlates to the smaller surface angles of 5 um hexagons. The hexagonal textures scatter short-
wavelength light the best and show a drop in Tp for longer wavelengths. The drop is steepest for
3 um periodicity, followed by 4 um and 5 um, respectively. The diffusive nature of the hexagonal
texture on glass depends on the crater height. It can be observed that the highest transmittance
spectra of each time series for pm, 4 pm and 5 um periodicities correspond to the deepest sample
in the set. In general, hexagonal features with higher periodicity values and deeper texture exhibit
high optical transmission and scattering properties.
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4.4. Conclusion

A detailed analysis of the processes used to make honeycomb textures in glass superstrates has
been conducted. The influence of these processing parameters, especially their effect on texture
depth, is studied in detail.

Glass wafer surfaces require acidic cleaning to facilitate proper adhesion between glass and PR.
This was done by cleaning the glass superstrates with 69.5% HNO3 followed by a running water
dip and spin-drying. Pre-baking of wafers at 110 °C for 10 minutes before coating with PR
ensured the removal of any amount of adsorbed water from the surface. Additionally, it was noted
that during the coating step, priming the surface with HMDS at 150 °C for 150 s best removes the
polar hydroxyl groups to improve the surface adhesion towards PR. Using a 2.1 um for SPR3012
reduces the diffusion of the etchant ions through the PR. Post development, the samples were
hard-baked at 140 °C for 30 minutes to enhance PR adhesion via cross-linking. Using these
parameters, honeycombs were made on glass wafers with varying periodicities of 3 pm, 4 pm and
5 um. At 5 pm, hexagonal microtextures with 1010 nm absolute depth are obtained.

Hexagonal texturing on glass does not exhibit perfectly isotropic etching, a property dedicated
to the spatial distribution of orifices. A parameter, D, p, is defined, successfully quantifying the
extent of isotropism exhibited by the texturing process. The total transmission and scattering of
light by hexagonal textures depends on their angle distribution. As the periodicity and height of
the texture increase, hexagonal microtextures exhibit enhanced transmission and scattering
properties.









Thin-film Silicon solar cells on
Hexagonal Microtextured Glass

This chapter is based on the publication:
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“Hexagonal Microtextured Glass to Achieve High Optical Performance in Thin-Film Silicon Solar
Cells” Solar Energy, 306 (2026), 114292. DOI:10.1016/j.solener.2025.114292

Periodic hexagonal microtexture arrays (also known as honeycombs) are successfully implemented
for the first time in a superstrate glass configuration. Hexagonal textures on glass demonstrate an
anti-reflective effect when compared to flat glass. It is shown that the light scattering increases at
the honeycomb interfaces with an increase in texture height and periodicity. The performance of
the textures is demonstrated using thin-film single-junction PV devices based on an indirect
bandgap semiconductor material, nanocrystalline silicon (nc-Si:H), which requires light trapping
in the infrared region of the spectrum. Inspecting the nc-Si:H bulk absorber suggests a conformal,
crack-free growth of crystals on the hexagonal arrays. Short-circuit current density (Jsc) increases
with an increase in aspect ratio of the superstrate, without compromising on voltage and fill factor.
The Jsc enhancement is attributed to a combined benefit of (i) the anti-reflective nature of
developed textures, (ii) trapping light within the absorbing layer through multiple order diffraction
at the front and (iii) reflection from a back reflector with adapted hexagonal morphology. With the
above observations, a Jsc of 28.6 mAlcm? (photovoltaic conversion efficiency of 9.3%) is achieved
for a 5um periodic texture with a height of 1um (aspect ratio = 0.21). This is the highest reported
Jsc for a single-junction nc-Si:H solar cell in a superstrate configuration without an external
anti-reflection coating.
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5.1. Introduction

For thin-film solar cell technologies, such as copper indium gallium selenide, cadmium telluride,
amorphous silicon, nano-crystalline silicon and perovskite, minimising absorber-layer thickness
offers multiple benefits, including high production throughput, lower production costs,
improved stability against light-induced degradation and enhanced carrier collection. To achieve
high efficiency with thin layers, these photovoltaic (PV) devices require enhanced optical
performance, which is accomplished by increasing light coupling and light trapping [221]. This is
typically achieved using random or periodic textures that scatter light at the interfaces. This
extends the light path length, thereby improving photoconversion efficiencies [64, 72, 198, 221,
222]. Random textures have been extensively explored and correlated with an enhanced optical
performance [77, 79, 144, 223]. In recent years, periodically textured substrates have been
extensively studied as an alternative route and have been reported to achieve current densities
higher than those conventionally used with randomly distributed textures [47, 67, 73, 224].

Typically employed periodic textures are either pyramidal in shape or two-dimensional (2-D)
gratings. However, thin-film PV technologies with a crystalline phase in the absorber are not
compatible with the steep slopes of the pyramidal shape [46, 110, 144]. In contrast, a 2-D grating
shape facilitates high-quality crystal growth [46]. The periodic shape that can cover an area with
the least perimeter is a hexagon [186]. For crystal depositions, hexagon-shaped textures (also
known as honeycomb (HC) textures) minimise the length of sharp boundaries created by texture
borders, thereby reducing defect formation [187]. Different methods to make hexagonal-shaped
periodic textures on potential solar cell substrates include nanoimprint lithography [188, 193],
laser ablation (for sheet metals) [189, 194], or photolithography [187, 190, 225]. HC textures have
been previously implemented in monocrystalline silicon solar cells [222, 226], as well as in
thin-film solar cell technologies [193, 227]. In wafer-based technology, HC textures are
implemented on the illuminated side of wafer substrates [198, 222, 226]. In thin-film technology,
hexagonal periodic arrays are typically employed on opaque substrates on the reflective side [11,
18, 168, 187, 227]. The photoactive layers are subsequently deposited on these arrays. In such
cases, the morphology features flatten out when multiple layers are stacked on top of it. This
means that the morphology of the illuminated cell surface is not a replica of the hexagons [204]
and fails to capitalise on the full light-management potential of texture. On the contrary,
superstrate configuration enables us to implement textures on the illumination side of a solar
cell, typically on transparent superstrates [77, 228]. Thus, the initial light scattering before
entering the photoactive layers in the superstrate configuration is independent of layer
conformality. A feasible method for creating HC textures on glass is to use photolithography [140,
213]. The optical properties of hexagonal textures on glass and their implementation in
superstrate-configuration solar cells have not been extensively explored yet and are the primary
focus of this article.

For the first time, this article presents a comprehensive optical characterisation of hexagonal
microsized textures on glass. The optical interaction is correlated with the physical height and
surface features of the hexagons. Finally, we explore the effect of periodic front-textured glass on
solar cell performance. The HC-textured glass is utilised as a superstrate for an indirect band-gap
material, such as hydrogenated nanocrystalline silicon (nc-Si:H), to fabricate single-junction solar
cells. Additionally, we examine the quality of silicon crystal growth on the texture.

5.2. Materials and Methods

5.2.1. Generating Hexagonal Textures on Glass

This study uses Corning glass XG Boro-alumino-silicate glass wafers, with a 4-inch diameter and
0.7 mm thickness, featuring a primary flat side [148, 149]. UV photolithography is used to generate
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HC textures on the glass superstrates. A flowchart of this approach is presented in Figure 5.1. In
Step 1, the Corning glass wafer is cleaned with 69.5% HNOj3 for 3 minutes. The wafer is dried and
annealed in Step 2 at 110 °C for 10 minutes (pre-coating bake). In the subsequent Step, the wafer is
exposed to hexamethyl disilazane (HMDS) for 150 seconds at 150 °C, using nitrogen as the carrier
gas. In Step 4, 2.1 um of Shipley SPR3012 positive photoresist is spin-coated. An extra annealing
(post-coating bake) is then performed at 100 °C for 90 s. In Step 6, UV exposure is conducted using
a chromium reticle with periodically distributed holes. The periodicity (P) of hexagonal textures
is directly determined by the orifice periodicity of photoresist masks produced by UV lithography.
Step 7 involves pattern development, in which the exposed areas of the photoresist are removed.
The photolithography technique implemented on glass requires an additional hard-bake (Step 8
- post-development bake) at 140°C for 30 minutes. In Step 9, the pattern is transferred from the
mask to the Corning glass wafer through a 20-minute dip in premade buffered hydrofluoric acid
(BHF), comprised of ammonium fluoride (NH4F) (40%): hydrofluoric acid (HF) (49%) in ratio 7:1.
The wafer is then rinsed with deionised (DI) water, and the remaining photoresist is removed. The
processing parameters in the flowchart shown are optimised so that the etched hexagonal shapes
beneath the photoresist mask are well-defined and not over-etched. The detailed concepts and
optimisation of the steps involved in creating hexagonal textures on glass are discussed elsewhere
[140]. An image of these HC textures obtained by atomic Force Microscopy (AFM) is given in Figure
5.2.

For the physical and optical characterisation of HC in this study, 75 different hexagonal
microtextured glass wafers were fabricated. Each sample has a surface that is geometrically
different from the others. This ensures an extensive sample set of hexagonal patterns on glass,
which has not been attempted in the literature. Of the 75 glass wafers, 61 samples exhibit a
periodicity of 3 um, with heights ranging from 150 nm to 521 nm. Seven samples were created
with periodicities of 4 pm and 5 pm, having height ranges of 590 to 748 nm and 802 to 1012 nm,
respectively. The sample with maximum attained height for 3 pm, 4 um and 5 pm periodicity is
named HP3, HP4 and HP5, respectively.

2. Pre-bake )
. 4. Phot « Cr reticle . BHF
1. Cleanin, ! - Photoresist | g mm N, i [HF:NH,F - 1:7 10. Cleaning
HNo, © | 3012-21um | TR | HRNHE-17)

XG Corning glass Coating 6. UV Exposure 7. Development 9. Wet etching HC textured
H H H glass
3. HMDS 5. Post-coating 8. Post-development
exposure bake temperature bake temperature

Figure 5.1.: Process flow for generating hexagonal microtextures (HC) using UV
photolithography on Corning glass superstrates.

5.2.2. Physical characterisation of hexagonal microtextures

AFM maps the surface morphology of HC textures using a Bruker AFM FastScan in FastScan
closed-loop scanner head mode. Scanning areas of 16 um x 16 um are used. Extraction of feature
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Figure 5.2.: AFM image of hexagonal microtextures developed on glass. Height
and periodicity of the textures are also demonstrated. Other significant
dimensions related to hexagons are given in Appendix B, Figure B.2.

heights from AFM images was conducted using NanoScope Analysis (version 2.0) software from
Bruker. The distribution of angles subtended by surface vectors with respect to the vertical plane
is used as a metric to analyse surface angles (65) in Gwyddion (version 2.63). The 2D power
spectral density (PSD) plot is a quantitative measure of surface features. PSD is a spatial
frequency representation of the morphology based on the discrete 2-dimensional Fourier
transform of the height-height correlation function [65, 154, 155].

After the deposition of the front electrode IOH, the sheet resistance (Rgj,er, 10 1) i determined
using the four-point probe (4PP) method. This measurement is carried out at 23 °C with an AIT
CMT-SR2000N system, which uses four contacts arranged linearly and equidistant with a 1 mm

gap.

5.2.3. Transmission characterisation of hexagonal microtextures

For measuring transmission, all glass samples were probed with light on the flat side, as shown in
Figure 5.3 (a). The LAMBDA 1050+ UV/Vis/NIR spectrophotometer, equipped with a 150 mm
InGaAs integrating sphere from PerkinElmer, is used to record the optical transmission. This
measurement was performed over a wavelength (1) range of 300 to 1200 nm in 10 nm
increments. The total transmission (T7oT) is measured as a percentage ratio of transmitted light
to total incident light. The diffused transmittance (Tp) is measured as a percentage ratio of the
non-specular component of light to the total transmitted light.

5.2.4. Angular intensity distribution (AID) measurement of hexagonal
microtextures

A wafer with periodic hexagonal microtextures exhibits diffractive patterns under white light.
Figure 5.3(B) shows a textured wafer under a TL lamp viewed with bare eyes. To determine the
extent of angular scattering of the HC textures, the AID of transmitted light was recorded using
the 180 mm automated reflectance/transmittance analyser (ARTA) accessory on a LAMBDA 950
PerkinElmer unit. A schematic diagram of the setup is shown in Figure 5.4(A). Measurement
details of AID for transparent objects can be found elsewhere [157, 228]. The ARTA detector
moves in a cylindrical plane with the sample at the centre. The sample is positioned in a plane
perpendicular to the direction of the incoming light ray. The motion of the detector is shown in
Figure 5.4(A). The AID measurement was performed over a A range of 300 nm to 1000 nm. The
AID is measured in transmission mode, and the angle values range from 0 to 90°, where the angles
indicate the position of the detector with respect to the surface normal of the sample. It is to be
noted that only a quarter of the transmission sphere is required, as the AID curve is symmetric.
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Figure 5.3.: (A) Orientation of textured wafers with respect to the light source
and detector for optical measurement. (B) A wafer with hexagonal
microstructures viewed under a tube-luminescent lamp. The 2D hexagonal
periodicity of the hole positions drives the rainbow effect.
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Figure 5.4.: (A) Top view of ARTA accessory on a LAMBDA 950 PerkinElmer unit. The
direction of the sweep, the sample position, and the light ray are depicted
in the picture. (B) Far-field diffraction pattern of hexagonal microtextures
interacting with a 635 nm laser. The hexagonal array of diffraction orders
mirrors the symmetry of the surface craters. (C) The pattern in (B) was
transformed into circles at a rotation speed of 172 rpm.

