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Summary

The coming years will see humanity facing significant challenges to ensure its
continued survival. The threat of global warming to humans and the environ-
ment — exacerbated by rapidly growing population and energy demand — re-
quires quick and decisive actions. Among them, increasing the generation of
electricity from renewable resources is paramount to mitigate the effects of cli-
mate change. Photovoltaic (PV) energy conversion can be one of main technolo-
gies that propels the transition from fossil fuels towards a more sustainable fu-
ture. In recent years, the deployment of photovoltaic systems has increased at
an astounding pace, with more than 100 GW,, of power installed during each
of the last three years. However, further expansion of PV installations cannot
solely rely on increasing industrial production, but should also be supported by
research aimed at increasing the efficiency of PV devices and reduce their man-
ufacturing costs.

One of the key aspects of photovoltaic energy conversion is absorption of light.
By increasing the amount of solar energy that is absorbed inside PV devices,
the efficiency of solar cells can be boosted. This is particularly true for thin-
film structures, which due to their limited thickness struggle to effectively ab-
sorb photons. Light management indicates all the techniques aimed at maximis-
ing light absorption inside photovoltaic devices and is the main topic of this
manuscript. The goal of this work is to investigate and optimise light manage-
ment approaches — based on periodic structures — applied to different thin-film
device technologies, and through this analysis provide guidelines for the design
of photovoltaic devices and gain an insight into their optical performance.

After describing the theoretical background in chapter 1 and the methodology
in chapter 2, chapter 3 begins the study of light management approaches by
investigating nanowire arrays applied to thin-film nano-crystalline silicon so-
lar cells. A proof-of-concept device was manufactured to ensure the feasibility
of the proposed novel approach. Then, simulations were used to optimise the
nanowire array structure. Results showed the good anti-reflective and scattering
properties of nanowires, which are able to significantly boost absorption in the
nano-crystalline silicon active layer.

In chapter 4, the analysis shifts to periodic metasurfaces and the achievement
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of perfect absorption in amorphous silicon solar cells. By tuning the size and
arrangement of the dielectric nanostructures that make up the metasurface, near
100% absorption can be achieved in the spectral region where amorphous silicon
struggles to efficiently absorb incident photons. With respect to flat devices the
performance is significantly increased, despite a reduction of used material of
more than 50%.

In chapter 5, a thorough investigation of periodic gratings for Cu(In,Ga)Se; so-
lar cells (CIGS) is carried out, complete with the selection of appropriate sup-
porting materials to reduce the device thickness with a minimal sacrifice in per-
formance. The accuracy of 3-dimensional rigorous modelling in predicting the
performance of real CIGS devices was demonstrated for the first time. Then,
a full study of 1-D and 2-D gratings was conducted — together with an analy-
sis of device architectures that employ more transparent materials at the front
and highly reflective metals at the back side. Results showed a marked increase
in light absorption, mostly owing to a lower device reflectance and to reduced
parasitic absorption in all supporting layers. The high optical performance was
maintained when the thickness of the CIGS layer was reduced by 60%, which is
crucial to reduce the utilisation of indium in the device and of the costs associ-
ated with it.

In chapter 6, the concept of front/back pyramidal textures with different ge-
ometries is introduced and fully explored. Its application to (nano-)crystalline
silicon absorbers or to supporting layers is compared, showing a preference
for the former. After careful study of the decoupled texture geometry, an op-
timised optical performance beyond the traditional Lambetian scattering limit
was achieved.

In chapter 7 the concept of double front and back textures is analysed further,
by applying it to cheap and abundant barium silicide (BaSi,). The optical poten-
tial of of this novel PV material was first characterised with spectroscopy mea-
surements, then assessed in both single- and multi-junction configurations with
the aid of rigorous optical simulations. Results showed that BaSi, outperforms
thin-film silicon absorbers, owing to its higher absorption coefficient. This high-
lights the promise of this novel material, which can be an ideal candidate for
both single- and double-junction thin-film devices.



Samenvatting

Dutch translation by dr. Rudi Santbergen

De komende jaren zal de mensheid voor een grote uitdaging staan om haar
voortbestaan te verzekeren. De dreiging van opwarming van de aarde voor
mens en milieu - verergerd door de snel groeiende bevolking en de vraag naar
energie - vereist snelle en doortastende maatregelen. Het vergroten van de op-
wekking van elektriciteit uit hernieuwbare bronnen is van cruciaal belang om
de effecten van klimaatverandering te verzachten. Fotovoltaische (PV) energie-
omzetting kan én van de belangrijkste technologieén zijn die de overgang van
fossiele brandstoffen naar een duurzamere toekomst bewerkstelligt. In de af-
gelopen jaren is de installatie van fotovoltaische systemen in een verbazing-
wekkend tempo toegenomen, met in de afgelopen drie jaar een geinstalleerde ca-
paciteit van meer dan 100 GWp per jaar. Verdere uitbreiding van PV-installaties
kan echter niet alleen steunen op een toenemende industriéle productie, maar
moet ook worden ondersteund door onderzoek dat gericht is op het verhogen
van de efficiéntie van zonnecellen en het verlagen van hun productiekosten.

Eén van de belangrijkste aspecten van fotovoltaische energieconversie is de ab-
sorptie van licht. Door de hoeveelheid zonne-energie die wordt geabsorbeerd
in zonnecellen te vergroten, kan de efficiéntie worden verhoogd. Dit geldt met
name voor dunne-filmstructuren, die vanwege hun beperkte dikte moeite heb-
ben om fotonen effectief te absorberen. Lichtmanagement omvat alle technieken
die bedoeld zijn om de lichtabsorptie in fotovoltaische apparaten te maximalis-
eren en is het hoofdonderwerp van dit proefschrift. Het doel van dit werk is
het onderzoeken en optimaliseren van lichtmanagementtechnieken op basis van
periodieke structuren toegepast op verschillende dunne-filmzonneceltechnolo-
gieén, en door middel van deze analyse meer inzicht in te verkrijgen in hun
optische prestaties en daarmee betere richtlijnen te bieden voor het ontwerp van
zonnecellen.

Na een beschrijving van de theoretische achtergrond in hoofdstuk 1 en de
methodologie in hoofdstuk 2, onderzoekt hoofdstuk 3 lichtmanagementtech-
nieken door middel van nanodraadroosters die zijn toegepast op dunne-film
nano-kristallijn silicium zonnecellen. Er werd een prototype vervaardigd om

vii



viii 0. Samenvatting

de haalbaarheid van het voorgestelde nieuwe ontwerp aan te tonen. Vervol-
gens werden simulaties gebruikt om de structuur van de nanodraadroosters te
optimaliseren. Resultaten toonden de goede antireflectie- en verstrooiingseigen-
schappen van deze nanodraden aan, die de absorptie in de nano-kristallijne sili-
cium laag aanzienlijk kunnen verhogen.

In hoofdstuk 4 verschuift de focus naar periodieke meta-oppervlakken en het
bereiken van perfecte absorptie in amorf silicium zonnecellen. Door het afstem-
men van de grootte en rangschikking van de diélektrische nano-structuren die
het meta-oppervlak vormen, kan een absorptie van bijna 100% worden bereikt in
het spectrale gebied waar amorf silicium moeite heeft om invallende fotonen effi-
ciént te absorberen. Met betrekking tot vlakke zonnecellen worden de prestaties
aanzienlijk verbeterd, ondanks een vermindering van het materiaalverbruik van
minstens 50%.

In hoofdstuk 5 wordt een gedetailleerd onderzoek uitgevoerd naar periodieke
roosters voor Cu(In,Ga)Se, (CIGS) zonnecellen, inclusief de selectie van geschik-
te materialen die het mogelijk maken om de dikte van de zonnecel te vermin-
deren met een minimaal verlies in zonnecelprestaties. De nauwkeurigheid van
driedimensionale exacte modellen bij het voorspellen van de prestaties van echte
CIGS zonnecellen werd voor het eerst aangetoond. Vervolgens werd een volle-
dige studie van 1-D en 2-D roosters uitgevoerd, samen met een analyse van zon-
necelarchitecturen die transparantere materialen aan de voorkant en sterk re-
flecterende metalen aan de achterkant gebruiken. De resultaten lieten een duide-
lijke toename zien van de lichtabsorptie, voornamelijk als gevolg van een lagere
reflectie en een verminderde parasitaire absorptie. De hoge optische prestaties
bleven behouden toen de dikte van de CIGS-laag met 60% werd verminderd,
wat cruciaal is om het gebruik van indium in de zonnecel en de daarmee samen-
hangende kosten te verminderen.

In hoofdstuk 6 wordt het concept van dubbele piramidale texturen aan de
voor- en achterkant geintroduceerd en uitgebreid onderzocht. De toepassing er-
van op licht absorberende lagen van (nano-)kristallijn silicium heeft de voorkeur
boven de toepassing op andere lagen in de zonnecel. Na zorgvuldige studie van
de ontkoppelde textuurgeometrie, werden geoptimaliseerde optische prestaties
bereikt die beter waren dan de traditionele Lambetiaanse verstrooiingslimiet.

In hoofdstuk 7 wordt het concept van dubbele texturen verder geanalyseerd,
door het toe te passen op het goedkope en niet schaarse materiaal bariumsilicide
(BaSi,). Het optische potentieel van dit nieuwe PV-materiaal werd eerst gekarak-
teriseerd met spectroscopiemetingen en vervolgens met behulp van exacte simu-
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laties beoordeeld in zonnecellen met zowel enkelvoudige als meervoudige junc-
ties. De resultaten toonden aan dat BaSi, dankzij de hogere absorptiecoéfficiént
beter presteert dan dunne-film silicium. Dit maakt dit nieuwe materiaal een veel-
belovende kandidaat voor toepassing in zonnecellen, zowel met enkelvoudige
als met meervoudige junctie.
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CHAPTER 1

Introduction

1.1 Towards 2050 and beyond

The coming years will see humanity facing significant challenges to ensure its
continued survival.

In 2017, human-induced global warming had reached 1° + 0.2°C above pre-
industrial levels (years 1850-1900), with many regions experiencing even more
intense temperature increases [1]. This has resulted in observable modifications
of climate systems — including increase in land and ocean temperatures — and
longer, more frequent and more intense heatwaves, heavy precipitations and
droughts [2]. Significant evidence suggests that climate change has already had
a significant impact on natural and human systems. In particular: risk of species
loss and extinction, decrease of available (clean) water, reduction of crop, farm
and fishery yields (and consequently food availability), and a decline in human
health and well-being [2].