When analysing the results of the ARTA tool, it was assumed that a texture serves as a random
scatterer, which challenges the measurement of 2D surface gratings that exhibit multiple
diffraction peaks in a 2D plane. Figure 5.4 (B) is the photograph of the far-field pattern (in
transmission mode) generated by the HC textured wafer when probed with a 635 nm laser on a
plane parallel to the wafer. The six-fold symmetrical texture of the sample yields a pattern
featuring first, second, third, up to an n'? order spots, as illustrated. To account for light spots,
which are otherwise located at an angle to the horizontal plane in the measurements, the wafer is
rotated at of 172 rotations per minute (rpm) about its vertical axis. This rotation, in turn, converts
all the light spots into rings representing the maxima and minima of the patterns, as shown in
Figure 5.4 (C). In this approach, light ring intensities are incident on the detector over a sufficient
time and the values are recorded.
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5.2.5. Fabrication of solar cells

The optical characterisation conducted on the texture is in an air/glass/air system, where the
incident light ray at glass/air interface has a higher to lower refractive index variation. A solar cell
has an air/glass/silicon/back-reflector system, where the incident light ray at glass/silicon
interface has a lower to higher refractive index variation. This difference makes the study on
air/glass/air system not one-to-one translatable to solar cells. Therefore, to evaluate the potential
of textured interfaces, multiple solar cells are fabricated with following specifications on different
texture heights and periodicities.

The solar cell architecture employed in this study is shown in Figure 5.5. Solar cells were
fabricated on hexagonal-textured wafers with periodicities of 3 pm, 4 pm, and 5 um.
Single-junction nc-Si:H solar cells were fabricated in a superstrate configuration. The solar cells
have hydrogenated indium oxide (IOH) as the front transparent conductive oxide (TCO). IOH is
RF magnetron sputtered from a ceramic indium oxide (InpO3) target in Ar/O2/H»O mixtures. The
trace of water vapour suppresses crystal growth of IOH, which results in deposition of amorphous
IOH [158, 229]. 150-nm thick IOH layer has Rgpeer,jon = 21 0.7 Q/sq. The silicon alloy
deposition was done in a plasma-enhanced chemical vapour deposition (PECVD) multi-chamber
tool with dedicated processing chambers for the boron-doped hydrogenated nano-crystalline
silicon oxide p-layer (B-doped (p)nc-SiOyx:H), intrinsic hydrogenated nanocrystalline silicon
(nc-Si:H) and phosphorus-doped hydrogenated nano-crystalline silicon oxide n-layer
(P-doped (n)nc-SiOx:H). The B-doped nc-SiOy:H layer (16 nm thick) and P-doped nc-SiOx:H
n-layer (20 nm thick) were deposited using radiofrequency (13.8 MHz) in the PECVD tool at 180
°C substrate temperature and using BpHg and PH3 as dopant gasses, respectively. The (i)nc-Si:H
absorber layer was deposited at very high frequency (40.68 MHz) at a deposition rate of 0.49 A/s
at 170 °C substrate temperature. In PECVD processing, the deposition rate on textured surfaces is
lower than on flat glass. This deposition rate scales down by a factor equivalent to the effective
surface area change by texturing [230]. Based on this value, the deposition rates of all layers in the
aforementioned solar cells are adjusted to achieve similar layer thicknesses across different
textures. The solar cells have a back reflector consisting of i-ZnO (60 nm) sputtered at a substrate
temperature of 200 °C and an evaporated silver (300 nm) layer. i-ZnO acts as a suppressor for the
surface plasmon resonance at the silver-silicon layer interface [231]. The front contact is a 500
nm thick aluminium layer (not shown in the figure 5.5), and the back contact comprises
chromium (30 nm) and aluminium (500 nm). The solar cell area is defined by 5 mm x 5 mm
squares. This results in a solar cell structure of IOH (150 nm) / (p)nc-SiO:H (16 nm) / (i)nc-Si:H
(3200 nm) / (n)nc-SiO:H (20 nm) / i-ZnO (60 nm) / Ag (300 nm) for single junction solar cells. No
anti-reflective coating was used at the front of any of the solar cells presented in this study.

5.2.6. Characterisation of solar cells

The solar cells are characterised by their current density-voltage (J-V) performance and external
quantum efficiency (EQE). J-V measurements are conducted at 25 °C using a WACOM-class AAA
xenon-halogen dual-lamp continuous solar simulator, mimicking AM1.5G illumination (100
mW/cm?). EQE was measured using an in-house-developed tool with monochromatic light. EQE
measurements are performed at a short-circuit condition of 0 V and at a reverse bias condition of
-2 V in some cases. Short-circuit current density (Jgc) was calculated by integrating the EQE
measurements of solar cells against the AM1.5G spectrum, denoted /s o henceforth. This
helps to prevent the over- or underestimation of current caused by any mismatch between the
solar spectrum and the WACOM solar simulator. This approach also eliminates errors in
estimating the active cell area in small-area solar cells. The total absorptance of the solar cell
(1 - R) is derived from reflectance (R), which is also recorded using a UV/Vis/NIR
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Figure 5.5.: Cell architecture and layers of an nc-Si:H single-junction solar cell.

Spectrophotometer. Renishaw inVia Raman microscope is used to determine the crystallinity
(x¢) of the nc-Si:H absorber with a 633 nm red laser. In addition, scanning electron microscopy
(SEM) with Hitachi Regulus 8230 at an acceleration voltage of 1.5 kV is used to create
cross-sectional images of solar cells on glass.

5.3. Results and Discussion

5.3.1. Surface profile of hexagonal craters

An isometric view of the hexagonal textures on a Corning glass wafer, along with its characteristic
dimensions, is given in Figure 5.6 (A). The two axes, named as R-axis and G-axis, represent the
innate 30° asymmetry of the surface morphology in HC. AFM images of HP3, HP4 and HP5 are
shown in Figure 5.6 (B), (D) and (F) respectively and the corresponding extracted surface profile
data are given in 5.6 (C), (E) and (G). The observed nature of craters is typically spherical, with
no flat bases. We observe that, for a fully developed hexagonal pattern on a glass superstrate, the
maximum height along the R-axis (referred to as H, henceforth) and the maximum height in the
G-axis (referred to as Hg henceforth) are different. We consider H; as the characteristic height
of the texture and define the aspect ratio (AR) as H, /P as conventionally used in literature [47,
198, 204, 225, 232]. For the same processing conditions, all three parameters — Hy, Hg and AR —
increase with HC periodicity. An inverted conical protrusion, with a saddle point, is present at the
intersection point of three hexagons. Each saddle point is located at a distance of P/2 from the
adjacent saddle points. The R-axis is chosen so that the saddle points (and conical features) are
positioned along this axis. The height difference between the two axes, Hy — Hg, represents the
height of the saddle. This idea of Hy — Hyg is illustrated in 5.6 (C), (E) and (G).

The summary of all height parameters shown in these images is presented in Table 5.1. Hy,
Hy — Hg and AR increase with an increase in periodicity. For the cross-section profiles along the G
and R axes, the surface profiles can be fitted to a good agreement with fragments of circles. These
circles and corresponding radii of the fitted spheres are shown in Appendix B, Figure B.5. In total,
four significant height features are present in the hexagonal textures, in descending order: B, Hy,
Hg,and Hy — Hg.
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Figure 5.6.: AFM data visualised for hexagonal microtextures on glass. The 30°
asymmetrical directions are highlighted by two lines, namely the R-axis and
the G-axis. (A) The isometric view of HC. The highest point of the texture, the
base of the crater and two defined axes, the R-axis and G-axis, are illustrated.
Top view of (B) HP3 and (C) the corresponding R and G axes profiles (D)
HP4 and (E) the corresponding R and G axes profiles, (F) HP5 and (G) the
corresponding R and G axes profiles.

Surface Area
p Hy Hg Hy - Hg AR (of 16 um x 16 um
Superstrate [um] [nm] [nm] [nml] (%) projected area)
[um?]
HP3 3 521 412 109 17.3 272.7
HP4 4 748 628 120 18.8 270.9
HP5 5 1012 865 147 20.2 267.8

Table 5.1.: Height and area parameters of the hexagonal textures.

5.3.1.1. Slope distribution of the craters

The occurrence distribution of 65 for HP3, HP4 and HP5 is recorded in Figure 5.7. For each
sample, three sets of angles can be identified as follows. Set 1: angles <3° marking the inflexion
points on the texture morphology. This includes crater boundaries, the saddle points and the
bottom flatness of the hexagons. Set 2: angle between 5° and 15°. This region represents the
neighbourhood of the inflexion regions. Set 3: angles >15° represents the walls of the hexagonal
surface. This set of angles determines the tapering angle of the hexagonal grating. Set 3 has the
highest contribution to the total 65 in all three samples.

An overall trend is observable for all three sets. For HP3, the peak in angle Set 1 indicates that
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the flat regions are more pronounced in HP3 than in HP4 and HP5. HP3 has broader boundaries
and flatter bases. Sets 2 and 3 show a shift of the peak towards smaller angles with increasing
periodicity, indicating that the crater walls become less steep as the periodicity increases. This is
an interesting observation, considering that the texture height follows the order HP5 >HP4 >HP3.
Further, this observation implies that higher periodicity in hexagonal craters results in deeper
textures and decreased steepness. For Set 3, HP5 has a concentrated peak occurrence when
compared to HP3 and HP4, indicating a uniform taper for HP5 craters.
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Figure 5.7.: Surface normal distribution curves of HP3, HP4 and HP5 in terms of angles.
The occurrence value is normalised such that the total for each curve adds
up to 1. Arrows mark different angle sets - HP5 is used for demonstration
purposes. A detailed contribution of surface morphology to the angles is
provided in Appendix B, Figure B.1.

5.3.1.2. Micro-scale and nano-scale features

PSD analysis of the HP3, HP4 and HP5 surfaces is presented in Figure 5.8. The PSD of a texture at
low frequencies (Zone 1) indicates the presence of features with large lateral and vertical
dimensions. The high-frequency zone (Zone 2) represents small features in the texture. Beyond
Zone 2 is the decay zone where the fractal nature and noise come into effect [65, 154]. In Zone 1,
the highest value of PSD occurs for HP5, followed by HP4 and HP3 at their respective P! values.
The periodicity of the textures determines the most prominent features in the sample. The high
PSD values in Zone 1 are indicative of the height H,. The highlighted Zone 2 includes the spatial
frequency of saddle points (2P~1) in the morphology. In this high-frequency zone, HP5 shows
more small-scale features than HP4 and HP3.

5.3.2. Optical interaction of hexagonal textures
5.3.2.1. Hexagonal textures in Transmission

Figure 5.9 plots the Tp values in % versus H; at A of 300 nm, 400 nm, 600 nm, 800 nm, 1000 nm
and 1200 nm for 21 samples (7 samples each for periodicities 3 um, 4 um and 5 um) with well
developed hexagonal shapes. The lines serve as guides for the eye to identify the effect of H; and
periodicity on Tp in Figure 5.9. The change in Tp is almost negligible for A = 300 nm. For A = 400
nm, Tp saturates at around 85%. As H; and periodicity increase, the Tp increases linearly for
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Figure 5.8.: PSD curves of HP3, HP4,and HP5 hexagonal microtextures. The reciprocal
values of periodicity, i.e, 1/3, 1/4 and 1/5 are marked on the horizontal axis.

all A > 600 nm. At A = 1000 nm, Tp = 50 %. Based on the observed trend, the T of light for
A > 600 nm could be further increased by increasing the texture height or periodicity. However,
to conclude, an extended sample set is required. The scattering trend of short-wavelength light
in this graph stands out as it does not show a direct relation with hexagonal feature sizes. This is
explored further.
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Figure 5.9.: Diffused transmission of different wavelengths versus profile height of 3 um,
4 um and 5 pm periodicity hexagonal micro textures (21 samples). The lines
in the image are guides to the eye.

Tp of hexagonal textured wafers is plotted against the height of the saddle region in Figure 5.10.
The value Hy — Hg represents the height of the saddle region. The graph includes T values in %
for A at 300 nm, 400 nm, 600 nm, 800 nm, 1000 nm and 1200 nm for 75 glass wafers. The solid lines
are meant to guide the eyes. Overall, T increases with increase of Hy — Hg. But the rate of increase
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differs with the A of light. For A < 600 nm, there is a rapid increase in scattering. For A = 300 nm,
Tp steeply rises and saturates around H; — Hg = 70 nm and A = 400 nm saturates at around 120
nm Hy — Hg. For A = 600 nm, Tp shows a monotonous increase. For A > 600 nm, the rate of
increase in Tp is mild. This suggests that the influence of small feature heights is not significant
in interactions with A > 600 nm, implying that the scattering mechanism is not the same across
the entire wavelength range considered. Most likely, the interaction with small features in the
morphology is diffractive for A < 600 nm, and these features do not significantly impact Tp beyond
A =600nm. As observed previously, texture height and periodicity play a primary role in scattering
light with A > 600 nm, which is likely to exhibit refractive scattering.
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Figure 5.10.: Diffused transmission of different A versus H; — Hg values of 3 um, 4 um
and 5 pm hexagonal micro textures (75 samples). The lines in the image are
guides to the eye.

Figure 5.11 (A) shows the Tror and Tp spectra corresponding to the HC textures HP3, HP4 and
HP5. Corresponding values of flat glass are also added as a reference (the Tp of flat glass is almost
zero). Tror spectra show an anti-reflective nature of HC textures. An increase in transmission
compared to flat glass is attributed to the angles formed by craters at the glass-air interface [233].
This property is well known for opaque hexagonal textures on wafer substrates with hexagonal
holes facing illumination in concave mode [200, 234-236]. It is worth noting that, in our study,
the craters are positioned in a convex mode relative to the incident light as illustrated in Figure
5.11 (B). TtoT rises with an increase in periodicity and AR. This is correlated with the 65 of the
hexagonal textures, specifically Set 3, which represents the surface angles of crater walls (05 >15°).
The uniform taper on the gratings results in a gradual optical density variation [69], which results
in reduced reflection at the interface [70]. Additionally, a high total contribution of HP5 in Set 3,
combined with its crater height, results in multiple reflections within the glass medium, enhancing
its Tror. The Tp spectra of HP5 are highest, followed by HP4 and HP3, as already observed in
Figure 5.9.

5.3.2.2. Diffraction patterns made by hexagonal microtextures

The glass wafer, tessellated with periodic craters featuring hexagonal edges, can be considered a
2D hexagonal grating in transmission mode, where the 2D periodicity determines the diffraction
pattern [165]. When light is incident on the flat side of the glass wafer, each hexagonal microscale
crater can act as a plano-concave lens. The hexagonal shape ensures six-fold symmetry in both
near and far-field patterns, with the near-field exhibiting multiple HC shapes and the far-field
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Figure 5.11.: (A) Total transmission spectra Tror and diffused transmission spectra Tp
of hexagonal textured HP3, HP4, HP5 and non textured flat Corning glass
wafers. (B) lllustration of the set of 3 angles of the crater, multiple reflections
in the glass.

showing a reciprocal lattice [165, 237]. A near-field diffraction pattern at 3 pm (simulated using
the angular spectrum method) and far-field diffraction at 10 cm distance (simulated with fast
Fourier transforms) are provided in Appendix B, Figure B.6. To observe the far-field pattern in the
real world, the flat side was probed with a 635 nm collimated diode laser. The hexagonal-shaped
array creates a pattern with a central maximum (zeroth-order) of the highest intensity. A
hexagonal array of bright light spots surrounds this central spot. The pattern is consistent with
the theoretically simulated far-field pattern shown in Appendix B.6. Additionally, the maxima
surrounding the central peak are followed by weaker subsidiary maxima. The experimentally
measured angular scattering intensity of white light by hexagonal textures is discussed in the
following section.

5.3.2.3. AID of hexagonal microtextures

Far-field diffracted white light transmitted through HC patterns on glass, at a distance of 10 cm
from the sample, is shown in Figure 5.12 (A). The diffracted orders, except for the central (zeroth)
spot, will be coloured, as the light is dispersed into different wavelengths at various angles. To
measure the angular scattering caused by the sample, the wafer was rotated at a speed of 172 rpm
(as explained in Section 5.2.4). Coloured, discrete rings, as shown in Figure 5.12 (B), are formed at
the detector plane.

The Figure 5.13 shows the intensity distribution of the transmitted light versus transmission
angles. Intensity for A = 300, 400, 600, 800 and 1000 nm for HP3, HP4 and HP5 yields the
following observations. (i) Among the plotted wavelengths, the specular component is the
highest for A =1000 nm (near 0°transmission angle), which agrees with the T in Figure 5.11. This
minor prominence of long wavelength causes the central spot to appear red in Figure 5.12 (B). (ii)
The subsequent orders depict the influence of wavelengths on scattered angles. For each set of
maxima, the light is scattered at wider angles for longer wavelengths, due to which the patterns in
Figure 5.12 (A) and (B) have coloured spots/rings in blue to red order in a radial outward
direction. (iii) The amplitude of the first, second and subsequent-orders in the AID plots is
highest for HP5, followed by HP4 and HP3. The intensity redistribution due to texture gets most
pronounced with increasing periodicity. (iv) The scattering pattern (as well as the rings used for
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Figure 5.12.: (A) The far-field scattering of white light at 10 cm distance by hexagonal
texture HP5. (B) Rings formed at the same distance with samples given 172
rpm.

the measurements here) becomes well defined with distinct peaks and zero intensity points with
an increase in wavelength and periodicity. To summarise, the far-field diffraction pattern consists
of hexagonally arranged diffraction spots, whose intensities are determined by the size and shape
of the hexagonal microtexture.
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Figure 5.13.: Normalised Angular intensity distribution of hexagonal textures on glass for
(a) HP3, (b) HP4 and (c) HP5.

5.3.3. Solar cells on honeycomb textures

Figure 5.14 presents the external solar cell parameters of nc-Si:H single-junctions plotted as a
function of AR for the different periodicities. The Js; pgE increases directly with AR. This is a
result of an increase in diffused transmission with total texture height and nano features as
discussed in Section 5.3.2.1. It is also evident that the Js; gqf increases with periodicity. This can
be explained from the discussion in Section 5.3.2.2 that an increase in periodicity results in
stronger diffraction and amplitudes over broad angles, which enhance light absorption through
higher order diffraction channels [71]. The open-circuit voltage (Vy.) of the samples is
independent of AR and periodicity of the texture. The fill factor is significantly low for samples
with small AR with 3 um periodicity. This is a consequence of steep walls of 3 um periodic craters,
contributing to shunt formation in silicon [78]. The solar cells exhibit similar fill factors for cells
fabricated on 4 um and 5 um-periodic textures. A similar observation of near-constant electrical
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properties has been previously reported for single-junction cells fabricated on a hexagonal
substrate configuration by Sai et al. [225].

The efficiency of the solar cells increases with AR as a combined effect of /¢ gog and fill factor
increase, reaching as high as 9.3% at AR = 0.21 for the HP5. Based on trends in /¢ g and FE the
conversion efficiency could be further improved by increasing the AR and the periodicity.
However, to draw a conclusive observation, an extensive sample set is required.
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Figure 5.14.: The current-voltage parameters of 3200 nm (approximately) thick nc-
Si:H single junction solar cells on superstrate configuration fabricated
on hexagonal microtextures. The parameters (A) V¢, (B) Jsc,ror (values
marked using the box are measured at a reverse bias of 2V), (C) fill factor
and (D) efficiency are plotted as a function of AR for different periodicities.

The sections below discuss the solar cells with the highest short-circuit current density and
conversion efficiency for each periodicity. Hereafter, the nc-Si:H single-junction solar cells
fabricated on flat glass, HP3, HP4 and HP5 will be referred to as FLAT, NHP3, NHP4 and NHP5,
respectively. All solar cell parameters of FLAT, NHP3, NHP4 and NHP5 are tabulated and recorded
in Table 5.2. In Figure 5.15 (A), the J-V curve of the 3.2um thick FLAT, NHP3, NHP4 and NHP5
nc-Si:H solar cells are plotted. The fill factor (FF) of the cells increases with periodicity. The low
FF on FLAT is due to the low parallel resistances caused by crack formation in nc-Si:H absorber
materials when deposited on flat surfaces [238]. The sheet resistance values of HP3, HP4, and
HP5 show a subtle decrease with increasing periodicity. Which can be speculated that it is related
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to the steepness of the hexagons as discussed in Figure 5.7. The steeper the walls, the greater the
shadowing effect that can result in thin or non-uniform regions of the TCO layer, increasing the
sheet resistance. The FF reported for NHP5 is typical for superstrate configuration (p-i-n) nc-Si:H
single-junction solar cells with an absorber thickness of approximately 3200 nm and a thin TCO
front electrode [119, 144, 239-241]. However, Tan et al. have reported 69% FF for superstrate
configuration on random microtextured glass with ZnO:Al front TCO for a similar absorber
thickness [144]. This suggests a possibility for increasing fill factor by increasing free carrier
concentration in TCO [242] or increasing TCO thickness. An illustration of small-area solar cells
distributed over glass substrates studied in this chapter is shown in Appendix A, Figure A.4. A
further enhancement in series resistance can also be made by reducing the distance between the
front contact and the cells. A summary of the reported highest fill factors and open-circuit
voltages of thin-film silicon solar cells with different cell architectures is included in Appendix B,
Figure B.4.
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Figure 5.15.: (A) EQE spectra and (B) Current density versus voltage (J-V) characteristics
of nc-Si:H single junction solar cells NHP3, NHP4, NHP5 fabricated on
hexagonal microtextures with periodicity 3 um (HP3), 4um (HP4) and 5 um
(HP5) respectively. An nc-Si:H single-junction solar cell fabricated on FLAT
is added for reference. All absorber nc-Si:H layers are 3200 nm thick. Arrows
mark the 1 — R peaks due to Fabry-Perot interference.

5.3.3.1. Photocurrent density

Figure 5.15 (B) gives the measured EQE spectra of NHP3, NHP4 and NHP5. The highest short-
circuit current density of 28.6 mA/cm? is achieved on NHP5 (Hr = 1012 nm and AR = 20.2%). To
the best of the author’s knowledge, this is the highest reported Js¢, g for p-i-n superstrate silicon
solar cells without external anti-reflection coating (Appendix B, Figure B.3). This is an increase of
24% Jsc,pQE in reference to FLAT. NHP5 followed by NHP4 with Jg¢ poE = 28.2 mAlcm? (Hy =748
nm and AR = 18.8%) and NHP3 with J¢ pop = 27.9 mA/cm? (Hy =521 nm and AR = 17.3%).

Over the entire spectrum, the total absorption (1 — R) of the solar cell increases with increasing
periodicity of the glass as a result of uniform tapering as previously reported by Chutinan et al. [69]
and Sai et al. [70]. This additional transmission is directly translated to the EQE spectra of NHP5
when compared to NHP3 and NHP4. The high Js; gop observed in the hexagonal microtextures
when compared to flat glass arises from a combined effect of anti-reflective nature and enhanced
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P Rsheet,1OH Jsc,EQE Voc FF Rg Rp Eff

Sample | ) Q/sq] [mAlcm?] (mV] %] [Q.cm?] kQ.cm?] (%]
FLAT 0 21 23.0 511 55.0 19.4 0.9 6.5
NHP3 3 25 27.9 526 55.2 18.1 1.9 8.1
NHP4 4 23 28.2 524 59.1 12.9 2.1 8.7
NHP5 5 22 28.6 523 62.2 9.6 1.9 9.3

Table 5.2.: solar cell parameters nc-Si:H single junction solar cells on textures of
different periodicity. The standard deviation(o ) for electrical performance
parameters are calculated based on the 5 best performing cell of each
substrate. 04(Vye)= 3 mV, 04(FF)= 0.7%, 04Rs)= 0.1 Q.m?, 04Rp)= 0.1
kQ.m?. Rgjee; is calculated based on 8 measurements on 150-nm thick IOH
deposited over glass. 0 Rspeer,om)= 0.7 Q/5q.

light trapping in the solar cells. A similar discussion has been reported previously by Chong et al.
correlating the rise in Js¢ goF to gratings on the illuminated surface of the solar cell [234]. These
surface gratings can diffract light into multiple orders, trapping it within the absorbing layer [67,
232]. Although the 1 — R spectra of NHP5 and NHP4 are very similar, NHP4 shows a lower blue
response than NHP5. This difference may arise from parasitic absorption in the (p)nc-SiOy:H
layer of the solar cell due to unexpected variation in processing conditions.