All these effects are likely to be exacerbated in coming decades, since global
warming is expected to continue — based on both past emissions and predicted
future trends. However, the extent of the impact of climate change will be signif-
icantly reduced if the increase in global temperature can be contained to 1.5°C
("well below 2 °C”), as recently reported by the Intergovernmental Panel on Cli-
mate Change [1, 2]. However, the accomplishment of this goal — explicitly in-
cluded in the Paris Agreement signed in 2015 [3] - requires a significant reduction
of emissions of carbon dioxide (CO,) and other greenhouse gasses, which have
caused a sharp increase of atmospheric CO, concentration (up to 417.1 ppm* in
May 2020 [4]) and the related temperature increase, as shown in fig. 1.1. In par-
ticular, a recent report by the International Renewable Energy Agency (IRENA)
highlighted that emission trends are not on track to meet the "2°C goal” [5].
Even disruptive events like the COVID-19 crisis have only halted this course

*Parts-per-million (ppm) indicates the number of atoms or molecules of a species contained in one million mole-
cules of a solution. In this case, it counts the number of CO, molecules in one million molecules of dry air.
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Figure 1.1. Concentration of CO, in the atmosphere (red) and temperature anomaly
(black), in the period 1850-present. Temperature anomaly indicates the variation of the
global mean temperature with respect to the average temperature between January 1951
and December 1980. The latest measured value of CO, concentration (March 2020) and
the hottest year on record (2016) are both indicated. Data from [7, 8, 10].

temporarily. In fact, despite a global emission reduction of ~ 17% in April 2020
(with respect to the previous year), CO, concentration has continued its steady
increase [6] — achieving its higher recorded value in history during the following
month [4, 7, 8]. Under current and planned policies, the cumulative emission
budget for energy-related activities (760 Gt of CO,), to limit global temperature
increase to 2°C, will already be exceeded in 2037. By 2050 emissions would
reach a total of 1230 Gt of CO,, 470 Gt over the 2 °C goal limit, corresponding to a
predicted temperature increase of 2.6 °-3.0 °C. The issue is further complicated
by the expected world population growth: from 7.55 billions in 2017, to 9.77 in
2050, to more than 11 billions before the end of the century [9]. This increase is
mostly concentrated in Africa and Asia, where living standards are also expected
to significantly increase — and energy demand with it.

Immediate action is thus crucial to meet the 2 °C goal. The main pillars in the re-
quired transition are energy efficiency and utilisation of energy from renewable
resources [5]. Both aspects need to expand in all sectors, from electrical power
generation to industry, transport and buildings. The power sector will be at the
core of the energy transition, given the progressive electrification of end-use sec-
tors (transport and buildings in particular). In this sense, electricity generation
has already made significant progress in recent years. In fact, the utilisation of
renewable energy sources in this sector has increased at an average of 8% since
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Figure 1.2. Annual (dark red) and cumulative (orange) PV installations between years
2010 and 2020. 2010-2019 data obtained from [11], *2020 estimation from [12].

2010, resulting in the installation in 2017 of 174 GW of power capacity from re-
newable resources, of which 92.6 GWPJr were based on solar photovoltaic (PV)
systems [11] — which convert sunlight directly into electricity.

In 2018 and 2019 PV installations have reached 99.5 GW,, and 97.1 GW,,, respec-
tively, building up to a cumulative power capacity of 580.2 GW,, — according to
data recorded by IRENA [11] (see fig. 1.2). The International Energy Agency
(IEA) reports even higher values of annual and cumulative capacity for 2019:
114.9 GW;, and 627 GWy,, respectively [13]. Regardless of data uncertainty, the
growing trend is expected to continue in 2020 — when annual installations are
predicted to reach 125 GW,, [12]. Despite these great achievements and the con-
tinuous cost decrease of electrical power generation with PV system technologies
[14], the deployment of photovoltaics (and renewable energy conversion more in
general) needs to accelerate in order to minimise global warming and its impact
on humans and the environment. However, the expansion of PV installations
cannot rely solely on the growth of industrial production. In fact, the amount
of installed power (and the corresponding generation of electricity) will increase
if the efficiency of light-to-electricity conversion of PV devices is improved and
if manufacturing costs are reduced. Photovoltaic research is thus fundamental
to develop novel and more performing structures, and to replace or reduce the
utilisation of expensive materials.

1'Giga—watt peak, or GWy, is a unit of power used in photovoltaics to indicate the power generated by a PV
module in standard test conditions (temperature 25°C, irradiance of 1000 Wm~2 and air mass 1.5 spectrum).
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1.2 Photovoltaic energy conversion and technologies

The sun is the main source of energy for our planet, both directly and indi-
rectly — as the driver behind most renewable energy resources (e.g. wind en-
ergy, biomass, hydro-power). In fact, the surface of the Earth receives 280.5 x
10° TWht of energy every year, in the form of electromagnetic radiation (i.e.
light). This is more than 1000 times the annual primary energy demand of hu-
mankind (166.3 x 10 TWh) and significantly larger than all other energy sources,
both finite and renewable [15, 16]. For these reasons, direct conversion of solar
energy into electricity must be one of the pillars for the transition towards a sus-
tainable future.

1.2.1 A brief history of photovoltaics

Solar cells are photovoltaic devices that convert solar energy directly into elec-
tricity — more specifically, the electromagnetic energy of sunlight into electrical
energy. This process is based on the photovoltaic effect, which was discovered
by Edmond Becquerel in 1839 and led to the development of the first solar cell
by Charles Fritts in 1883 [17]. From that early device — which had an efficiency
below 1% — development was slow until 1954, when Bell Laboratories demon-
strated the first silicon-based solar cell [18]. Since then, the growth of photo-
voltaics has been fast. Propelled by the space race in the 1960s and the oil crisis in
the 1970s, commercial module prices in 1977 reached a price of around 77 $/W,,
[19, 20].

At that time, this price was considered to be too high. It was thus expected that
new cell technologies for commercial photovoltaic applications would emerge,
replacing silicon and leaving it to be used for space applications. However, while
space solar cells have since moved to high-cost, high-efficiency multi-junction
architectures based on so-called III-V semiconductors (see section 1.2.2), silicon
has remained the prominent material employed in devices for terrestrial appli-
cations. In fact, in 2019 silicon-based PV devices accounted for more than 95% of
the global PV industrial production [21]. Three main factors are responsible for
this remarkable result. First, the device technology development: the learning
curve of silicon solar cells, described by Swanson in 2006 [19], yielded a cost de-
crease of 20% for each doubling of the cumulative production. Second, incentive
policies adopted in Europe, Japan and the U.S. facilitated the aforementioned
development by creating a market for PV. Finally, in more recent years the emer-

fone terawatt-hour, or TWh, is a unit of measure of energy corresponding to 3.6 x 101°].
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gence of China and Asia as the main manufacturing hubs for photovoltaic re-
sulted in a further and faster drop of production costs. Commercial modules in
2008 had already reached a price of 4 $/ Wy, Since then, the decrease has been as-
tonishing: after 10 years — at the end of 2018 — prices are 20 times lower at around
0.22$/Wyp. The corresponding negotiated levelised cost of electricity (LCOE) are
now steadily below 40$/MWh — and reached values below 20 $/MWh in 2017
[14]. Solar PV is now the cheapest technology to generate electricity, and is ex-
pected to become even cheaper in the coming years.

1.2.2 An overview of photovoltaic device technologies

The working principle of solar cells is based on the photovoltaic effect, which is
“the generation of a potential difference at the junction of two different materials
in response to electromagnetic radiation” [22]. The junction can be made of two
semiconductors, or of one metal and one semiconductor. Photovoltaic devices
are often categorised with respect to the semiconductor material used and their
characteristic thickness. Commonly, 4 groups are defined [23]:

* Wafer-based crystalline silicon solar cells
¢ Thin-film solar cells

e III-V solar cells

¢ Organic and hybrid solar cells

Thin-film devices will be discussed more extensively in section 1.2.3. Here, the
other 3 categories are briefly described. In fig. 1.3, a summary of the conversion
efficiency records for different device technologies are reported.

Wafer-based crystalline silicon solar cells

Crystalline silicon (c-Si) is the dominant device technology in the PV market,
representing more than 95% of the global annual production in 2019 [21]. Ap-
proximately 66% of the production of PV modules based on crystalline silicon
solar cells is concentrated in China, where most of them are also installed (36%
of global cumulative installations at the end of 2019). The vast majority of re-
search and the entirety of industrial production is based on wafers of silicon,
which can be mono- or multi-crystalline. These wafers have a thickness of a
few hundreds of micrometres and are cut from larger ingots. Mono-crystalline
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Figure 1.3. Power conversion efficiency records for different solar cell technologies:
wafer-based crystalline silicon solar cells (mono- and multi-crystalline, in blue), III-V so-
lar cells (single-junction GaAs, multi-junctions, and III-V + c-5i in 2-, 3- and 4-terminal
configurations), organic and perovskite solar cells (in orange, including perovskite + c-Si
2-, 3- and 4-terminal architectures), and thin-film solar cells (silicon, CdTe and CIGS, in
green). Data from [23, 24].

silicon wafers are in general more expensive, but perform better than their multi-
crystalline counterparts. In fact, the current world record power conversion effi-
ciency (PCE) values — for laboratory-scale devices — are 26.7% (mono) and 23.2%
(multi) [25, 26]. Despite the higher manufacturing costs, the production of PV
modules based on mono-crystalline silicon has rapidly increased in recent years
and currently accounts for 66% of the global annual module production [21].

ITI-V solar cells

The term III-V solar cells is commonly used to refer to PV devices than employ
— as active layer — semiconductor alloys of group III and group V elements of
the periodic table (indium, gallium, arsenic, and phosphor). Solar cells based
on III-V materials can be categorised as thin-films, with typical thickness values
of few micrometres. Despite being significantly thinner than typical crystalline
silicon architectures, III-V solar cells are the most efficient devices currently man-
ufactured. In particular, single-junction solar cells based on GaAs have achieved
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conversion efficiencies up to 29.1% in standard test conditions [24], while multi-
junction structures have reached values of PCE up to 38.8% under standard illu-
mination and 47.1% under concentrated light [24, 27].

III-V solar cells are the preferred technology for space applications, due to their
light weight and better resistance to radiation and harsh environments with re-
spect to silicon solar cells. However, the high price of devices based on III-V
semiconductors (currently > 150 $/W,) has so far prevented them to penetrate
the (terrestrial-applications) PV market [28]. In an attempt to reduce costs, multi-
junction devices that combine III-V materials and crystalline silicon have been re-
cently developed and investigated. However, despite achieving high conversion
efficiency values (35.9% for 4-terminal configurations, 26.4% for 3-terminal de-
vices, and 34.1% for 2-terminal architectures), estimated costs are still too high (>
8%/Wp) to compete with crystalline-silicon modules [24, 29, 30]. To further de-
crease manufacturing costs (to < 1$/W,), production needs to be up-scaled and
growth of III-V semiconductor layers must switch from metal-organic vapour
phase epitaxy (MOVPE) to hydride vapour phase epitaxy (HVPE) [28, 29].