Hexagonal microtextured superstrate glass significantly increases the EQE in the
long-wavelength region compared to FLAT. This can be attributed to the high T, exhibited by HC
textures in transmission (Section 5.3.2). The hexagonal texture with sufficient H; is capable of
quenching Fabry-Perot interference in the nc-Si:H absorber in the near-IR region when
compared with FLAT (marked by downward arrows in Figure 5.15 (B)). Interference fringes with
diminished amplitudes appear in the 1 — R of the NHP3 cell (marked by upward arrows) and some
other solar cells fabricated on low AR wafers with 3 um periodicity (not shown in this work). This
is speculated to be due to the less deep craters of the 3 um periodic textures when compared to
other considered periodicities (refer to Figure 5.9).

The high values in the near-IR response are also due to the silver back reflector, which adapts
to the hexagonal morphology, combined with the natural texture of the nanocrystalline material.
Figure 5.16 (A) and (B) are the AFM scans and (C) and (D) are the SEM images representing before
and after deposition of silicon layers on HP5 from the non-illuminated side of the absorber layer.
In a PECVD-deposited thin-film silicon solar cell, the surface morphology is conventionally not
externally guided but instead naturally formed through crystal growth. This flattens out the
textures and reduces their amplitude [204]. Although the amplitudes and sharpness of the
hexagons decrease when a 3200 nm thick silicon film is deposited, as evident from Figures 5.16
(B) and (D), the surface still resembles distinct hexagonal shapes. This suggests that the back
reflector Ag layer forms a HC morphology with a height of 916 nm (AR = 0.14 and an RMS
roughness of 278 nm). These Ag back reflectors with HC morphology are similar to back reflectors
employed in thin-film silicon cells in substrate configurations, which are well known for
enhancing near-IR responses [187, 204, 227].

5.3.3.2. nc-Si:H film growth

To inspect the growth of the nc-Si film on hexagonal microtextures, an SEM image of NHP4 is
shown in Figure 5.17. The nc-Si growth appears to be conformal. The nc-Si absorber deposited
on the hexagonal microtexture is of high quality with minimal defects. A crack is observed near
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H, =896nm Q 2o
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Figure 5.16.: nc-Si:H single junction solar cell characterised from the n-layer side before
depositing the silver back reflector and back contact. (A) AFM and (B) SEM
of bare textured glass (period = 4 um). (C) AFM and (D) SEM of solar cell
absorber after depositing IOH (150 nm)/(p)nc-SiOx:H (16 nm)/(i)nc-Si:H
(3200 nm)/(n)nc-SiO:H (20 nm).

the back contact in the bulk, away from the glass, which is highlighted and zoomed in. These
kinds of defects can cause a drop in parallel resistance (Rp) and, in turn, a decrease in FF in the
solar cells, as observed in the cells presented in this chapter. Silicon crystals, when deposited
on hexagonal textures, have been reported to develop cracks in the vicinity of an imaginary focal
point of the curve due to shading effects [11, 46]. However, a 4.4 pm thick nc-Si:H (y. = 60%)
deposited on HP4 does not demonstrate any cracks of this type in the absorber bulk (HP4 yields a
focal distance of 3.3 um as depicted in Appendix B, Figure B.5). Hexagonal microtextures on glass
with considered periodicity - AR combination can facilitate the formation of high-quality nc-Si:H
filaments, eliminating shadowing effects.
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Figure 5.17.: SEM cross-sectional image of a 3.2 um thick nc-Si:H cell on a 4 pm period
hexagonal microtextured glass superstrate.
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5.4. Conclusion

This chapter reports hexagonal microtextures on glass, their optical properties and their
application in nc-Si:H solar cell devices. The surface morphology and optical properties of the
textures are reported. Features of multiple size ranges characterise the HC surface morphology.
Hexagonal textures exhibit enhanced light transmission across all wavelengths, with an increase
in periodicity. Hexagonal textures exhibit enhanced light transmission across the entire
wavelength range when the periodicity is increased. Hexagonal textures with deeper craters also
display high diffused transmission and broad-angle scattering properties. These properties
directly translate to EQE spectra of solar cells fabricated on the textures, increasing the
photoresponse and efficiency with an increase in periodicity and aspect ratio of the hexagonal
micro-textures. Hexagonal textures with a 5 um periodicity with a 20.2% AR yield a photocurrent
of 28.6 mA/cm? and a photo conversion efficiency of 9.30%. It is also observed that the HC
textures in the superstrate configuration glass can facilitate high V,. and crack-free nc-Si:H
crystal growth. This indicates a high potential for hexagonal textures on glass in multijunction
thin-film solar cell applications.
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A major challenge in multijunction devices is reduced light incoupling caused by interference fringes
from optical microcavities. This paper reports a potential route to mitigate the interference effects
with an effective front-window design. The concepts of interface scattering and grain scattering are
implemented at the front side of superstrate tandem solar cells. A random texturing and periodic-
hexagonal texturing approach on glass is used as interface scatterers. However, applying an interface
scatterer alone is insufficient to eliminate the interference effects of optical cavities completely. Use
of sputtered unintentionally doped zinc oxide (i-ZnQ) or tin oxide (SnO) as grain scatterers stacked
over random and periodic glass textures quenches the interference effects significantly. For a random
textured glass substrate, a 1.5-um thick i-ZnO layer could quench interference in the top cell, except
for the effect of the optical cavity formed in the amorphous top cell. Hexagonal craters on glass,
combined with a 0.9-um thick i-ZnO layer, effectively mitigate fringes formed by all optical cavities
in the device. This sample demonstrates the highest incoupled photon flux with 86% of photons
entering the device. Use of a wide-bandgap grain scatterer, such as SnO, reduces parasitic absorption
of high-energy photons while mitigating optical cavities. The design principles discussed in this
work can be applied to any thin-film multijunction solar cells consisting of layers with contrasting
refractive indices.
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6.1. Introduction

In the energy transition, cost-effective yet efficient photovoltaics fabrication methods are
required. Multijunction PV devices are considered a potential route to achieving these goals with
low material utilisation and enhanced performance compared to conventional single-junction
PV architectures [12, 15]. Thin-film photoactive materials such as amorphous silicon (a-Si:H),
copper indium gallium selenide (CIGS), organic PV, III-V materials or perovskites are combined
with crystalline silicon wafers or another of the above-mentioned thin-film layers in a tandem
configuration to form a multijunction solar cell. The choice of absorber combination depends on
band gaps corresponding to the individual spectral utilisation potential and applications.

The complexity of the many layers of materials stacked to form a multijunction can introduce
additional optical challenges [241]. The thin layers, stacked one on top of the other, can have
alternating high- and low-refractive-index materials. This results in multiple reflecting surfaces
within the device. These layers with contrasting refractive indices can form multiple Fabry-Pérot
microcavities in the solar cell [89, 243]. In an a-Si:H/nc-Si:H solar cell, the optical cavities (OC)
can be identified as shown in Figure 6.1. The constructive and destructive interferences of the
(partially) coherent light might limit the light incoupling and absorption in the absorber layer at
specific wavelengths. Which wavelengths (1) interfere in which parts of the solar cell depends on
how far light penetrates the stack of layers, determined by transmission and absorption at each A.
For example, an a-Si:H layer absorbs light up to A corresponding to 1.8 eV and lets the remaining
light pass through. This unabsorbed light is reflected between the layers. Multiple interference
fringes within the spectral response can lead to parasitic absorption, potentially reducing the
overall absorption of the photoactive layer unless the standing-wave pattern is quenched through
averaging over incidence angles and optical thickness variations [244, 245]. Conversely,
interference and cavity effects are also frequently employed to achieve constructive outcomes,
such as the design of anti-reflective (AR) coatings or optical spacers, which serve to suppress
unwanted reflections or localise field maxima at strategic positions.

Three simplified OCs are identified and marked in the Figure 6.1. OCp is formed in the TCO
and p-doped top layer, which has a low refractive index for wavelengths 300 - 550 nm (As starting
from blue) compared to that of a-Si:H top cell. OCg are caused mainly by the high refractive
index a-Si:H layer sandwitched between two low refractive index layers for wavelengths around
550-800 nm (As starting from green), and OCp, is caused by the nc-Si:H silicon layer sandwiched
between tunnelling recombination junction and nc-SiO:H/back reflector layer beyond 800 nm (1
corresponding to red and near infrared).

Standard techniques for mitigating interference in OCs are (i) light scattering via interface
morphology (“interface-scattering”) and (ii) light scattering aided with grains or crystals
(“grain-scattering”). Interface-scattering is implemented in solar cells by texturing the front side
[144] or the rear side of the solar cells [168, 204], where the thin-film nature allows the other
device interfaces to adopt the texture as well. Texturing increases the haze of the superstrates
through effective scattering of light over broad wavelengths [65, 111, 225]. Grain scattering is
implemented using transparent conductive oxides (TCO) layers with a thickness in the range of a
few microns [45, 246]. Polycrystalline materials like TCOs do not have uniform optical properties
because of residual porosity, secondary phases, and/or crystalline anisotropies [74]. These
optical inhomogeneities cause scattering in the bulk. The use of thicker TCO layers enhances
light trapping, as the grains within the bulk effectively scatter incident light in transmission [76,
247]. A combination of interface-scattering (from textured surfaces) and grain scattering (from
thick TCO layers) at the front side has been employed in some of the highest-efficiency
multijunction solar cells [49, 77, 248]. In this paper, we will study the extent to which a texture
with or without grain scattering in the TCO bulk can mitigate coherent interference in the OCs in
superstrate thin-film silicon solar cells.
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Figure 6.1.: Schematic representation of an a-Si:H/nc-Si:H double junction tandem solar
cell. (A) The refractive index of each layer at a wavelength of 600 nm
(na=600) is overlaid on the image. A detailed wavelength versus refractive
indices graph is given in Figure 6.2. (B) The simplified demonstration of
optical micro-cavities considering penetration depth of light with different
wavelength is marked as OCp, OCg and OCr.

Chemical vapour deposition (CVD) techniques, such as low-pressure CVD (LPCVD),
atmospheric pressure CVD (APCVD) and metal organic CVD (MOCVD) or physical vapour
deposition (PVD) techniques like Radio frequency (RF) and direct current (DC) sputtering, are
commonly used to deposit TCO layers [27, 77, 247]. The processing methods and deposition
temperature determine the presence of grains, crystallinity, grain shape and size. The TCO alloy’s
band gap and tail states determine its parasitic absorption of blue light and the transmission
spectrum, respectively. State-of-the-art TCOs used in solar cells have been reported in literature
by Hanni et al. where a 5-um thick TCO layer is implemented on flat glass [45, 76] and a 2.3-um
thick TCO layer by Tan et al. on micro-sized glass textures [77, 249]. Both these approaches used
i-ZnO deposited with LPCVD in superstrate configurations. On the module level, Cashmore et al.
have reported a 2-pm boron-doped zinc oxide (BZO) grown using LPCVD as both front and rear
electrodes [20, 28, 250]. These layers exhibit high-quality crystal growth but absorb UV light. PVD
TCO deposition techniques, such as sputtering, result in TCO grain structure and properties very
different from LPCV-depositions [76, 251, 252]. Often, they show higher absorbance (parasitic
absorption) for micron-thick TCO layers in the visible spectrum than LPCVD and MOCVD [247].

For the first time, this paper explores in detail the use of grain scattering with sputtered TCOs
and compares it with interface-scattering techniques to mitigate cavity-induced interference
fringes in OCs. Interface scattering is investigated by implementing random and periodic surface
texturings on glass substrates. Additionally, this paper addresses the extent to which TCO
thickness can be reduced to implement grain scattering successfully. Increasing the layer
thickness enhances the scattering of light by grains and reduces the electrical sheet resistance,
but also increases the parasitic absorption in this layer. In this paper, we study a low-temperature
(below 100 °C) deposited unintentionally doped zinc oxide (i-ZnO) and tin oxide (SnO), both
deposited by RF magnetron sputtering and integrated at the front side of a-Si:H/nc-Si:H tandem
solar cells. Grain scattering by TCO bulk was evaluated using varying thicknesses of sputtered
i-ZnO layers. We propose a combined interface bulk design strategy on glass to suppress optical
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micro-cavity effects in a-Si:H/nc-Si:H tandem solar cells.

6.1.1. Deposition of layers in a-Si:H/nc-Si:H tandem solar cells

The a-Si:H/nc-Si:H tandem devices were co-deposited in a superstrate p-i-n top cell /p-i-n
bottom cell architecture similar to Figure 6.1. All solar cells are measured without any external
anti-reflection coating (ARC).

Absorber layers: The deposition of intrinsic hydrogenated nanocrystalline silicon ((i)nc-Si:H)
and amorphous silicon ((i)a-Si:H) absorbers was made in a PECVD multichamber tool at very high
frequency (40.68 MHz) and 170 °C substrate temperature. A thin seed layer (SC = 1%) is used for
facilitating nucleation sites [108] during the nc-Si:H bottom cell depositions.

Doped layers: Using BoHg and PH3 as dopant gases, boron-doped p-layer and
phosphorus-doped n-layer were deposited at RF (13.8 MHz) and 180 °C substrate temperature in
dedicated chambers. The p-doped layers at the front consist of a thin, heavily boron-doped
silicon oxide contact layer ((p+)nc-SiO:H) and a boron-doped silicon oxide window layer
((p)nc-SiO:H). A similar configuration of p-layers is also used in the tunnelling recombination
junction (TRJ) with a higher oxygen content in its layers. The n-doped TR] consist of three layers:
phosphorous-doped amorphous silicon ((n)a-Si:H), phosphorous-doped heavily oxygenated
silicon oxide layer ((n)nc-SiO:H) and a phosphorous-doped nc-Si:H contact layer ((n)nc-Si:H).
The nc-SiO:H layer in TR] is 70 nm thick, acting as an intermediate reflectance layer as well [132,
253]. A similar order of n-doped layers is used for the rear side of the bottom cell. The nc-SiO:H
layer at the rear side is 30 nm thick.

Back reflector, contacts: The back reflector (BR) consists of sputtered i-ZnO (60 nm) and an
evaporated silver (300 nm) layer. An aluminium strip serves as the front contact for these solar
cells, and the back contact consists of 5 mm x 5 mm square-shaped chromium (30 nm) and
aluminium (500 nm) dots.

The above mentioned layers results in a solar cell structure: TCO front electrode/ (p+)nc-SiO:H
/(p)nc-SiO:H /()a-Si:H /(n)a-Si:H /(n)nc-SiO:H /(n)nc-Si:H  /(p+)nc-SiO:H/(p)nc-SiO:H
/()nc-Si:H/ (n)a-Si:H/ (n)nc-SiO:H/ (n) nc-Si:H /BR. The deposition conditions of all layers for the
a-Si:H/nc-Si:H tandem solar cells with their thicknesses are given in Table 6.1. The rows from top
to bottom follow the order of deposition.

6.1.2. Design of Experiment
6.1.2.1. Textured glass substrates:

The superstrate tandem solar cells are made on two different glass textures : (i) random texture,
named superimposed texture (SIT), and (ii) periodic hexagonal-shaped textures, also known as
honeycomb (HC) textures. Both textures are created directly on Corning borosilicate glass XG.
SIT is a type of multiscale texture developed directly on glass by generating nano-sized features
on micro-sized textures through a sequential wet-etching process. The procedure of developing
SIT is given in 7 steps as discussed. In step 1, Corning XG glass is cleaned in ultrasonic baths
of acetone and 2-propanol for 10 minutes each. During step 2, ITO is deposited as a sacrificial
TCO layer using magnetron sputtering at elevated temperature. In subsequent Step 3, the layer
deposited on the flat glass is wet-etched with hydrofluoric acid (HF) (40%): H202(31%): H2O in
the ratio 1:2:10. In this step ITO layer acts as a selective leaking mask and solution etches glass to
make micrometer scale textures on the glass surface. The etching is continued till the ITO layer
is completely removed. In next Step 5, i-ZnO layer is deposited as a sacrificial TCO layer over
the textured surface using magnetron sputtering (at elevated temperature). In Step 6, the i-ZnO
layer is wet-etched using a HF (40%) and nitric acid (HNO3) (69.9%) solution in a 1:8 ratio. In
Step 7, the substrate is cleaned to remove any residual TCO by dipping in HNO3 (69.9%) for 3
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Table 6.1.: Deposition conditions of different silicon-based layers in the solar cell. The
distance between the RF electrode and the grounded electrode is 13 mm for
all p-doped layer depositions, 13 mm for all intrinsic layer depositions, and 21
mm for all n-doped layer depositions.

Layer SiHy Hp Dopant Gas Coy Pressure Powe; Thickness Depo. rate
[scem] [scem] [sccm] [scem] [mBar] [W/em®] [nm] [Ass]
(p+)nc-SiO:H (contact) 0.8 170 50 (0.02% Bp Hg in H2) 1.2 2.2 0.12 3 0.46
(p)nc-SiO:H (window) 0.8 170 10 (0.02% By Hg in Hp) 1.2 2.2 0.12 13 0.39
(i)a-Si:H 6 120 - 5 0.30 280 4.0
(n)a-Si:H (TRJ) 40 0 11 (2% PH3 in Hp) 0 0.6 0.04 5 11
(n)nc-SiO:H (TRJ/RL) 1 120 2 (2% PH3 inHp) 24 1.5 0.11 70 0.11
(m)nc-Si:H (TRJ) 1 120 2 (2% PH3 in Hp) 0 15 0.11 7 0.19
(p+)nc-SiO:H (TR]) 0.8 170 50 (0.02% By Hg in Hp) 22 2.2 0.12 3 0.46
(p)nc-SiO:H (TR)) 0.8 170 10 (0.02% Bp Hg in Hp) 22 2.2 0.12 15 0.39
(i)nc-Si:H (seed) 11 120 - 4 0.4 90 225
(i)nc-Si:H (bulk) 3.2 120 - - 4 0.4 3200 4.82
(n)a-Si:H 40 0 11 (2% PH3 in Hp) 0 0.6 0.04 5 1.1
(n)nc-Si0:H 1 120 2 (2% PH3 inHp) 1.6 1.5 0.11 30 0.22
(n)nc-Si:H (contact) 1 120 2 (2% PH3 inHp) 1.6 1.5 0.11 7 0.19

minutes. The detailed procedure and properties are reported elsewhere [111]. The RMS roughness
of SIT is approximately 400 nm. For this SIT, a total spectral utilisation potential of 26.7 mA/cm?
is demonstrated on an nc-Si:H single-junction solar cell without ARC (after quenching fringes due
to OCs in the device) [111].

HC textures are created on glass using photolithography (with specific masks) and wet etching
in 9 subsequent steps. UV photolithography is used to generate HC textures on the glass
superstrates. In Step 1, the Corning glass wafer is cleaned with 69.5% HNO3 for 3 minutes. In step
2, the wafer is dried at 110 °C. In Step 3, the wafer is exposed to hexamethyl disilazane (HMDS) for
150 seconds at 150 °C, using nitrogen as the carrier gas. In Step 4, Shipley SPR3012 positive
photoresist (2.1 pm thick) is spin-coated. In Step 5, UV exposure is conducted using a chromium
reticle with periodically distributed holes. Step 6 involves pattern development, in which the
exposed areas of the photoresist are removed. The photolithography technique implemented on
glass requires an additional hard-bake at 140°C for 30 minutes as Step 7. In Step 8, the pattern is
transferred from the mask to the Corning glass wafer through a 20-minute dip in premade
buffered hydrofluoric acid, comprised of ammonium fluoride (NH4F) (40%): hydrofluoric acid
(HF) (49%) in ratio 7:1. The wafer is then rinsed with deionised water, and the remaining
photoresist is removed. The detailed procedure and process optimisation are detailed elsewhere
[140]. The HC substrates used in this paper have a periodicity of 5-pm and a texture depth of
1-um.  For this HC, a 3200-nm thick nc-Si:H single-junction solar cell fabricated has
demonstrated a potential to obtain 28.6 mA/cm? current (after quenching the fringes formed by
0Cs) [171, 254].

6.1.2.2. Front electrode design:
The TCO front electrode design is based on the bandgap of the TCOs and the phenomenon that
we want to observe.

(i) To observe interface scattering : A single layer 150-nm thick hydrogenated indium oxide
(IOH) electrode. IOH layer is amorphous, with no grain structures to contribute to any light
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scattering inside its bulk. Amorphous IOH is a “flat” layer and adopts the texture of the substrate
on which it is deposited [247]. For this reason, IOH is chosen to study interface scattering.

(ii) To study the grain scatterer which is a part of the front electrode: Sputtered i-ZnO has a
low band gap. Which permits its use as a grain scatter in a “bi-layer” (BL) configuration. BL front
electrode stack comprises of thicki-ZnO layer deposited on top of amorphous IOH over glass. Both
IOH and i-ZnO are deposited with RF magnetron sputtering. i-ZnO has a crystalline structure with
columnar grains. It can facilitate light scattering at the bulk grains. It is added to the IOH layer that
has a low sheet resistance. In this BL configuration, charge transport is expected to occur laterally
in IOH layers and transversely through i-ZnO columns [247]. Varying the layer thickness of i-ZnO
is expected to enhance grain scattering.

(iii) To study grain scatterer which is a part of the substrate: HC texture is also studied with a
SnO layer to act as a grain scatterer. SnO is a wide bandgap TCO with very high sheet resistance.
The presence of SnO in a silicon cell creates an energy barrier in the valence band for holes at the
SnO/p-doped layer interface due to the very high bandgap relative to the (p)nc-SiO:H. The wide
bandgap of SnO prevents its use in a bi-layer TCO configuration, unlike i-ZnO. To overcome this
effect, the SnO layer is deposited directly on glass, making it a part of the substrate. The thick
SnO layer is electrically isolated from the solar cell stack using a 100 nm thick silicon oxide layer
deposited at 400 °C.

Deposition conditions and band gap of the TCO layers are specified in Table 6.2. Additionally,
the refractive indices and extinction coefficient of all materials used in this study is given in Figure
6.2 (A) and Figure 6.2 (B) as a function of 1.

Table 6.2.: Deposition conditions of TCO front electrode and back reflector TCO layer.
Tsyup refers to substrate temperature. Band gap is determined from Tauc plot

analysis of the TCO.
Ar Hy0 Pressure Power T Thickness Depo. Rate Bandgaj
TCO 2 p sub P! gap
[scem] Partial Pressure [1Bar] [W/em®] (0 [nm] [Ass] [eV]
IOH (Front electrode) 50 0.06 5.7 1.5 27 150 0.98 3.9
i-ZnO (Front electrode) 20 - 2.6 2.0 95 varied 0.87 3.1
i-ZnO (Back Reflector) 20 - 2.6 2.0 157 60 0.87 3.2
Ar Ar/O)
[sccm] [scem]
SnO (Grain Scatterer) 10 10 2.6 15 95 60 0.7 3.9

The a-Si:H/nc-Si:H tandem solar cells made on SIT with only IOH as TCO layer are referred to
as SIT-IOH. Tandem cells made on SIT, with IOH (150 nm)/i-ZnO (1500 nm) bi-layer TCO will be
referred to as SIT-BL. The device structures are illustrated in Figures 6.3 (A), (B). Similarly,
a-Si:H/nc-Si:H tandem solar cells made on HC with IOH TCO are referred to as HC-IOH, and
tandem cells made on HC with IOH (150 nm)/i-ZnO bi-layer TCO are referred to as HC-BL. In this
case, the amorphous top layer is expected to smooth the nano-features in the textures, and the
bottom layer’s spectral utilisation is maximised with micro-sized textures [77]. The device
structures are illustrated in Figures 6.3 (C), (D). The tandem solar cell made on HC with
electrically isolated SnO used as a grain scatterer is referred as HC-SnO. The structure of this
device is illustrated in Figure 6.3 (E). Four experiments are performed in total, using nine solar
cells with structures as summarised in Table 6.3.
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Figure 6.2.: The (A) refractive index - n, and (B) extinction coefficient - k, of materials in

this study.
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Figure 6.3.: a-Si:H/nc-Si:H superstrate tandem solar cells on (A) random textured glass:
SIT-IOH (B) random textured glass with thick front i-ZnO: SIT-BL (C) periodic
textured glass: HC-IOH (D) periodic textured glass with thick front i-ZnO:
HC-BL (E) periodic textured glass with SnO/SiOx at front: HC-SnO.