Organic and hybrid solar cells

Organic and hybrid organic-inorganic solar cells are PV devices that are either
fully or partly based on organic materials. Organic solar cells employ organic
polymers or molecules as absorber material, as opposed to the previously dis-
cussed device technologies in which inorganic elements (e.g. Si) or compounds
(e.g. GaAs) are used. Organic solar cells have attracted a steady stream of atten-
tion, owing to their low manufacturing cost and ease of processing, the possibil-
ity of chemically tuning bandgap and absorption properties, and the capability
of being integrated on flexible substrates [22]. Despite these advantages, the low
efficiency (current lab-scale PCE record: 17.4%) and stability issues have so far
prevented organic photovoltaics to compete with other technologies [31].
Conversely, a combination of organic and inorganic compounds can be used in
what are sometimes called hybrid organic-inorganic solar cells. This category in-
cludes dye-sensitised solar cells (DSSCs) and perovskite solar cells. Both these
device technologies have the advantage of low production costs and integra-
tion onto flexible substrate. However, they also suffer from instability (and in
the case of DSSCs also low performance), which has so far prevented the com-
mercial production of PV modules based on these technologies. Despite this
drawback, a significant amount of research has been dedicated to this topic, par-
ticularly in last years to perovskite solar cells. As a result, relatively high PCE
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values have been achieved: 25.2% for single-junction perovskite and 29.1% for
a 2-terminal perovskite solar cell stacked on top of a crystalline silicon device
[23, 24, 32]. 3- and 4-terminal devices, on the other hand, demonstrated slightly
lower PCE values (17.1% and 26.7%, respectively). With the constant progress on
stability demonstrated in recent years [33-35], perovskite solar cells (particularly
silicon/perovskite multi-junctions) have the potential to become one of the main
technologies in the PV market.

1.2.3 Thin-film solar cells

Thin-film solar cells are significantly thinner than wafer-based PV devices (e.g.
c-5i). By this definition, the previously described III-V and organic/hybrid solar
cells can also be considered part of the thin-film family. However, this section
only focuses on those thin-film devices that are made or inorganic materials and
are more commonly used in terrestrial applications. They include:

e Thin-film silicon solar cells (TFSSCs)
* Copper indium gallium diselenide solar cells (CIGS)
e Cadmium-telluride solar cells (CdTe)

All thin-film solar cells have several features in common. First, the typical thick-
ness of these devices ranges from a few hundred nanometres up to several mi-
crometres. This means that thin-film solar cells require a carrier for mechanical
support [22]. This carrier can either be rigid (e.g. glass) or flexible (e.g. alu-
minium). Second, they rely on transparent conductive oxide (TCO) layers. While
these materials are sometimes also employed in wafer-based architectures, all
terrestrial thin-film technologies rely on TCOs as front contact (and sometimes
as back contact as well).

When originally developed, thin-film solar cells were expected to become sig-
nificantly more cost-effective than crystalline silicon devices. However, the sharp
decrease in c-Si manufacturing costs now means that all thin-film device tech-
nologies are not economically more attractive than wafer-based silicon, while
being at the same time less efficient (with the exception of III-V technologies,
which are however significantly more expensive). Despite this, thin-film mod-
ules have managed to retain around 5% of the global PV market, and will prob-
ably remain viable for some specific application — e.g. those that require flexible
or lightweight modules.
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Figure 1.4. Typical structure of (a) single junction thin-film silicon and (b) copper-
indium-gallium-selenide (CIGS) solar cells. Drawing not to scale.

Thin-film silicon solar cells

Thin-film silicon solar cells are devices that use silicon alloys as absorber ma-
terials. These are mainly 2: hydrogenated amorphous silicon (a-Si:H) and hy-
drogenated nano-crystalline silicon (nc-Si:H) — sometimes called hydrogenated
micro-crystalline silicon (uc-Si:H). Films of these materials are usually deposited
with plasma-enhanced chemical vapour deposition (PECVD), with the inclusion
of hydrogen motivated by the need of passivating defects. Germanium is some-
times added as well, to form amorphous and nano-crystalline alloys (a-SiGe:H
and nc-SiGe:H, respectively).

The typical structure of a single-junction thin-film silicon solar cell (see fig. 1.4a)
can be described as follows:

* A glass carrier is normally used to sustain the structure (other materials
can be employed as well).

¢ The first layer to be deposited is the front contact, made up of a TCO ma-
terial. Some examples are: aluminium-doped zinc oxide (ZnO:Al or AZO),
indium tin oxide (In,O5:5n or ITO), fluorine-doped tin oxide (SnO,:F or
FTO), and hydrogenated indium oxide (In,O3:H or IOH).

¢ After the front TCO, the silicon junction is deposited. Normally, three dif-
ferent layers are included: a p-type doped film (i.e. where electrons are
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the minority charge carriers), an intrinsic layer, and an n-type doped film
(in which electrons are the majority charge carriers). The two doped layers
create an electric field across the intrinsic layer, allowing for the separation
of positive and negative charges photogenerated in the intrinsic absorber.
Doped layers can be of the same material as the absorber (a-Si:H or nc-
Si:H). However, alloys of silicon and oxygen are commonly used (a-SiO,:H
and nc-5i0,:H), owing to their higher transparency and shunt-quenching
properties [36].

* After the silicon junction, a back reflector is deposited. This layer needs to
reflect as much light as possible back to the silicon layers, while at the same
time allowing charges to pass through to the back contact. For this reason,
TCOs are used once again.

¢ Finally, the back contact in deposited. Usually, metals such as aluminium
and silver are employed.

The structure described above (and depicted in fig. 1.4a) is referred to as super-
strate configuration, in which the physical carrier is positioned at the front. It
is also possible (and indeed common) to manufacture devices where the sup-
porting structure is located at the back; in this case, the layer deposition order
is reversed. This substrate configuration offers the advantage of not requiring a
transparent carrier, allowing for the use of other materials (e.g. metals).

Current lab-scale, single-junction stabilised conversion efficiency records are
10.2% for amorphous silicon and 11.9% for nano-crystalline silicon [37, 38]. To in-
crease the performance, multiple junctions can be stacked on top to each other —
thus improving utilisation of the solar spectrum. For double-junction devices (a-
Si:H/nc-Si:H) the PCE records are 14.8% (initial) and 12.7% (stabilised) [37, 39],
while for triple-junctions (and for TFSSCs in general) the records are 16.3% (ini-
tial) and 14.0% (stabilised) [40, 41]. Devices with more junctions have also been
manufactured and are particularly useful for applications that require high oper-
ating voltages (e.g. photoelectrochemistry, internet of things). In fact, 4junction
devices with open-circuit voltage above 3V have been reported (PCE of 14.6%)
[42], while 5-junction solar cells with open-circuit voltage up to 3.5V in low
illumination conditions have been demonstrated [43]. Nevertheless, the low
efficiency values have prevented thin-film silicon devices to gain a significant
foothold in the PV market, despite their low manufacturing cost, the small cell-
to-module losses [44], and the demonstrated industrial production of large flex-
ible and rigid modules[45-49].
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Copper indium gallium diselenide solar cells

Chalcopyrite solar cells are made of chalcopyrites, alloys of elements of group
I, IIl and VI. The most common of such material used in solar cells is copper
indium gallium diselenide, or Cu(In,,Ga;_,)Se, (CIGS) — where x = [0,1]. This
is a crystalline material, with a direct bandgap that can change between 1.7 eV
(x = 0, CuGaSe,) and 1.0eV (x = 1, CulnSe,). CIGS is a p-type semiconductor,
hence it requires an n-type material to build a working junction. This is usually
achieved by depositing cadmium-sulphide on top of the CIGS absorber. The n-
type region is extended by the front TCO, which consists of two layers of intrinsic
zinc oxide (i-ZnO) and aluminium-doped zinc oxide. This entire structure is
deposited on a glass substrate, with molybdenum serving as back contact (see
fig. 1.4).

Due to its good absorption and electronic properties, CIGS is able to achieve
high conversion efficiency values. In fact, the current PCE world record for
laboratory-scale solar cells stands at 23.35% [50]. However, issues with avail-
ability of indium and a general complexity of the manufacturing process has so
far prevented the large-scale deployment of modules based on this technology.

Cadmium telluride solar cells

Cadmium telluride (CdTe) is another direct bandgap (1.44 eV) crystalline semi-
conductor that can be used for solar cell applications. Naturally intrinsic, this
alloy can be doped to obtain both p- and n-type layers. Usually, the junction is
formed by a p-type CdTe layer and a CdS layer, similar to CIGS devices. At the
front side a TCO is used, while the back contact consists of a metal layer (usually
antimony telluride in combination with molybdenum). The current cell record
efficiency has reached 22.1% [51] —and currently CdTe solar cells exhibit the low-
est production costs per Wy, of all thin-film device technologies and the lowest
life-cycle impact [22, 52]. However, issues with the toxicity of cadmium have not
allowed CdTe devices to become prominent in the PV market.

1.3 Light management in thin-film solar cells

The photovoltaic effect, i.e. the conversion of sunlight into electricity, can be
divided into three steps [22]. In the first, the electromagnetic energy contained
in photons is absorbed by the material — exciting bound valence electrons into
an unbound state in which they become free to move. In ideal semiconduc-
tors, valence electrons can only occupy energy levels within the so-called valence
band, while mobile electrons can exclusively populate levels in the conduction
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band. Between these two bands, there are no energy states that can be occupied
by electrons. This difference takes the name of energy gap or bandgap (Egap).
Hence, only photons with energy larger than the semiconductor bandgap can be
absorbed, where the photon energy (E,,) depends on the wavelength of light:

h-c

where I = 6.626 x 10734 - s is Planck’s constant and ¢ = 2.998 x 108 m -s~!
is the speed of light in vacuo. When an electron is excited to energy levels into
the conduction band, it leaves behind a void (a hole) which behaves like a pos-
itive particle. The second step is the separation of charge carriers (electrons and
holes) at the junction. Semi-permeable materials are here required, allowing holes
to travel in one direction (p-type layers) and electrons in the other (n-type lay-
ers). If the two carriers were nor separated, they would recombine (i.e. the
electron would return to an energy state in the valence band) and the absorbed
energy would be released as a new photon (radiative recombination) or heat
(non-radiative recombination). In the final step, the separated charge carriers
are extracted at the solar cell contacts, where they can be used to perform work.

Light management deals with the first step of photovoltaic energy conversion. Its
aim is to maximise the number of photons than excite electron-hole pairs, i.e. to
increase as much as possible the generation of charge carriers inside the absorber
of solar cells. The term light management is thus used to group all those tech-
niques — used in the design and production of PV devices — that aim to increase
the absorption of light inside the active layer(s)S of a solar cell. These approaches
can be divided into two categories. First, those that maximise the amount light
that reaches the absorber layer (the in-coupling of light into the absorber). Sec-
ond, those which aim at making photons travel inside the active layer for the
longest possible distance (the trapping of light inside the absorber), to increase
the chances that they are absorbed.