6.1.3. Texture and Solar cell characterisation

The textures on glass are analysed using atomic force microscopy (AFM) with a Bruker AFM
FastScan in FastScan closed-loop scanner head mode. Power spectral density of 16-um x 16-um
is extracted using NanoScope Analysis (version 2.0) software from Bruker. In addition, scanning
electron microscopy (SEM) with Hitachi Regulus 8230 at an acceleration voltage of 1.5 kV (to
minimise charging of glass) is used to create cross-sectional images of solar cells on glass. The
open-circuit voltage (Vo) and fill factor (FF) of solar cells were measured by a WACOM-class AAA
xenon-halogen dual lamp continuous AM1.5G spectral simulator at 25 °C. The short-circuit
current density (Js¢) values were calculated based on the EQE measurement by integrating over
the AM 1.5G solar spectrum. In this way, the effect of any mismatch between the solar simulator
spectrum and the AM1.5 spectrum is prevented. Also, it eliminates any overestimation of current
caused by errors in estimating the active cell area in small-area solar cells. EQE measurements
were performed using an in-house developed system equipped with monochromatic
illumination and EQE calibration photodiode from Fraunhofer ISE. For multijunction solar cells,
each subcell was characterised under carefully selected high-intensity bias light (LED sources)
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Table 6.3.: List of samples, figures, substrates, and corresponding experimental
objectives for tandem solar cell studies.

i-Zno
Serial Number Sample Figure Substrate Experiment
thickness [Lm]

1 SIT-IOH 1(A) Random 0 To study the difference in random textures interface
2 SIT-BL 1(B) Random 1.5 and interface-grain combination scattering.
3 HC-IOH 1(C) Periodic 0
4 HC-BL1 1(D) Periodic 0.2 To study the influence of grain scattering
5 HC-BL2 1(D) Periodic 0.4 combined with periodic textures.
6 HC-BL3 1(D) Periodic 0.6
7 HC-IOH 1(0) Periodic 0 To study the difference in periodic textures interface
8 HC-BL4 1(D) Periodic 0.9 and interface-grain combination scattering.

SnO

Experiment
thickness [(um]

9 HC-SnO 1(E) Periodic 1.0 To study the influence of wide band gap

grain scatterers.

and at 0 V. The total reflection spectra (R) of the solar cell are recorded using a LAMBDA 1050+
UV/Vis/NIR Spectrophotometer with a 150-mm InGaAs integrating sphere from PerkinElmer for
a 300 to 1200 nm A range at 10-nm intervals.

In this paper, a parameter R;Ll <A<dy’ signifying the fraction of total photons reflected in the
wavelength range between 11 and A2 in the AM1.5 solar spectrum, is calculated following the

equation:

J2 RH®Q) dA
Ry ren, ) = oo ——— x 100% 6.1)

Jiop° @A) dA
Where R(A) is the measured reflectance of the solar cell and ®(A) is the photon flux density
of the AM1.5 spectrum, as a function of A. For evealuating the effect of optical cavities - OCp,

OCg and OCg, weighted average reflectance R, R and R, were used

!
3 300<A<540" *'550<A<790 800<A<1200
respectively.

6.2. Results and Discussion

6.2.1. Inspection of interfaces and i-ZnO grains

Figure 6.4 shows the cross-section SEM images of SIT-IOH, SIT-BL, HC-IOH and HC-BL4,
respectively. The growth of i-ZnO crystals on both substrates is similar. Additionally, the growth
of i-ZnO crystals from small to large crystals with increasing thickness is evident in the SEM of
SIT-BL. At the specific thickness of 0.9-um (marked in the image), the cross-sectional grain
structure and size of i-ZnO on both types of textures (SIT-BL and HC-BL4) appear identical.

Figure 6.5(A) gives the power spectral density (PSD) of SIT-IOH and HC-IOH. Zone 1 represents
the large-sized features in the texture morphology, while zone 2 represents the small features. In
both zones, HC-IOH has a higher value than SIT-IOH, suggesting that HC-IOH has more features
at micro- and nano-scale [65]. These features actively scatter light over a broad wavelength range.
Figure 6.5(B) is the surface angle distribution of SIT-IOH and HC-IOH superstrates. HC-IOH
shows a concentrated peak at 17°, whereas SIT-IOH shows a broad distribution with a peak at 12°.
This sharp peak indicates that HC-IOH has a uniform taper, leading to gradual changes in optical
density and improved light coupling [69, 255].
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Figure 6.4.: Cross-sectional SEM images of a-Si:H/nc-Si:H tandem solar cells made on
SIT-IOH, SIT-BL (1.5-um thick i-ZnO), HC-IOH and HC-BL4 (0.9-um thick i-
Zn0). The i-ZnO layer is zoomed in with its heights marked, and one crystal
is also marked (arbitrarily selected) to guide the reader. Note: The profile in
HC solar cells in HC-BL4 differs from that in HC-IOH because the cut in the
glass is not exactly through the lowest point of the hexagons.
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Figure 6.5.: (A) PSD of SIT and HC textures. (B) Slope distribution of SIT and HC textures,
the 3D isometric view of the textures is given inset.

6.2.2. a-Si:H / nc-Si:H tandem solar cells on random textures

Figure 6.6(A) shows the EQE of tandem solar cells made on SIT. The interface-scattering in SIT is
insufficient to mitigate the fringes in the solar-cell stack. Thus, SIT-IOH has the effect of OCp,
OC¢ and OCp in the 1 — R spectra, resulting in multiple fringes across the entire wavelength
range. The effect of interference fringes is directly translated to the EQE spectra, leading to a loss
of optical response. The top cell loses the response in OCg at around 400 -500 nm, and OCg
reduces the bottom cell response at a wavelength of approximately 750 nm (marked with arrows).
A total spectral utilisation (Jsc, 7or) of a-Si:H / nc-Si:H tandem on SIT-IOH is 24.7 mA/ cm?.

To study the optical effects of SIT combined with grain-scattering in multijunction solar cells, a
1.5-um thick i-ZnO layer is added to the front electrode, forming a bi-layer. Figure 6.6(B) shows the
estimated bandgap and absorption coefficient () of i-ZnO. The estimated band gap of sputtered
i-ZnO is 3.1 eV, which corresponds to A =399 nm. Photons with energies above this threshold are
absorbed in i-ZnO. Similarly, minor parasitic absorption loss is observed between A =400 nm and
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500 nm due to tail states in sputtered i-ZnO [247].

EQE spectra of SIT-BL in Figure 6.6(A) suggest that at the shorter wavelengths, the amplitude
of interference fringes in the 1 — R spectra due to OCp were reduced with the bi-Layer TCO. The
fringes resulting from the IOH/(p)SiO:H layer are reduced, showing that the light has become less
coherent (also, a minor reduction in reflection at the TCO/silicon interface is also achieved by the
introduction of i-ZnO due to graded refractive index values; however, this effect is not a significant
factor here). This leads to the conclusion that grain-scattering is needed to mitigate interference
fringes in OCp in SIT. Yet, the SIT interface and grain-scattering combination is unable to break
the OC formed by the flat a-Si:H top cell. Table 6.4 gives the R’ values for SIT-IOH and SIT-BL.
Both R, and R! are decreased when i-ZnO is incorporated into IOH as a TCO

"300<A<550 550<1<790 ©° ) X
layer, indicating a better light incoupling as a result of reduced interferences in the layers.
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Figure 6.6.: (A) EQE and 1 - R spectra of SIT-IOH and SIT-BL a-Si:H/nc-Si:H tandem solar
cells (B) Absorptance of i-ZnO used in SIT-BL.

The benefit of light trapping in the solar cell with bi-layer TCO is nullified by the parasitic
absorption losses of high-energy photons in i-ZnO. As a consequence, Jsc,Tor of SIT-BL is 24.5
mA/cm? which is 0.2 mA/cm? less than that of SIT-IOH. The sputtered i-ZnO with a thickness of
1.5-um is insufficient to completely mitigate the Fabry-Pérot interference effects in solar cells
with random textures, unlike the LPCV-deposited i-ZnO reported in the literature [144]. This is
due to the fact that CVD-grown TCOs have more crystal grains in the bulk. Moreover, these
CVD-grown TCOs are optically more transparent and have higher electrical conductivity than RF
magnetron-sputtered TCOs, as sputtering is heavily dependent on target quality [251, 252].

6.2.3. a-Si:H / nc-Si:H tandem solar cells on periodic textures

For studying a bi-layer TCO structure on HCs, i-ZnO layers with thicknesses of 0.2 um, 0.4 um, and
0.6 um were incorporated, named HC-BL1, HC-BL2, and HC-BL3, respectively.

Figure 6.7(A) shows SEM images of the superstrate glasses before deposition. It can be
observed that the size of TCO crystals increases with increasing layer thickness. This observation
is consistent with what is reported by Faj et al.[76]. Solar cell active layer stack of HC-BL1,
HC-BL2, and HC-BL3 was fabricated together with HC-IOH in a single batch to ensure
comparability.

Figure 6.7(B) gives the 1 — R of the solar cells. Considering the 1 — R spectra, it is observed that,
with increasing thickness and crystal size, the bi-layer TCO reduces the fringe amplitudes. Table
6.4 gives the R’ values corresponding to different optical cavities for HC-IOH, HC-BL1, HC-BL2,
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Figure 6.7.: (A) SEM images of different substrates used for HC-IOH ( covered glass), HC-
BL1 (200 nm thick i-ZnO), HC-BL2 (400 nm thick i-ZnO), HC-BL3 (600 nm
thick i-ZnO) and HC-BL4 (0.9-um thick i-Zn0O). Additionally, 1.5-um thick i-
ZnO layer on glass is shown to demonstrate the size difference in crystals.
(B) EQE and 1 — R spectra of a-Si:H/nc-Si:H tandem solar cells on these
superstrates.

Table 6.4.: Weighted average reflectance values R’ of different solar cells presented in this

paper.
/ / /

Sample Ry ) c40 Risocacran Fooo<a<izoo R3oo<a<izoo

[%] [%] [%] [%]
SIT-IOH 3.24 8.88 8.63 20.75
SIT-BL 2.24 7.47 10.03 19.74
HC-IOH 2.37 6.47 9.87 18.71
HC-BL1 2.19 6.06 10.49 18.74
HC-BL2 2.16 6.01 9.47 17.64
HC-BL3 2.10 5.40 10.11 17.61
HC-BL4 1.93 4.10 8.02 14.05
HC-SnO 1.58 5.29 10.15 17.01

and HC-BL3. HC-BL1 shows a minor shift of fringe from 350 to 420 nm because i-ZnO absorbs all
photons below 380 nm completely. The interference fringe pattern in the 1-R is approximately
the same for HC-IOH and HC-BL1. For HC-BL2 and HC-BL3, the fringes formed by OCp are
totally quenched. This indicates that at least an i-ZnO thickness of 0.4-um (as in HC-BL2) is
required to diminish the effect of OCp in hexagonal micro-textures. Réoo <l<540 COnsistently
decreases in value, indicating the decrease in reflected photon flux in the blue region. It is also
observed that even a 0.6-um thick i-ZnO is not enough to mitigate the interference fringes caused
by OC;. However, R. decreases by = 1% absolute when 0.6-um i-ZnO layer is

550<A<790
introduced. No tandem solar cells on the HC textures show major interference in the
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Table 6.5.: Js,Tor and constituting component current values of solar cells on HC-IOH,
HC-BL1, HC-BL-1 and HC-BL3 samples. NB: Subscripts - ToC refers to the top
cell, and BoC refers to the bottom cell.

di—zno Ja<asonm  Jse,toc Jse,BoC Jas900mm  Jsc,TOT

Sample

[um] [mA/cmZ] [mA/cmZ] [mA/cmZ] [mA/cmZ] [mA/cmZ]
HC-IOH 0 2.7 10.0 16.8 1.9 26.8
HC-BL1 0.2 2.1 9.1 16.7 1.7 25.8
HC-BL2 0.4 1.8 9.6 15.7 1.5 25.3
HC-BL3 0.6 1.9 9.6 15.1 1.5 24.7

near-infrared. This is either because the interface scattering of 5-um periodic HC with 1-um
height profile can suppress the OCg-induced interference fringes, or because the bottom cell
thickness is sufficient to absorb all low-energy photons.

Figure 6.7(B) also gives the sub-cell EQEs. HC-IOH, HC-BL1, HC-BL2 and HC-BL3 have total
spectral utilisations of 26.7 mA/cm?, 25.8 mA/cm?, 25.3 mA/cm? and 24.7 mA/cm? respectively.
Table 6.5 gives the photoresponse at different A ranges. The Jsc,7or continuously decreases with
an increase in i-ZnO thickness due to loss in blue response (related to bandgap) and parasitic
absorption in the visible range by i-ZnO (related to tail states in i-Zn0). A loss of 0.6 mA/cm? is
observed directly in Jj 4505, as parasitic absorption with the addition of 200-nm thick i-ZnO.
The loss in the IR region is due to free carrier absorption (Drude absorption) [256].
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Figure 6.8.: EQE and 1 — R spectra of HC-IOH and HC-BL4 a-Si:H/nc-Si:H tandem solar
cells. Dotted lines represent the total spectral utilisation of HC-BLA4.

Figure 6.8 gives the EQE and 1 — R of tandem solar cells made on HC-IOH and HC-BLA4.
Initially, we consider the sole effect of the periodic and random interface scatterings by
comparing HC-IOH with SIT-IOH (from Figure 6.6). In HC-IOH, the amplitude of fringes is
significantly diminished compared to SIT-IOH. This is due to the morphological properties of
HC-IOH shown in Figure 6.5 and discussed in Section 6.2.1. The presence of more feature sizes
enhances scattering in HC-IOH compared to SIT-IOH. Additionally, light coupling via tapered
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gratings reduces reflection in the cavities. Table 6.4 shows a gain of approximatley 1% and more
than 2% in Ry, ) -, and Rl _, o respectively for HC-IOH over SIT-IOH and an overall R’
increase of 2% incoupled photon flux.

As discussed before, 0.4-um i-ZnO bi-layer suppresses the OCp induced interference fringes in
HC substrates. A further increase in i-ZnO thickness up to 0.9-um could suppress the interference
resulting from OCg as well (marked with arrow). HC-BL4 suggests that the OCs in HC
superstrates can be nullified by scattering from smaller grains compared to SITs (refer to SEM
image Figure 6.4). This can be attributed to the efficient interface-scattering property of HC,
which, in turn, requires a smaller grain size to mitigate the interference effects of all OCs. From
Table 6.4, an increase of 0.4%, 2.3% and 1.8% gain in photon flux is observed for Ré00</1<540,
Réso <1<800° Réoo <l<1200 T€SPectively resulting an overall gain of 4.6% in photon flux in HC-BL4
compared to HC-IOH. Although the interference fringes are quenched, the sputtered i-ZnO
exhibits parasitic absorption losses of high-energy photons — a trend similar to that observed in
SIT-BL — which overshadows the gain. As a result, the total optical performance of the cell is
reduced to 26.4 mA/cm? in HC-BL4 when compared to 26.8 mA/cm? for HC-IOH.

External parameters of single-layer and bi-layer solar cells are reported in Table 6.6. For
random textures, SIT-IOH outperforms SIT-BL. A drop in V,. and FF is observed for the bi-layer
configuration. Both solar cells exhibit top cell current-limited behaviour. SIT-IOH has 1.2%
(absolute) higher n compared to SIT-BL. For periodic textures, introducing a 0.9-um thick i-ZnO
layer results in approximately the same V,. and FF. An n = 9.2% is measured for HC-IOH and
9.7% for HC-BL4. These are also a result of a heavily current-mismatched (top-cell-limited)
situation. An increase in series resistance is observed upon introducing a sputtered i-ZnO layer
for both bi-layer configurations. Notably, this increase in series resistance is almost double when
using 1.5-pm i-ZnO. This observation has not yet been reported in studies using LPCVD i-ZnO
[77, 257] or BZO [76, 258]. It should be noted that the devices demonstrated in this study are not
directly comparable to state-of-the-art a-Si:H/nc-Si:H configurations. Rather, the primary aim of
these devices is to investigate and compare total spectral utilisation under conditions where
optical interference effects are mitigated.

Table 6.6.: External parameters of solar cells deposited on SIT-IOH, SIT-BL, HC-IOH and
HC-BL4 samples. The reported values are calculated from five cells on each
textured substrate, which has the highest V,,; x FF value. ToC refers to top cell
and BoC refers to bottom cell. Standard deviation (o;) of measurements are
as follows: root-mean-square error of J;; = 0.7% (absolute) o4(V,c)= 2 mV,
04(FF)~ 0.6%, 04(R,)=~ 0.1 Q.cm?, 04(Rp)~ 0.1 kQ.com?.

Sample di_zno Voc Jsc,ToC Jse,BoC Jse,ToT FF Rs Rp n

[uml  [mV] [mAlcm?] [mAlcm?] [mAlcm?] [%] [Q.cm?] [kQ.cm?] [%]
SITFIOH 0 1390 121 12.6 247 669 302 7.7 113
SIT-BL 15 1361 114 13.1 245 651 421 72 101
HC-IOH 0 1408  10.0 16.8 268 650 359 89 92
HC-BL4 09 1410 105 15.9 264 654 400 87 9.7
HC-SnO 1.0 1393 107 13.8 245 540 340 34 80

In summary, the optical performance of the solar cells on any texture with sputtered i-ZnO is
a trade-off between the gain in photocurrent from reduced fringes and the loss of high-energy
photons in the sputtered i-ZnO layer. A periodic texture combined with an i-ZnO stack with a
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thickness below 1 um (sample: HC-BL4) could mitigate fringe contrubutions of OCp, OCg, and
OCg, which is much smaller than the = 2-um thick LPCVD TCOs reported in the literature [19, 20,
28, 45, 49, 77]. On the contrary, grain scattering by a 1.5-um thick i-ZnO layer and larger crystals
(sample: SIT-BL) was not as effective at removing the effects of OCg. Since the target material
influences the quality and optical absorption of the sputtered layer, the thickness that needs to
be used is a compromise between parasitic absorption and light scattering. This means that a
periodic hexagonal texture is the preferred combination for low-temperature sputtered i-ZnO. The
reported total current density of 26.4 mA/cm? can yield bottom-subcell current-limited cells with
13.1 mA/cm? using internal reflection layer techniques and a thicker top cell.

6.3. Grain scattering with wide-bandgap SnO

Table 6.6 includes the performance of HC-SnO solar cells with a 1.0-um-thick SnO layer
implemented as a grain scatterer. When the SnO/SiO,/IOH front electrode is used, the cell’s
electrical performance drops significantly due to a decrease in FF caused by low parallel
resistance. We speculate that the lower parallel resistance is likely caused by the lack of a
sufficient cleaning cycle between the SiO deposition and IOH deposition, which happens in two
different deposition tools and requires exposure to ambient between the processes. The SEM
image and EQE of this solar cell are given in Figure 6.9. The SEM images given in the inset suggest
that the SnO grains exhibit a columnar crystal growth with very minimal naturally grown texture
at the interface. An important observation is that a thickness of 1-um is enough to mitigate all
interference fringes caused by OCpg, OCg, and OCp.
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Figure 6.9.: EQE and 1 — R spectra of HC-SnO and HC-BL4 a-Si:H/nc-Si:H tandem solar
cells. Dotted lines represent the total spectral utilisation of each solar cell.

The high band gap of SnO resulted in an increase in the EQE response of the top cell between
300 and 450 nm in HC-SnO compared to HC-BL4. From Table 6.4, a small increase of 0.4% gain in
photon incoupling is observed for R§00< 1<s40- The same cell also shows a drop of 1.2% and 2.1%
in photon flux is observed for Réso <1<800° Réoo <a<1200 T€spectively. These together result in an
overall drop of light incoupling by 3% in HC-SnO compared to HC-BL4. The major loss is
between A = 700 nm and 1000 nm - similar to the HC-IOH in Figure 6.8. The higher reflection in
the 700-1200 nm range is a result of the presence of the IOH/(p)SiO:H interface in HC-SnO and

HC-IOH. As seen in Figure 6.2, above 700 nm IOH has the highest contrast in refractive indices
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with the (p)SiO:H among all TCOs used. This means that the Fresnel reflection coefficient is
higher for IOH/(p)SiO:H compared to the graded refractive indices in IOH/i-ZnO/ (p)SiO:H stack.
The SnO used in this demonstration exhibits heavy parasitic absorption, which reduces the total
optical response of the solar cell. However, the SnO sputtering recipe can be optimised rigorously
further in this case, as the TCO does not take part electrically in the cell performance. A SnO layer
with high optical transmission and significantly low free carrier concentrations can be a
promising route for high-performing front textures with little or no interference fringes in
thin-film silicon solar cells.

6.4. Conclusion

This work uses a-Si:H/nc-Si:H tandem solar cells as a medium to study superstrate configuration
multijunction cells with Fabry-Pérot micro-cavities. These optical micro-cavities limit the
optimal light coupling in the subcells of a multijunction solar cell. Random or periodic texture
demonstrates interface scattering in devices and partially mitigates the interference effect of
optical cavities. However, applying textures to glass alone is insufficient to eliminate the
interference effects of optical cavities completely. With interface scattering, a periodic hexagonal
texture on glass breaks the coherence in light more than random textures. Furthermore, a light
scattering mechanism with TCO grains is added to textures through low-temperature sputtered
i-ZnO. With increasing thickness and crystal size, the amplitude of fringes decreases. For a
random textured glass substrate, a 1.5-um thick i-ZnO layer could quench interference in the top
cell, except for the effect of the optical cavity formed in the amorphous top cell. Whereas,
hexagonal craters on glass, combined with a 0.9-um thick i-ZnO layer, effectively mitigated
fringes formed by all optical cavities in the device. It is suggested that a periodic hexagonal
texture is the preferred combination for low-temperature sputtered i-ZnO. Use of a wide bandgap
TCO like SnO can effectively suppress cavity-induced interference fringes, simultaneously
avoiding the parasitic absorption of high-energy photons, which is otherwise absorbed by i-ZnO.
The design principles discussed in this work are not restricted to a-Si:H/nc-Si:H tandem but can
be extended to any thin-film multijunction solar cells consisting of layers with contrasting
refractive indices.







Conclusion

In this dissertation, light-management techniques with front textures for thin-film silicon
superstrate configuration solar cells are presented. Specifically, the textures are developed on
glass to act as light scatterers at interfaces in thin-film devices. This thesis aims to create textures
on glass with a broader idea of transferring them to aluminium for implementing them for
pre-textured transparent conductive oxides (TCO) made by LiFT PV B.V. On a broader scale, this
thesis aims to answer a main question:

How to engineer a front glass texture with which high-performing thin-film
silicon superstrate solar cells can be fabricated?

This main research question is divided into four key questions answered by studying random
textures on glass, periodic textures on glass and fabricating multijunction thin-film silicon cells on
glass textures.

Before addressing the key questions, an optimisation of thin-film silicon deposition in the
multichamber plasma-enhanced chemical vapour deposition (PECVD) tool is presented. The
fabrication of device-grade nanocrystalline silicon (nc-Si:H) and amorphous silicon (a-Si:H)
absorber material is realised in very high frequency (VHF) conditions in the same chamber. The
product of open-circuit voltage (Vy.) and fill factor (FF) is highest for nc-Si:H single-junction
solar cells at a crystallinity near the amorphous to nanocrystalline transition regime with
crystallinity =60 to 65%. For micro-sized textures on glass, the highest-performing cells in terms
of efficiency (= 9.0 %) were made at 40.68 MHz VHE at a chamber pressure of 4 mBar, a power
density of 0.4 W/cm?, a silane flow of 3.3 sccm, and a hydrogen flow of 120 sccm (resulting in a
silane concentration of 2.6%). Wide bandgap a-Si:H with band gap energy of 1.90 eV and single
junction cells with V. = 934 mV, FF = 68%, short-circuit current density (Js¢) of 12.7 mA/ cm? and
efficiency(n) of 7.9% were deposited at VHE at a pressure of 5 mBar, power density 0.30 W/ cm?,
silane flow 6 sccm, and hydrogen flow 120 sccm (resulting silane concentration of 4.8%).

Chapter 3 presents a detailed sample study of three sacrificial random texturing approaches on
glass utilising two different sacrificial TCO layers, namely indium-doped tin oxide (ITO) and
intrinsic (not intentionally doped) zinc oxide (i-ZnO). i-ZnO is a novel TCO material used in
texturing glass. The chapter presents observations on the physical properties of the created
textures and their interaction with light. Using the ITO layer for sacrificial texturing (SLT;70)
resulted in large craters with spherical ‘inverted U’ shapes with peak RMS roughness (o, s) of
958 nm. Using the i-ZnO sacrificial layer (SLT} 7o) created small craters with conical ‘inverted V’
shapes and peak attained o5 = 318 nm. A correlation is observed between the o, of the
textures and their diffused transmission. Large-size textures of SLTjro follow coherent
refraction, while SLT;zp nano textures follow incoherent Mie scattering. The best-performing
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SLT;70, SLT1 70 resulted in ) of 8.81% and 7.38% with Jsc 25.81, 25.08 mA/cm?, respectively. The
processing conditions of optically best-diffusing textures from each sample set are combined to
make a superimposed texturing - SIT. SIT has features resembling its constituent morphologies
(0rms = 418 nm) and exhibits combined scattering characteristics of both diffractive and
refractive scattering regimes across a broad wavelength. SIT exhibits excellent optical properties
in terms of reflectance and scattering. The nc-Si:H single-junction solar cells made on SIT
resulted in the highest-performing solar cell in terms of external quantum efficiency (EQE) with
Jsc 0£26.75 mA/cm? and 1 =9.38% among the mentioned textures.