Light management is particularly important for thin-film solar cells, since their
limited thickness makes it harder to absorb all incident light. This is particularly
true for thin-film nano-crystalline silicon devices, because the indirect bandgap
of silicon implies that its absorption coefficient (i.e. the ability to absorb light)
is lower than that of other materials — particularly for photons with energy val-

SActive layers are those in which absorbed photons generate charge carriers that can be separated and collected.
They are opposed to supporting layers, in which light absorption does not result in the excitation of useful charge
carriers.
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Figure 1.5. Absorption coefficient of several semiconductors used in PV: a-Si:H (internal

measurements), nc-Si:H [53], ¢-Si [54], CH3NH;3Pbl; (a perovskite material) [55], CdTe
[56], GaAs [57], and CIGS (this work, chapter 5).

ues close to the bandgap (see fig. 1.5). Nevertheless, the light management ap-
proaches discussed in the following sections are also used in other PV device
technologies.

1.3.1 In-coupling of light into the absorber

Of all the photons that reach the surface of a solar cell, only some are able to
reach the absorber. Others are reflected before they can reach the active layer,
while a few are absorbed elsewhere in the device. To maximise light in-coupling
into the absorber, it is necessary to: (i) minimise the front reflectance of a solar
cell, and (ii) employ supporting layersS that are as transparent as possible. To
minimise the front reflectance of solar cells, two main techniques are used:

* Anti-reflection (AR) coatings

¢ Micro- and nano-textures

AR coatings are layers of materials that are deposited at the front side of a de-
vice, commonly above the uppermost layer of a solar cell (i.e. the front TCO,
or even above the glass carrier). Two separate optical phenomena are used to
correctly design these coatings: Rayleigh’s film and interference.
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When light impinges perpendicularly on the flat interface between two mate-
rials, the reflectance (R) of that interface (i.e. the ratio of reflected over incident
power) can be quantified with one of Fresnel’s equations:

2
R = (’“’“2) (1.2)
ni +np

where 11 and n; are the (real) refractive indices of the the two materials (note
that, in general, n is a wavelength-dependent quantity). When an anti-reflection
coating is interposed between the two materials such that 7y < nar < 1y, the to-
tal reflectance will be reduced. In particular, the optimum value that minimises
reflectance is the geometrical mean between the refractive indices of the two ma-
terials: nar = /11 - n2.

The thickness of the AR coating is determined with the principle of interfer-
ence. Light reflected at the two interfaces of an AR coating interfere with each
other. Destructive interference, which quenches reflectance, is achieved when
the thickness of the AR coating (dsR) is the following:

dAR = —— (1.3)

where A is the wavelength of light in vacuo. Pure destructive interference is only
achieved at a particular wavelength. Hence, AR coatings are designed to pro-
mote destructive interference where the intensity of the solar spectrum is the
highest (A ~ 600nm). Single AR coatings are now commonly used in many PV
devices, both at cell and module level. Multiple AR coatings — that promote a
step-like grading of the refractive index — are also possible (see fig. 1.6a), but
usually too expensive to be included in industrial processes.

Textures are another way to promote the in-coupling of light into the absorber
layer. Light interacts with textures in different ways, depending on the charac-
teristic size of the texture itself with respect to the wavelength of light. When the
texture is much larger that A, geometrical optics describes the interaction. Light
beams that are reflected can get a second chance (and sometimes even a third)
to hit the device surface (see fig. 1.6b) — as opposed to the flat case where it only
gets one chance. In this way, more light can reach the absorber layer. On the
other hand, a texture with features of the same or smaller size than A promotes
anti-reflection through a different process — that is better described with wave
optics. In fact, the incident light beam will experience the texture as an effective
medium, with a refractive index that transitions smoothly from that of the in-
cident medium to that of the transmission medium (similarly to what happens
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Figure 1.6. Illustrations of a) multiple anti-reflection coatings and b) surface texture —
both applied to silicon to reduce its reflectance.

when multiple AR coatings are implemented). Textures with a combination of
large and small features can be created to take advantage of both effects, reduc-
ing front reflectance to almost zero [39, 58, 59].

1.3.2 Trapping of light inside the absorber

Absorption of light is the process in which the electromagnetic energy carried
by photons (E,p) is taken up by a material — transforming it into internal en-
ergy. In semiconductors, when E,, > Egap energy is transferred from photons
to electrons — exciting them from a valence state to a conduction state. The ab-
sorption coefficient («) is the property used to quantify the ability of a material to
absorb photons. In semiconductors, « is larger for high photon energy values
and decreases as Epp, — Egap. In fig. 1.5, the absorption coefficient of several
PV materials is plotted as function of E,. Lambert-Beer’s law describes the at-
tenuation of the intensity of the electromagnetic field (I) as it travels through a
material:

I(z) = Iy - e (1.4)

where z is the distance travelled by light inside the medium, and Ij the intensity
of light that enters the medium (i.e. at z = 0). Absorption (A) quantifies the
reduction of light intensity, Iy — I(z), with respect to its initial value:

_ Lh—1I(z)

A(z) o

=1—e" (1.5)
It is apparent from eq. (1.5) that absorption increases when the path length (z) of
light inside the material is maximised. This is indeed the goal of light trapping;:
extending the path length of photons inside the absorber layer to increase the
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Figure 1.7. Scattering of light from a) a random texture and b) a periodic grating, where
the numbers (0, 1) indicate diffraction modes and A is the grating period.

chance of their absorption. This becomes particularly critical for photons with
Epn = Egap and for thin-film devices — in which the thickness of the active layer
is reduced.

The first way to increase the path length is placing a reflector at the back side
of the device. In this way, photons that would otherwise be transmitted out are
instead reflected back to the absorber layer — getting a second chance to generate
an electron-hole pair. Conveniently, back contacts made of metal have in general
a high reflectivity and can thus fill the role of back reflectors as well. The sec-
ond way to maximise the path length of light is to deflect it from its direction of
propagation. Photons that impinge perpendicularly onto the textured surface of
a solar cell can be deviated from their trajectory, thus prolonging the path trav-
elled within the absorber. Moreover, if this deflection is sufficient total internal
reflection (TIR) can be achieved —i.e. photons are continuously reflected back
into the absorber, both at the top and bottom sides — effectively trapping them
inside the active layer until they are absorbed. In thin-films, conditions of TIR
give rise to so-called guided modes, which are the result of interference between
the repeatedly reflected waves and effectively represent light trapped inside the
thin absorber.

The trajectory of light propagating across the interface between two materials
is normally governed by refraction, described by Snell’s law:

11 8in(fine) = 1o sin(Btrans) (1.6)

where 0i,,c and Birans are the angle of incidence and transmission of light, respec-
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tively. However, eq. (1.6) only holds true when interfaces are flat or have textures
that are much larger than the wavelength. In fact, when light encounters an ob-
ject that is smaller or similar in size to A, its propagation is deflected into multiple
directions. This phenomenon, known as scattering, is very useful to increase the
path length by deflecting perpendicularly incident light into oblique directions.

Depending on the type of texture, the scattering pattern will be different. A
randomly textured interface scatters light into all directions, with an intensity
distribution that has its maximum along the trajectory of the incident beam and
gradually reduces as the deflection increases (see fig. 1.7a). On the other hand,
when periodic textures (also called gratings) are used, the situation is radically
different. The scattering profiles of each periodically arranged feature interfere
with each other. As a result, light can only propagate along specific trajectories
(see fig. 1.7b). These directions can be calculated with the following equation:

.| mA ong
0, = arcsin oA + n—; sin (finc) (1.7)

where 6, is the angle of scattered light, A the period of the texture, and m =
0,%1, £2,... is an integer. Equation (1.7) has real solutions only when the ar-
gument of arcsin is smaller or equal to 1 —i.e. only a finite number of discrete
directions are allowed, commonly referred to as diffraction orders. The number
of diffraction orders increases when the quantity [A/(12A)] is minimised — thus
at short wavelengths, for materials with a high refractive index, and for large
values of the grating period.

Textures have long been applied to thin-film solar cells, particularly to TFSSCs.
In fact, all record devices incorporate some type of scattering interfaces. De-
pending on the configuration (superstrate or substrate), these textures are ap-
plied to the front or back side. Front textures have the advantage to promote
the in-coupling of light into the absorber. On the other hand, textures at the rear
often result in a reduction of the reflectivity of the metallic back contact, owing
to surface plasmonic effects at the metal/silicon interface and to the promotion
of light in-coupling into the metal itself. However, the reflectivity of textured
metal/silicon interfaces can be boosted by the interposition of a transparent layer
[60, 61], that quenches these plasmonic losses. Of the current world-record ef-
ficiency devices, single-junction a-Si:H and double junction a-Si:H/nc-Si:H rely
on a randomly textured superstrate [37], while single junction nc-Si:H and triple-
junction a-Si:H/nc-Si:H/nc-Si:H on a periodic substrate texture [38, 41].
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1.4 The optical performance of solar cells

The performance of a photovoltaic devices is quantified in terms of the power
conversion efficiency (1), which is the ratio of generated over incident power:

’7: Pout — ]SC.VOC.FF
Py P;

(1.8)

where the generated power per unit area (Poyt, in Wm2) is the product of the
current density in short-circuit conditions (Jsc), the open-circuit voltage (Voc),
and the fill-factor (FF = [0, 1]) — which can be interpreted as an indication of the
quality of a device.

Absorption of light is directly linked to /s, since every photon absorbed in the
active layer of the solar cell can excite an electron:

Aga
Je=lal [T B 7A@ (1) aA (1.9

where g = —1.602 x 1071 C is the electron charge and the product of the wave-
length-dependent absorption (A) and spectral photon flux (®, in m~2s~'nm—1)
is integrated from a minimum value up to the bandgap of the absorber. The pa-
rameter vy indicates the number of electrons that are excited by one photon, and
in most cases is equal to 1. On the other hand, < 1 represents the efficiency of
charge collection —i.e. the proportion of excited charge carriers that are collected
at the contacts of the solar cell. Absorption and short-circuit current can thus
be used as a measure of the optical performance of a solar cell and to assess the

quality of different light management approaches.

1.4.1 Benchmarks of absorption

The quality assessment of light management approaches relies on the accurate
definition of absorption benchmarks. These are values of absorption determined
in specific, well-defined conditions that become useful references to which the
optical performance of solar cells can be compared. For all benchmarks com-
monly in use, which will be briefly described in this section, the assumptions
are:

* No front reflectance, to focus on the ability of a layer to absorb all in-
coupled light.

® Perpendicular incidence, which corresponds to standard test conditions.
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The first fundamental concept to introduce is single-pass light absorption. In a
flat slab with no back reflector, photons only pass through the layer once. The
amount of absorbed light is thus described by eq. (1.5), in which the distance
travelled by light is equal to the thickness of the slab (d):

Agp(A) =1 — e~%Md (1.10)

where the wavelength dependence of absorption and « is made explicit. Single-
pass absorption is used as reference (i.e. the lower limit) to calculate the ab-
sorption enhancement factor (EF), which is defined as the ratio of measured,
calculated or simulated absorption to Agp:

Ai(A)

EE() = Asp(A)

(1.11)

When a lossless back reflector is implemented in such optical system, any light
that could pass through the slab without being absorbed experiences a second
pass. In this situation, the optical thickness of the layer doubles, and the amount
of absorbed light is described by the double-pass absorption limit:

Agp(A) =1 — ¢ 22 (1.12)

As expected, in the weak absorbing region of the dielectric slab (i.e. where ad <
1), EFp = App/Asp = 2. That is, in the part of the spectrum in which either (or
both) & and d are very small, absorption is doubled with respect to the single-
pass case, owing to the presence of a lossless back reflector.

Equation (1.12) implies that the introduction of a mirror at the back side of a
device can enhance absorption by a maximum factor of 2. Any further gain must
be achieved through a deflection of light from its perpendicular path, using scat-
tering textures. But which textures should be considered, that maximise the path
length of light inside the absorber? This question was first answered in 1982 and
1984 by Yablonovitch et al. [62, 63]. Considering a thick dielectric slab in air with
no front reflection, a perfect back mirror, and ideal isotropic light scattering (also
known as Lambertian scattering), absorption can be calculated as follows:

4nad

Aam = 1 e 19

where the wavelength dependence of Ay mp., 1, and a has been omitted for clar-
ity. Equation (1.13) provides a very important benchmark for absorption, and has
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been used since it was first presented as the reference for all light management
approaches. However, its validity is limited to the weak-absorption regime, in
which case EFj b, assumes the well-known 4n? value. For this reason, in 2002
Martin Green generalised the results of Yablonovitch and developed an equation
valid in all conditions [64]:

1— e—4o¢d
Alamb. = 1
1-(1- %) et

(1.14)

The results of Yablonovitch and Green are not in contrast with each other. In
fact, one can observe that when ad < 1, eq. (1.14) becomes eq. (1.13) and EF ;.
tends to the same value of 4n%. For silicon, this value represents a potential
absorption enhancement of 50.

Periodic gratings can also be used to enhance absorption. However, the calcula-
tion of the enhancement is more complex than in the Lambertian scattering case,
since results strongly depend on the period, dimension and shape of the grating.
In general, values of EF larger than 4n? can be achieved, up to (8/+/3)7n? for
2-dimensional hexagonal structures with A ~ A. However, this high absorption
enhancement is limited to a narrow spectral band, outside of which EF can be
significantly lower than in the random-texture case. So, in most cases eq. (1.14)
can be effectively considered as the absorption limit for solar cells. The derivation
of the absorption limit for periodic structures is not reported here, but has been
included in appendix B.

1.4.2 Optical efficiency limits

The direct correlation between absorption and short-circuit current (density) al-
lows the use [ to assess the quality of light management. This is done by defin-
ing the optical efficiency of a solar cell as the ratio of J to its maximum:

Aga
Jsc _ B-r fo A ()‘> (D(/\)d)\
JER By [P o (M) dA
where s is maximised when absorption is equal to 1 over the entire range of
wavelengths. It is apparent that 77opt. is independent on charge collection () or

multiple excitation () and is only influenced by absorption of light. If eq. (1.14)
and eq. (1.15) are combined, the limit of optical efficiency is obtained:

7 max) f() ALamb A) (D(/\)d)\
opt. fo)\gqp P ()t) AA

Hopt. = (1.15)

(1.16)



1.4. The optical performance of solar cells 21

B B e e ———
-
£ 08¢ a-SiH ]
> nc-Si:H
g 06} >t
] c-Si
2 CdTe
£ 047
k3 CIGS
S 02 Basi,
-
o
o

0.0

10° 10t 102 103 104 10° 108
Thickness [nm]

Figure 1.8. Values of qgmf ¥ for six different PV semiconductors, as function of the layer

thickness (note the logarithmic scale).

This limit is an intrinsic property of a material (it depends on « and #) and is a
function of its thickness — approaching 1 when d — co. In fig. 1.8 the maximum
optical efficiency of various materials is depicted. Here, it can be observed that
for some materials very thin layers are sufficient to absorb most of the available
photons (e.g. for CdTe, 80 nm are sufficient to absorb 95% of photons), while for
semiconductors like c-Si and nc-Si:H tens of microns are necessary to achieve the
same absorption levels.

The optical efficiency limit iyggf *) can be used to extend the analysis normally
carried out with “traditional” efficiency limits. The two most commonly used
are:

* The ultimate efficiency (11,;.), which calculates the theoretical efficiency of
PV devices based solely on their absorber bandgap. Only losses due to
non absorption of low-energy photons (E,,, < Egap) and due to thermali-
sation (i.e. loss of electron energy in excess of Eg,p) are considered. This
corresponds to the assumption of FF = 1 and Vo = Egap/ 9|

* The Shockley-Queisser limit (17s.q) [65], which adds radiative recombination
(which reduces V) and impedance losses (which reduce FF) to the calcu-
lation of 7.

Both aforementioned efficiency limits assume total absorption of photons with
Eph > Egap. Hence, they do not depend on the real optical properties (« and n).
When a more detailed analysis is required, one can multiply 7, or #s.q with
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Figure 1.9. Values of ultimate and Shockley-Queisser efficiencies, both in their original
definition (horizontal dashed lines) and ”corrected” for optical losses (continuous lines).

eq. (1.16) to obtain ultimate and Shockley-Queisser efficiency curves “corrected”
for optical losses due to finite thickness. An example of these calculations is
provided in fig. 1.9 for crystalline silicon.

1.5 Aim and outline of this work

The target of this thesis is to investigate and optimise light management ap-
proaches — based on periodic structures — applied to different thin-film device
technologies, and through this analysis provide guidelines for the design of pho-
tovoltaic devices and insight into their optical performance. A variety of pe-
riodic structures is studied, from nanowire arrays to metasurfaces, to 1- and
2-dimensional gratings. Depending on the selected application, the optimisa-
tion of light management can accomplish different goals. For inexpensive silicon
devices, maximising absorption can increase the performance to a level similar
to that of their thicker wafer-based counterparts. In high-efficiency CIGS solar
cells, the large-scale deployment of which is hindered by scarcity of indium, it
is paramount to reduce the device thickness without compromising the optical
behaviour. In novel materials such as barium (di)silicide (BaSi,), the full anal-
ysis and optimisation of light management is fundamental to assess their po-
tential for photovoltaic applications. In all cases, the comparison of results to
theoretically calculated benchmarks is not only a useful tool, but also (and more
importantly) a way to better understand how to approach and overcome those
performance limits.
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In this work, all of the aforementioned aspects are discussed extensively. Af-
ter describing the theoretical background in chapter 1 and the methodology in
chapter 2, chapter 3 begins the study of light management approaches by inves-
tigating nanowire arrays applied to thin-film nano-crystalline silicon solar cells.
In chapter 4, the analysis shifts to periodic metasurfaces and the achievement
of near-perfect absorption in amorphous silicon solar cells. In chapter 5, a thor-
ough investigation of gratings for CIGS solar cells is carried out, complete with
the selection of appropriate supporting materials to reduce the device thickness
with a minimal sacrifice in performance. In chapter 6, the concept of different
front and back pyramidal textures is introduced and fully explored. Its applica-
tion to (nano-)crystalline silicon absorbers or to supporting layers is compared,
achieving an optimised optical performance beyond the traditional Lambertian
scattering limit. In chapter 7 the concept of double textures is applied to novel
barium silicide, the potential of which is first characterised and then assessed
in both single- and multi-junction configurations. Finally, in chapter 8 the work
is summarised and concluded, and recommendations for future work are put
forward.

1.6 Main contributions to the field

The work carried out in this thesis has played a small part in the advancement of
the photovoltaic scientific community. The main contributions are summarised
here:

¢ Evaluation of the optical performance of nanowire arrays applied to thin-
film (nano-)crystalline silicon.

¢ Study of amorphous silicon metasurfaces to promote near-perfect absorp-
tion for photovoltaic applications.

* Demonstration of the accuracy of rigorous 3-dimensional modelling and
investigation of scattering gratings applied to CIGS solar cells.

* Analysis and optimisation of decoupled front/back textures for thin-film
silicon PV, achieving an optical performance in excess of the traditional
Lambertian scattering absorption limit.

* Characterisation of the optical properties and assessment of the potential
of barium silicide.






CHAPTER 2

Characterisation methods and
modelling approach

ABSTRACT - In this chapter, an overview of the methods used for characteri-
sation of PV materials and devices — and of the modelling approach employed
for the simulations of solar cell structures — are described. In the first part, the
equipment and procedures employed for characterising materials and devices
investigated in this thesis are presented. Then, a description of the modelling
approach employed is given, with most details focusing on the main software
used to obtain the results presented in chapters 3 to 7.

2.1 Materials and devices characterisation

In this first part of the chapter, the characterisation of PV materials and manufac-
tured devices of this thesis is presented. Most of the measurements were carried
out with the goal of obtaining the wavelength-dependent complex refractive in-
dex — 7i(A) = n(A) + jk(A) — of all materials used in the modelling phase*. In
fact, the (real part of the) refractive index (1) and the extinction coefficient (x) are
— together with the device geometry — necessary simulation input parameters. In
addition, measurements to determine surface and device morphology were car-
ried out, to build models as similar to real devices as possible. This last aspect is
of particular importance when the simulator needs to be calibrated (see Chapter
5), by comparing computed results with real measured behaviour —i.e. optical
performance and external parameters of manufactured devices.

*Note that j = v/—1 is the imaginary unit.

25
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Spectrophotomete

‘Spectrophotomete

Figure 2.1. The LAMBDA 950 UV /Vis/NIR spectrophotometer by Perkin Elmer, with
mounted IS (left) or ARTA (right) accessories. Picture adapted from [69].

2.1.1 Reflectance-Transmittance measurements

Reflectance-transmittance (R-T) measurements were carried out by means of
spectrophotometry. This technique allows the measurement of reflectance and
transmittance of a layer or device, as function of the wavelength of incident light
(A). In a typical spectrophotometer, a source of light impinges on diffraction grat-
ings, which are able to select specific wavelengths of light. Through a series of
mirrors, the light beam is re-directed towards the sample. Light transmitted or
reflected by the sample is then captured by a detector. Information from the de-
tector is then compared (wavelength by wavelength) to reference transmittance
and reflectance spectra, thus obtaining results expressed in relative terms (i.e. as
a percentage of the intensity of incident light).