Chapter 4 presents a detailed analysis of the processes used to make periodic honeycomb (HC)
textures in glass superstrates. The influence of these processing parameters, particularly their
effect on texture depth, is studied in detail. Glass wafer surfaces require acidic cleaning to ensure
proper adhesion between the glass and photoresist (PR). This was achieved by cleaning the glass
superstrates with 69.5% HNOj3 followed by a running water dip and spin-drying. Pre-baking of
wafers at 110 °C for 10 minutes before coating with PR ensured the removal of any amount of
adsorbed water from the surface. Additionally, it was noted that during the coating step, priming
the surface with hexamethyldisilazane at 150 °C for 150 seconds best removes the polar hydroxyl
groups to improve the surface adhesion towards PR. Using a 2.1 pm for Shipley PR3012 reduces
the diffusion of the etchant ions through the PR. Post development, the samples were hard-baked
at 140 °C for 30 minutes to enhance PR adhesion via cross-linking. Using these parameters,
honeycombs were made on glass wafers with varying periodicities of 3 pm, 4 pm and 5 pm. At 5
um, hexagonal microtextures with 1010 nm absolute depth are obtained.

Hexagonal texturing on glass does not exhibit perfectly isotropic etching, a property dedicated
to the spatial distribution of orifices. A parameter, D, p is defined, successfully quantifying the
extent of isotropic etching exhibited by the texturing process. The total transmission and
scattering of light by hexagonal textures depend on their angle distribution. As the periodicity
and height of the texture increase, hexagonal microtextures exhibit enhanced transmission and
scattering properties.

Chapter 5 reports periodic hexagonal microtextures on glass, their optical properties and their
application in nc-Si:H solar-cell devices. The surface morphology and optical properties of the
textures are reported. Features of multiple size ranges characterise the HC surface morphology.
Hexagonal textures exhibit enhanced light transmission across the entire wavelength range when
the periodicity is increased. Hexagonal textures with deeper craters also display high diffused
transmission and broad-angle scattering properties. These properties directly translate to EQE
spectra of solar cells fabricated on the textures, increasing the photoresponse and efficiency with
an increase in periodicity and aspect ratio of the hexagonal micro-textures. Hexagonal textures
with a 5 um periodicity with a 20.2% aspect ratio yield a photocurrent of 28.6 mA/cm? and a
photo conversion efficiency of 9.30%. It is also observed that the HC textures in the superstrate
configuration glass can facilitate V,, around 520 mV and crack-free nc-Si:H crystal growth. This
indicates a high potential for hexagonal textures on glass in multijunction thin-film solar-cell
applications.

Chapter 6 of this thesis presents a-Si:H/nc-Si:H tandem solar cells as a route to study
superstrate configuration multijunction cells with Fabry-Pérot micro-cavities. These optical
micro-cavities limit the optimal light incoupling in the subcells of a multijunction solar cell. We
demonstrate the use of random or periodic texture to implement interface scattering in devices
and partially mitigate the interference effect of optical cavities. However, applying textures to
glass alone is insufficient to eliminate the interference effects of optical cavities completely. With
interface scattering, a periodic hexagonal texture on glass breaks the coherence in light more
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than random textures. Furthermore, a light-scattering mechanism with TCO grains is added to
textures through low-temperature, cost-effective sputtered i-ZnO. For a random textured glass
substrate, a 1.5-um thick i-ZnO layer could quench interference in the top cell, except for the
effect of the optical cavity formed in the amorphous top cell. Hexagonal craters on glass,
combined with a 0.9-um thick i-ZnO layer, effectively mitigated fringes formed by all optical
cavities in the device. Use of a wide bandgap TCO like tin oxide (SnO) is useful in eliminating the
optical cavities, simultaneously avoiding the parasitic absorption of high-energy photons, which
are otherwise absorbed by i-ZnO. The design principles discussed in this work are not restricted
to a-Si:H/nc-Si:H tandem but can be extended to any thin-film multijunction solar cells
consisting of layers with contrasting refractive indices.

7.1. Perpectives from the thesis

The primary objective of this thesis is to design a scattering front window that enhances the light
management performance and enables the processing of high-quality thin-film silicon layers on
top of it. Beyond the specific results and conclusions detailed in Chapters 2 through 6, this thesis
has generated several additional conceptual perspectives related to the primary research question.
This section briefly outlines these emergent insights.

Chapters 3 and 5 compare single-junction nc-Si:H solar cells on random and
periodic-hexagonal textures on glass. The best optical responses of a single junction nc-Si:H p-i-n
superstrate solar cell processed on random and periodic textures in this thesis are 26.75 and 28.60
mA/cm?, respectively - refer Figure 7.1 (Left). The Js¢ of 28.60 mA/cm? on 5 um periodic
hexagonal micro-textures is one of the highest reported optical performances on a single junction
nc-Si:H superstrate solar cells without any external anti-reflection measures.
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Figure 7.1.: EQE and 1 — R spectra of: Left: nc-Si:H single junction solar cells on random
(SIT-IOH) and periodic (HC-IOH) textures, Right: a-Si:H/nc-Si:H tandem
solar cells on periodic texture (HC-IOH).

During this thesis, a-Si:H/nc-Si:H tandem solar cells were fabricated on the hexagonal
microtextures to reach amn = 12.3% for an approximately current-matched solar cell with top cell
Jsc =13.0 mA/cm? and bottom cell Jsc =13.2 mA/cm? (total spectral utilisation of 26.2 rnA/crnz) -
refer Figure 7.1 (Right). This solar cell has V,. = 1392 mV and FF = 67.9. It has to be noted that the
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cell is top-cell current-limited. Mitigating interference fringes in the 1 — R spectrum with
high-bandgap TCO grain scattering can enhance the optical performance of the solar cells.

Grain scattering: As an initial experiment, sputtered tin oxide is employed as a wide bandgap
grain scatterer at the front side of an a-Si:H/nc-Si:H tandem configuration in Chapter 6. The SnO
sputtering recipe can be further optimised rigorously for better performance. As the TCO does not
take part electrically in the cell performance, the layer properties need to be optimised for high
optical transmission with significantly low free carrier concentrations.

Anti-reflection: To further improve thin-film silicon solar cells’ optical performances, two
possible anti-reflection routes that can be explored are a MgF, layer deposited and
subwavelength anti-reflection structures glued to the front side of the glass. As a part of this
thesis, a 70-nm-thick MgF» layer was deposited at the front side of the solar cell; however, due to
the flat nature of the layers, a new optical microcavity was developed around a 350-nm
wavelength. A potential route to tackle this challenge is to introduce a nano-texture at the front
flat side of the glass before MgF, deposition. But it would require a special technique to shield
the intended cell deposition side to protect the crater structures.

To enhance the electrical performance, it is essential to employ a thicker top cell or incorporate
an internal reflective layer to ensure the bottom sub-cell functions as the current-limiting cell.
Furthermore, the integration of an external anti-reflection coating on the front surface of the
glass is required. This must be coupled with high-temperature deposition of the TCO, resulting in
reduced parasitic absorption losses and contributing to refractive index grading within the
window layer stack: Glass/IOH/i-ZnO/p-layer to attain record-best conversion efficiencies.
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Spatial distribution of angles in random textures
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Figure A.1.: Colour map of surface normal distribution curves of SLT;ro, SLT;z0 and
SIT in terms of angle.
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134 A.

Influence of TCO thickness on fringes in solar cell reflection data
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Figure A.2.: Reflectance curves of solar cells in superstrate configuration air/ glass/

IOH/ silicon solar cell/ silver fabricated on textured glass with various IOH
thickness.
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Figure A.3.: Refractive index (n) and extinction coefficient (k) of different layers used in
the solar cells in the paper.
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External parameters of best performing cells on each superstrate
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Figure A.4.: Distribution of defined cells over the area of the superstrate

Sample Jse Voc FE Eif Rs Rp Cell Number
[mA/cm?] [mV] [%)] [%)] [Q.cm?]  [kQ.cm?]

SLTiro  27.35 544 64.9 9.66 7.9 3.34 28
27.07 540 65.1 9.52 8.6 3.00 4
26.92 543 64.7 9.46 10.6 3.65 9
27.67 545 63.6 9.59 10.4 2.06 14
28.13 551 62.6 9.70 10.0 2.30 26
26.55 538 63.6 9.09 13.4 3.24 11
26.79 540 62.1 8.98 11.9 3.38 23
26.39 534 62.2 8.77 13.6 3.17 6
27.00 533 61.6 8.86 10.8 1.27 18
27.32 533 61.4 8.94 12.3 3.11 13

Avg+SD 27.12+052 540+6 63+1 92+04 11+2 2.8+08
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Sample Jse Voc FE EfL. Rs Ry Cell Number
[mA/cm?] [mV] [%] [%] [Q.cm?]l  [kQ.cm?]
SLT;z0  23.98 532 61.1 7.79 12.2 1.61 21
23.89 531 60.9 7.73 125 2.56 15
24.50 536 59.7 7.84 12.4 1.49 14
24.58 538 58.7 7.76 13.8 1.65 22
23.49 532 59 7.37 14.0 1.77 18
24.60 537 58.4 7.71 13,5 1.66 11
24,51 542 57.6 7.65 15.1 1.87 16
24.92 533 58 7.70 14.6 1.61 20
2491 531 57.5 7.61 14.9 1.58 3
24.60 532 56.7 7.42 16.1 1.60 17
Avg+SD 2440+046 534+4 581 76+02 14%1 1.7+ 0.3
SIT 28.81 548 65.6 10.36 8.7 2.64 10
26.62 545 65.8 9.55 6.9 2.98 12
27.96 541 65.9 9.97 7.3 3.15 28
26.40 545 65.4 9.41 8.6 2.53 17
28.63 547 64.7 10.13 8.3 2.42 8
28.54 549 63.3 9.92 10.0 2.38 30
27.22 540 64.2 9.44 8.4 3.11 23
27.51 536 64.3 9.48 8.9 2.60 19
25.56 544 63.2 8.79 10.8 2.73 11
26.78 542 62.4 9.06 11.9 2.46 9
Avg+SD 27+l 544+4 641 96+05 91 2.7+03
FLAT  23.18 528 56.7 6.94 12.7 1.08 26
22.38 523 56.3 6.59 13.1 1.04 8
22.81 526 55.7 6.68 13.0 1.00 13
19.62 522 55.7 5.70 14.9 1.05 6
23.12 517 55.8 6.67 145 1.11 28
22.14 521 55.1 6.35 13.3 0.91 23
21.71 519 55.3 6.23 13.8 0.96 14
21.46 516 55.3 6.12 13.6 0.95 18
22.50 523 54.5 6.41 143 1.00 4
22.90 519 54.7 6.50 13.6 0.93 10
Avg+SD 22%1 521+3 555+07 64+04 13.7+07 1.0£0.1

Table A.1.: Performance of top ten solar cells on each sample - performance is sorted
based on largest to smallest value of V,.x FE Js. values are obtained from
the WACOM solar simulator. Efficiencies (Eff.) tabulated are also calculated
based on these Js: and are not corrected for EQE measurement.



Surface angle distribution and surface steepness
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Figure B.1.: Regions on hexagonal craters with particular angles.

Dimensions of hexagonal texture surface and unit shape

(C)

Figure B.2.: (A) R-axis and G-axis on an area tessellated with hexagons. (B) Dimensions
of a hexagonal unit cell in terms of periodicity, P. (C) Height of a hexagonal
crater.
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138 B.

External Parameters of nc-Si:H single junction solar cells as a function of

absorber thickness
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Figure B.3.: Short-circuit current of nc-Si:H single junction solar cells as a function of
absorber thickness
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Surface profile of hexagonal microtextures - Circle fit

{ 6650 nm !

\ 9000 nm

Figure B.5.: Top to bottom rows: AFM data visualised for 3 um, 4 pm, and 5 pm
periodicity hexagons. Additionally, the corresponding extracted surface
profiles for the G and R axes are provided in the next columns. The profiles
are to scale 1:1. The dash-dot circles are extrapolated arcs used to fit the
profiles. All unique diameters are marked once (the adjacent non-marked

circles are the same.



141

Near-field and Far-field diffraction patterns - Python simulated

Figure B.6.:
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Simplified simulation of near-field and far-field diffraction patterns for
honeycomb textures using Python computation library (SciPy). The 2D
grating data is loaded from AFM scans. Illumination of the grating is done
with 635 nm red light. The near-field diffraction patterns are performed
in a system consisting of glass (with a refractive index of 1.5 at 600 nm), a
hexagonal texture, and a 4 pm thick silicon layer (refractive index of 3.8 at
635 nm). The Angular Spectrum Method is used in constructing the near-
field diffraction patterns. The far-field diffraction patterns are simulated
in a system consisting of glass (with a refractive index of 1.5 at 635 nm), a
hexagonal texture, and air (refractive index of 1.0 at 635 nm). A fast Fourier
transform is performed to generate the far-field pattern.
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