The equipment used to carry out R - T measurements is the LAMBDA 950 UV/
Vis/NIR Spectrophotometer [66], depicted in fig. 2.1. The machine is equipped
with two light sources, a deuterium arc lamp for ultraviolet light (A < 320nm)
and a tungsten-halogen lamp, which can cover the spectrum 300 nm — 3300 nm.
Two different accessories can be used with this spectrophotometer: the integrat-
ing sphere (IS) and the automated reflectance/transmittance analyser (ARTA)
[67]. Both accessories contain two different detectors: a photomultiplier for the
ultra-violet (UV) and visible (Vis) regions and a PbS detector that for the near-
infrared (NIR) part. The switching between the two detectors takes place at
A = 860.60 nm, which is the weakest operating region of both detectors [68].

The integrating sphere has a diameter of 150 mm and is internally coated with
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Figure 2.2. Sketch of the IS (a) and ARTA (b) accessories for the Perkin Elmer Lambda
950 spectrophotometer. Adapted from [69].

a highly reflective material with a Lambertian behaviour’. When light enters
through the sample positioned at the transmittance port (see fig. 2.2a), due to
multiple internal reflections total transmittance Tiot(A) can be measured. In or-
der to measure diffuse transmittance Tg¢(A), it is possible to remove a cap lo-
cated at the reflectance port, opening in this way a hole through which the per-
pendicular component of transmitted light can leave the sphere.

In a similar way to transmittance measurements, by positioning the sample at
the reflectance port of the IS the total reflectance Riot(A) can be measured, as well
as its diffuse part Rgie(A) — once another cap is removed to allow the specular
component of reflected light to escape the sphere. Knowing both total reflectance
and transmittance, it is possible to calculate the absorptance of a film or device
(A = 1 — Ryt — Ttot), noting however that the substrate carrier on which the
layer or device are deposited may also absorb some of the light in the inspected
wavelength range [69].

The ARTA accessory (fig. 2.2b) has a diameter of 180 mm and is used to con-
duct reflectance (transmittance) measurements for different angles of incidence
of light (i) and different angles of reflection 6, (transmission, 6;) — once again
as function of the wavelength of incident light. The sample can be rotated be-
tween —90° and 90°, while a small integrating sphere revolves around the sam-
ple and measures either reflectance (if in front of the sample) or transmittance
(if at the back). ARTA also includes a polariser, to allow for measurements with
p- and s-polarised light. Results of such measurements give an indication of a

*A Lambertian surface scatters light uniformly in all directions; such surface obeys Lambert’s cosine law: [ =
k- cos(8), where I is the intensity of (scattered) light, k is a proportionality factor and 6 is the scattering angle.
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Figure 2.3. The ]J.A. Woolam Co. ESM-300 spectroscopic ellipsometer. Obtained from
[69].

film / device optical performance (reflectivity and transmittivity) in different il-
lumination conditions, as well as the scattering properties of a sample — by com-
puting the angular intensity distribution AID(A) of reflected (transmitted) light:
AID;(A) = R(A,0r)/ Linc(A), where [ is the intensity of incident light.

The IS was used to measured the reflectance of nanowire (Chapter 3) and CIGS
solar cells (Chapter 5). ARTA measurements were carried out to obtain the com-
plex refractive index of intrinsic and aluminium-doped zinc oxide (Chapter 5).

2.1.2 Spectroscopic ellipsometry

Spectroscopic ellipsometry (SE) is an optical technique used to determine the
wavelength-dependent dielectric properties (complex refractive index or dielec-
tric function) of thin films. SE can be used to characterise composition, rough-
ness, thickness (depth), and other material properties [70]. The term spectro-
scopic refers to the broad-band light source employed, as opposed to single-
wavelength ellipsometry which uses monochromatic sources.

Ellipsometers measure the polarisation change as incident radiation interacts
with the measured sample. In the most common configuration, light impinging
with incident angles larger than 0 is reflected by the sample, and the specular
component of reflected light is collected by a detector positioned symmetrically
to the light source — with respect to the normal to the sample surface. The polari-
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sation change can be quantified by an amplitude ratio, ¥, and a phase difference,
A, between incident and reflected light. ¥ and A are related by eq. (2.1):

tan (¥) -e® = p = ;—p (2.1)
s
where p is the ratio of the reflectivity of p-polarised light (r)) to the one of s-
polarised light (rs). Hence, tan () represents the magnitude of p and A its phase
[70]. Because the reflected signal depends on the thickness as well as on the
material properties, ellipsometry can be a universal tool for contact free determi-
nation of thickness and optical constants of films of all kind [70].

The equipment used is the ESM-300 spectroscopic ellipsometer by J.A. Woolam
Co. (see fig. 2.3). It consists of a light source, which emits a beam of broad-band
light towards the sample holder — where the sample is positioned. The robotic
arm holding the light source can rotate to change the angle of incidence of light
on the material. On the other side of the machine, a symmetrically positioned
arm holds the detectors. The two arms move together in order to to allow the de-
tectors to collect the specular component of light reflected by the sample. There
are two detectors present, one for UV /Vis light and the other for NIR light.

The measured parameters (¥ and A) are fitted with different functions, depend-
ing on the material under analysis. When the fitting is deemed sufficiently accu-
rate, the optical properties of the material, the layer thickness and the roughness
of the top surface can be obtained. In particular, the complex dielectric function
& can be extracted. Knowing the relation between & and 7i:

E=¢1+jer = (n+jx)* = 12 (2.2)
It is possible to determine the values of n and «:
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SE measurements were used to determine most of the complex refractive index
data used in simulations in all chapters of this work, with the exception of the
properties obtained from literature. SE was particularly important to determine
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Figure 2.4. The photothermal deflection spectroscopy system of the PVMD group.

the input parameters for the calibration of the modeller for CIGS devices (Chap-
ter 5) and — together with photothermal deflection spectroscopy (PDS, see next
section) — for the determination of the absorption coefficient of BaSi,.

2.1.3 Photothermal Deflection Spectroscopy

Photothermal deflection spectroscopy (PDS) is used to determined the optical
properties of materials. In particular, a chopped light source impinges on a thin
layer. Through a series of mirrors, reflected and transmitted light can be directed
to two separate integrating spheres and thereby be measured. This procedure al-
ready offers an advantage with respect to spectrophotometry, since R and T are
measured on the same place of the sample. In addition, PDS directly measures
absorptance — by means of a (red) laser grazing the surface of the film. All light
neither reflected nor transmitted is absorbed by the material, assuming a trans-
parent substrate is used (quartz in the experiments of this work). Most of the
absorbed energy becomes heat, increasing the film temperature. The heat is then
released into the surrounding environment (quartz is a thermal insulator), which
in the case of the setup here described (see fig. 2.4) is a thermally sensitive liquid:
perfluorohexane (FC-72). The refractive index of FC-72 changes with tempera-
ture, hence absorption in the measured film will induce a deflection of the red
laser path. This deflection is measured, with the help of a lock-in amplifier [71].

Due to the peculiar working principle, PDS is particularly indicated for mea-
suring weak absorption and related properties. For example, it can be used to
quantify sub-bandgap absorption, which can be then associated with defects or
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other structural and/or composition properties of materials [72, 73]. In the work
of this thesis, PDS is used in combination with SE to determine the absorption
coefficient of epitaxially-grown BaSi, samples.

2.1.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to visually study the surface of
nanowire devices (Chapter 3) and the cross-section of the calibration CIGS so-
lar cell (Chapter 5). The working principle of SEM is based on the detection of
electrons emitted by a specimen under observation, being irradiated by a highly
energetic electron beam (from 0.2keV to 40 keV). Such beam, emitted by a LaBy
crystal, is focussed through one or two lenses and is deflected along the x- and
y- directions by means of scanning coils. In this way, a so-called raster scan of the
sample surface or cross-section is enabled. Secondary electrons emitted by the
specimen are detected and interpreted as brightness and contrast signals. A scan-
ning electron microscope can inspect wide areas with many levels of zoom, and
typical achievable resolutions are in the order of hundreds or tens of nanometres.
In this work, a Philips XL-50 SEM system located in the clean room class 100 of
the Else Kooi Laboratories (EKL) was employed.

2.1.5 Atomic Force Microscopy

Atomic force microscopy (AFM) was employed for the determination of the
roughness of CIGS layers, in Chapter 5. This process was instrumental for the
numerical study of statistical parameters of the texture geometry, which was a
necessary step in the calibration of the modelling software for the simulation of
CIGS devices.

In AFM, a laser beam — reflected by a metal-coated silicon-based cantilever and
detected by photodiodes — provides an indirect image of the surface of a sample.
On the non coated side, the cantilever has a tip with radius of curvature of few
nanometres, which is used to scan the surface. The substrate to scan is mounted
on a piezoelectric (PZT) stage, which can translate electrical inputs into small
movements in the x-, y-, and z-directions. The stage is smoothly lifted up (in the
z-direction) until the cantilever starts to deflect — due to the interaction between
the cantilever tip and forces established at nanometric distances. The effect, ini-
tiated at the (non-coated) tip side, is sensed indirectly at the opposite (coated)
side by two photodiodes. In fact, the difference of their optical response —i.e. the
reflection of the laser beam on the metallic surface — is proportional to the can-
tilever deflection. The PZT stage moves the substrate in the x- and y-directions,
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Figure 2.5. The nTegra NT-MDT atomic force microscope of the PVMD group (left), and
the current-voltage measurement setup with a continuous solar simulator from WACOM
(right).

allowing the scan of the surface. AFM systems present resolutions in the or-
der of nanometres, thus higher than scanning electron microscopes. However
the reachable area without physically displacing the specimen is in the order of
100 x 100 pum? up to 200 x 200 um?, depending on the model and on the scan
configuration.

2.1.6 Current-voltage response

Current-voltage properties of the nanowire solar cells (Chapter 3) were mea-
sured with a dedicated setup located in the PVMD group measurement rooms.
A WACOM solar simulator (continuous type) was employed to mimic the stan-
dard AML1.5 spectrum [74]. A mask was used to ensure illumination of only the
active area of the devices. Metallic probes were used for contacting with the
positive and negative sides of the devices. The voltage difference applied at the
probes was swept, and the generated current was measured. Once the complete
curve was obtained (voltage from 0 to the open-circuit value), fill factor and ef-
ficiency are calculated — provided the device area is known. To ensure accurate
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results, the value of the short-circuit current density — which is the parameter
most sensitive to shape and intensity of the spectrum — is usually corrected with
the value obtained via non-biased external quantum efficiency measurements.

2.1.7 Spectral response

The spectral response of nanowire (Chapter 3) and CIGS solar cells (Chapter 5)
was characterised by external quantum efficiency (EQE) measurements. EQE
quantifies the amount of collected charge carriers with respect to the total num-
ber of impinging photons — as function of the wavelength of incident light. The
manufactured device is contacted on both front and back side with metallic
probes. Monochromatic light (of known intensity, thanks to calibration with a
photodiode) is then shone on the solar cell. A voltage can be applied to the
device, and the response is measured and then converted into the ratio of col-
lected carriers to incident photons, for every wavelength measured (commonly
the range 300nm < A < 1200 nm was employed).

Since the obtained results are calculated as the ratio to the intensity of the light
source, the obtained EQE spectra are independent of the source itself (provided
its intensity is known). As such, if is possible to convolute the obtained EQE with
a know spectrum, such as the standard AM1.5, to obtain the photogenerated
current density. If the voltage bias applied to the device is 0, this computed
value corresponds to the short-circuit current density of the solar cell — and can
be thus used to correct the value obtained directly by employing a wide-band
spectrum such as the one of the WACOM solar simulator.

The setup used in this work was built in house, and comprises a Newport illu-
minator/monochromator, a chopper (to minimise the effect of peripheral light),
a substrate holder with magnetic pads to hold the probes, and a lock-in amplifier.
In addition — since the output light of the monochromator may exhibit a prefer-
ential polarisation due to the gratings used to select the individual wavelengths
— a wedge depolariser made of quartz and fused silica lenses is mounted after
the output port to ensure random polarisation of the light beam.

2.2 Optical modelling of photovoltaic devices

In the second part of this chapter, the modelling approach used throughout this
work to assess the optical performance of various solar cell structures is ex-
plained. Provided that the material properties used were correctly characterised,
and that the device geometry was precisely replicated, simulations yield accurate
values of reflectance and absorptance in each layer of the modelled architectures.
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These results can be used as a first indication of the performance that can be
achieved in equivalent manufactured solar cells, while providing — at the same
time — a great insight into the physical phenomena related to the interaction be-
tween light and matter. Modelling is thus a fundamental part of the design and
optimisation of photovoltaic devices, provided that it is accurately carried out
and that its results are interpreted as guidelines for manufacturing, rather that
hard predictions of real structures performance.

Moreover, it is important to point out that the simulations of this thesis are all
carried out with models of solar cells in air. Industrial devices, on the other
hand, are characterised by a few more layers — necessary to encapsulate the solar
cells within the structure of a module. Hence, the results of all simulations of
this work (in terms of optimal geometry and performance) might not perfectly
correspond to the optima for those same devices when part of a photovoltaic
module. Nevertheless, the general analysis and trends observed are applicable
for industrial architectures — but it is crucial to keep this mismatch in mind.

In this thesis, the high frequency structure simulator (HFSS) developed by AN-
SYS has been used [75]. After providing a brief description of the finite element
method, on which HFSS is based, the operational procedure to get the result
presented in Chapter 3 through 7 is detailed.

2.21 The finite element method for solving Maxwell equation

The finite element method (FEM) is a numerical technique used to find approxi-
mate solutions to mathematical problems, Maxwell equations in the case of this
work. When using 3-dimensional FEM, the volume of the simulated structure
(i.e. the solar cell) is divided into tetrahedra and the components of the electro-
magnetic field at their vertices are computed. In this method the Faraday and
Ampere-Maxwell laws are combined to obtain the Helmholtz vector equation
[76], in terms of the electric field E (a similar equation can be derived for the
magnetic field H):

Vx LVxE- ke E = jkoZo) (2.4)

r

where ] is the electric current density (in Am™?), ¢, (ur) the relative electric
permittivity (magnetic permeability) of the medium under consideration, kg =
27t/ A the wavenumber in vacuo, and Zy = +/po/eo = 377 Q) the impedance of
free spacef. Applying different methods, it is possible to combine eq. (2.4) and
its equivalent for the magnetic field into the matrix form A - x = b. The vector x

fThe quantities ¢y and y indicate the permittivity and permeability of free space, respectively.
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represents the unknown (spacial) components of the electromagnetic field, while
the vector b is determined by boundary conditions and forced excitation (thus
being known). The matrix A is square, sparse and symmetric, with its elements
indicating material (optical) properties at the nodes. Such systems of equations
can be generally solved with iterative or direct techniques. Direct solving meth-
ods can be used only for small size problems, owing to their high computational
demands. Hence, iterative method-based approaches are normally used, owing
to their efficient handling of sparse linear systems.

FEM was chosen over other methods for three main reasons. First, the mesh
calculated by FEM algorithms — that describes the volume of each (thin) layer
— follows the actual geometry of the interfaces between different materials (i.e.
there is no stair-case approximation) [77-79]. Second, FEM-based algorithms
feature very fast calculations in a 3-D space — provided that an adequate amount
of random access memory is available [80]. Third, the wavelength-dependent
optical properties of the materials involved in the simulations can be used as-
measured (i.e. no fitting is required) [69]. In this respect, Appendix A shows the
optical properties of all the materials used in this thesis. These features make
FEM the preferred choice to solve electromagnetic problems over complicated
structures, such as the ones studied throughout this thesis.

2.2.2 The High Frequency Structure Simulator

The software used for the optical modelling is based on the rigorous solution of
Maxwell equations via 3-D FEM, and it is the high-frequency structure simulator
(HFSS) by ANSYS [75]. The procedure followed 4 steps:

1. Design of the model

2. Definition of boundaries, excitation and spectrum range
3. Solution of the electromagnetic problem

4. Exporting and processing of solutions

Design of the model

HESS is equipped with a computer-aided design interface, allowing for the de-
sign complex 3-D geometries. For multi-layer structures, the user must create a
geometry for each of the layers, and then combine them to obtain the full struc-
ture. After all the geometry of the model is defined, materials and their (optical)
properties need to be assigned to each layer. Materials must be defined by the
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real part of the dielectric function &1 and by the loss tangent — i.e. the ratio of
imaginary to real part of the relative permittivity 7j,es = €2/€1. In this work, all
materials used in simulation models were characterised in house — unless other-
wise specified (see appendix A).

Definition of boundaries, excitation and spectrum range

After all layers have a material assigned, boundary conditions must be defined.
By setting them up appropriately, large solar cell models can be reduced to small
structures, reducing in this way the simulated volume of the so-called unit cell
[81]. A unit cell is defined as the smallest possible structure than can be repeated
an infinite amount of times to obtain a full solar cell model.

Several boundary conditions can be implemented in HFSS. For this work, pri-
mary-secondary (P-S) boundary conditions [82], were employed. P-S boundaries
are surfaces that mimic the periodicity of a structure in their normal direction. In
the case of the example structure of fig. 2.6, they are applied to surfaces parallel
to the x-z and y-z planes — replicating the unit cell in the y and x directions, re-
spectively. The components of the electromagnetic field calculated at the primary
surface are equalised to those at the secondary one, and in this way continuity is
achieved. A phase shift ®p_g can be introduced between primary and secondary:

dps .
qDP-S = 1;\5 Sln(einc) COS((Pinc) (25)

where dp_g is the distance between linked P-S surfaces, and 6, and ¢y are the
polar coordinates indicating the direction of the incident field. ®p.g = 0 indicates
perpendicular incidence (6jn. = 0°), while values greater than 0 can be chosen to
model oblique incidence (see chapter 3 and chapter 6).

Next, Floquet ports (FPs) are adopted at the top and bottom horizontal surfaces
of the unit cell (x-y plane) to create absorbing boundary conditions. FPs simu-
late an infinite media in which light can propagate unaffected. They have been
preferred to alternatives — such as perfectly matched layers — because of faster
meshing time required and easier computation of front reflectance [81]. FPs at
the top of the unit cell are used to measure reflected light, while a FP positioned
at the bottom can be used to compute (eventual) transmittance.

Finally, the frequency range and resolution has to be defined. For the simu-
lations of this work, a constant wavelength step size was preferred to a fixed
frequency step size. For all simulations, the starting frequency corresponds to a
wavelength of 300 nm. The end frequency depends on the absorber material un-
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Figure 2.6. Example of a device unit cell, with different layers identified by different
colours.

der investigation and needs to be larger than its bandgap wavelength, to ensure
that all useful absorption is considered.

Solution of the electromagnetic problem

Once all the previously described steps have been completed, FEM-based algo-
rithms in HFSS operate through three phases: meshing, solving, and sweeping.
First, the volume of the designed structure is discretised in finite elements (tetra-
hedra). Then, the linear system of equations A - x = b is iteratively solved; at
each iterative step the number of elements increases — to better approximate the
structure (mesh adaptation) — until convergence is achieveds.

Finally, the electromagnetic field is calculated for each wavelength previously
set up [69]. Parameters such as minimum and maximum number of elements,
convergence threshold, etc. are defined by the user.

Results

Calculated solutions are processed to evaluate the optical performance of sim-
ulated structures. Reflectance (R), transmittance (T) and absorptance in each

§Convergence is defined, for the purpose of this work, as a sufficiently small result difference achieved by two
consecutive iterative steps.
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layer i of the model (A;) are calculated as function of A. Total reflectance and
transmittance were calculated in terms of wavelength-dependent S-parameters
as R = |Sq1/2 and T = |Sy;|%. Absorptance of the i" layer was calculated as the
integral, over the layer volume v;, of the square of the magnitude of the electric
field E:

A= %eo Im(e;) w /v |E(x,y,2)>do, (2.6)
where ¢; is the relative permittivity of the i layer, w is the angular frequency
of light and (x,y,z) denote the coordinates inside the i layer. Note that the
wavelength dependence of A;, ¢;, w and E is not explicitly indicated. The convo-
lution of each simulated spectrum with the photon flux of the standard AM1.5g
irradiance — ®am1.5(A) [74] - results in the implied photocurrent density Jyp;
generated (in the active layer) or lost (in supporting layers or due to reflection or
transmission):

A2
Jon,i(A) = |q| /Al Xi(A)®amis(A)dA (27)

where X;(A) is either A;(A), R(A) or T(A), |g] = 1.602 x 10~ C s the elementary
charge, and A; < A < A, is the wavelength range considered.



CHAPTER 3

Elongated nanostructures for
thin-film silicon solar cells

This chapter is based on the following publication:

R. Vismara, O. Isabella, A. Ingenito, F. T. Si, and M. Zeman, "Geometrical opti-
misation of core-shell nanowire array for enhanced absorption in thin crystalline
silicon heterojunction solar cells,” Beilstein Journal of Nanotechnology 10(1), 322-
331 (2019).

ABSTRACT - In this chapter, elongated nanostructures applied to crystalline sil-
icon heterojunction solar cells are studied. First, a proof-of-concept, wafer-based
device was manufactured and characterised. Improved light in-coupling and
trapping were observed with respect to a flat reference — only partially hindered
by reduced carrier collection resulting in a (best-device) conversion efficiency of
11.8%. Then, a study on the effect of the geometrical parameters of the nanos-
tructure array was carried out, by means of rigorous 3-D optical modelling. Re-
sults showed weak dependence of absorption on the height of the nanowires,
while their cross-section had a much stronger effect on the optical performance.
An implied photocurrent density close to 27 mAcm~2 was achieved in a 2pum
crystalline silicon layer — for angles of incidence of light between 0° and 60°.
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3.1 Introduction

Elongated nanostructures, such as nanowire arrays, are an attractive approach to
improve absorption in photovoltaic devices. While their nano-scale dimensions
can excite various types of resonances of the electromagnetic field within the ab-
sorber —such as wave-guiding [83-86], cavity modes [83, 86—89], Fabry-Per6t and
whispering gallery modes [90] — their characteristic high aspect ratio promotes
anti-reflection, allowing for more light to be coupled into the active layer of the
solar cell [91-93]. In addition, radial-junction nanowires have the advantage of
decoupling absorption and collection by orthogonalising the path of light with
respect to the direction of charge carrier collection [92, 94, 95]. This aspect allows
for the use of lower quality materials, characterised by short minority carrier
diffusion length and/or low absorptivity.

Multiple studies of nanowire solar cells can be found in literature, using differ-
ent materials: indium-phosphide [96, 97], gallium-arsenide [98, 99], zinc-oxide
[93, 100], crystalline silicon [84, 86, 89-91, 94, 95, 101-112], amorphous silicon
alloys [113-115], and recently perovskite [116-119]. In this chapter, the perfor-
mance of crystalline silicon (c-Si) nanowire arrays is investigated. The study is
divided in two parts. First, a proof-of-concept device was fabricated, consisting
of a heterojunction of amorphous silicon on a p-type c-Si nanowire array. The
standard manufacturing process of c-Si heterojunction solar cells was followed,
with the only addition of a cost-effective mask-less reactive ion etching step to
create nanowires on the surface of the p-type Si wafer. The resulting 5 x 5 mm?
cell exhibits a best-device efficiency of 11.8 %, with an open-circuit voltage of
500mV and fill factor of 0.67. This ensures the feasibility of the proposed de-
vice architecture — in particular of the deposition of conformal passivation and
contact layers on the high aspect ratio nanowire geometry.

In the second part, a geometrical study of the nanowire array is carried out, us-
ing rigorous optical modelling. An ultra-thin c-Si absorber is employed, to focus
the analysis on the effect of nanowires on the propagation of light inside the solar
cell. Implied photocurrent densities close to 27 mAcm ™2 are achieved, for a 2-pm
thick c-Si absorber coated with nanowires. The enhanced optical performance —
with respect to a flat device — is explained by excitation of resonances both inside
the nanowires and in the bulk ¢-Si absorber. In addition, good angular resilience
is displayed, with high implied photocurrent density values (i.e. strong absorp-
tion) observed for angles of incidence of light up to 60°, making the proposed
solar cell architecture attractive in a wide range of illumination conditions.
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3.2 Crystalline silicon nanowire solar cell

3.2.1 Device manufacturing and characterisation

The nanowire array was manufactured on a p-type mono-crystalline silicon (c-
Si) wafer by reactive ion etching (RIE) using a gaseous mixture of SFy and O,,
followed by standard cleaning, rinsing in de-ionised water and drying of the
substrate. In particular, the SF;/O, plasma provides a continuous flow of fluo-
rine radicals (F') and oxygen radicals (O’), which feeds two competing chemical
reactions: F' and Si react to form SF** ions, while from the reaction of O" and Si
a silicon oxyfluorine (SiO,Fy) layer is formed. Such layer acts as mask against

F etching, but is physically broken by sputtered ions bombarding the surface of
the sample. Such effect occurs with higher speed on the horizontal rather than
the vertical plane, due to the larger angle of incidence of ions hitting the vertical
side walls. Such phenomenon leads to a strong anisotropy of the Si etching rate.
The process is made mask-less by the precipitation of SiOF; particles, which
start the formation of randomly distributed etch pits [120]. Such regions become
deeper during the process, thanks to the strong anisotropic nature of this RIE.

A back side emitter was formed by phosphorous ion implantation, with en-
ergy of 2 x 10" cm~2 and dose of 20keV. Oxidation and annealing were car-
ried out in a dry ambient at 850 °C for 90 min, resulting in a sheet resistance
(Rspr) of 600)/0. Before depositing the coating layers, the silicon wafer with
nanowires on top was treated with diluted hydrofluoric acid, to remove the
thin native oxide layer from the surface. Plasma-enhanced chemical vapour
deposition (PECVD) was used for growing thin-film silicon and silicon alloys
layers, to implement surface passivation and front surface field. Intrinsic hy-
drogenated amorphous silicon a-Si:H — with a thickness equivalent to 30nm
on a flat substrate — was first coated onto the front surface of the wafer, on
which the nanowires were distributed. Following a hydrogen-plasma treatment,
highly-transparent boron-doped hydrogenated nano-crystalline silicon oxide (p-
type nc-5i0,:H) with a 30 nm equivalent thickness was deposited on a-Si:H. For
the front electrode, a 100-nm thick tin-doped indium oxide layer (In,O3:5n, ITO)
was deposited at low power and low temperature, using radio-frequency (RF)
magnetron sputtering. The cell area was defined as 5mm X 5mm, using a mask
during ITO deposition. The reported equivalent thickness values of thin films on
flat c-Si substrate were characterised via spectroscopic ellipsometry. Finally, us-
ing physical vapour deposition, metal electrodes consisting of Ag/Cr/Al were
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c-Si core

Figure 3.1. On the left: scanning electron microscope picture of bare (a) and coated
(b) nanowires on the c-Si substrate. In the inset of (b), the enlargement of a single c-Si
nanowire wrapped with supporting layers is depicted, showing excellent coating unifor-
mity. On the right: 3-D rendering of the nanowire solar cell (note: thickness not to scale).

deposited at the front (as patterned grids) and at the rear surfaces of the wafer
(full-area), with thickness of 300 /30 / 300nm and 300 / 30 / 2000 nm, respec-
tively. In fig. 3.1, pictures of the bare (a) and coated (b) nanowire arrays are
presented, obtained with a Philips XL-50 scanning electron microscope, as well
as a 3-D sketch of the entire device (on the right).

3.2.2 Device performance

Two series of devices were manufactured: nanowire heterojunction solar cells,
with the procedure described in the previous section, and flat references, char-
acterised by the same process except for the RIE step. The nanowire array has
the following (average) dimensions: height i ~ 2 pm, diameter d ~ 200 nm and
distance A ~ 800nm. For both architectures, 48 5mm x 5mm solar cells were
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made, on 4-inch c¢-Si wafers with an initial thickness of 280 pm.

In fig. 3.2 (a), the (non-biased) EQE of both nanowire (NW) and flat (FLAT)
devices are depicted. The nanowire solar cell performs better at short and long
wavelengths, while its performance suffers in the range between 450 nm and
950nm. The higher EQE of the nanowire solar cell at short wavelengths (up to
A = 450nm) can be mainly explained by better in-coupling of light, promoted
by the nano-structure array at the front side (see reflection depicted in the in-
set of fig. 3.2b). Lower parasitic absorption at the front side can also explain
the improvement, since for A < 450 nm the IQE of the NW cell is higher than in
the FLAT case. This results in a net gain in photocurrent density of 0.30 mAcm 2.
At longer wavelengths, scattering of photons adds to the anti-reflective effect, re-
sulting in a significant performance increase (+1.66 mAcm~2) with respect to the
FLAT device. An additional explanation for the higher performance in these two
spectral regions (i.e. short and long wavelengths) is an increased injection level
achieved there, due to the same or larger amount of absorption taking place in
less material. These higher carrier concentration results in a performance closer
to the radiative limit, which is evidenced by the higher IQE observed at both
short and long wavelengths (see fig. 3.2b).

On the other hand, the lower EQE in the 450 — 950 nm spectral region can be as-
cribed to higher charge carrier recombination (i.e. lower collection efficiency), as
highlighted by the IQE curves presented in fig. 3.2 (b). While recombination af-
fects the performance across the entire spectrum, at short and long wavelengths
this effect is not apparent in fig. 3.2 since the absorption increase promoted by
the nanowires compensates the decreased collection efficiency. Across the 48
individual cells, the low average open circuit voltage (Vo = 500 mV) and fill fac-
tor (FF = 0.67) are evidence of high recombination, likely caused by the larger
interface area with respect to the flat device. The short-circuit current density

(]ggg) = 35.1mAcm2), calculated from EQE measurements, is only slightly

higher than the value obtained for the flat reference (I}(E%é D — 348 mAcm2),

since the absorption gains observed at short and long wavelengths are almost
entirely offset by higher charge carrier recombination. The resulting conver-
sion efficiency is # = 11.8 %, nevertheless one of the highest reported values
for this type of device [107, 110, 111]. More importantly, it was demonstrated
that working nanowire-array devices can be manufactured with relatively cheap
manufacturing technologies, such as reactive ion etching (nanowires), plasma-
enhanced chemical vapour deposition (silicon alloys) and RF sputtering (front
TCO). In table 3.1, the measured best-cell external parameters are summarised.
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Figure 3.2. Measured EQE (a) and calculated IQE (b) of the best nanowire heterojunction
solar cell (NW) and of the flat reference (FLAT). The coloured areas in (a) indicate the net
current gain (blue and red) or loss (green) of NW with respect FLAT. In the inset of (b),
the measured reflectance of the two architectures is reported.

The extremely low fill-factor of the flat device is caused by problems that arose
during the ITO deposition, which resulted in a layer significantly thinner than
the expected 100 nm. No such issue was observed in the nanowire device.

It can be concluded that the presence of the nanowire array improves the optical
performance of the solar cell, namely by promoting good light in-coupling at the
front side and by scattering of photons in the near infra-red region of the spec-
trum — where absorption in c-Si is weak. However, charge-collection efficiency
suffers resulting in low V,,c and FF and a reduced quantum efficiency, particu-
larly in the visible part of the spectrum. This setback could be (partly) avoided
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Table 3.1. Measured external parameters of the best flat and nanowire solar cells.

Parameter Flat Nanowire
Voc 600mV 500 mV

JEQE 34.8mAcm 2  35.1mAcm 2
FF 0.39 0.67

n 7.9% 11.8%

by deploying a defect removal etching to improve surface passivation [59], but
is expected to remain an intrinsic characteristic of all nanowire devices — due to
their large interface area.

3.3 Nanowire array geometrical study

In the previous section, the feasibility of the proposed nanowire array structure
was verified — particularly the nanowire passivation and the conformal deposi-
tion of a transparent front contact. In this section the focus shifts to ultra-thin
crystalline silicon solar cells, and how their performance is affected by the pres-
ence of a nanowire array. Simulations are thus not carried out on a model of the
real solar cell, but rather on

3.3.1 The model

To further understand the interaction of light with nanowires, and how the pres-
ence of the NW array affects the absorption in the active silicon layer, optical
simulations were used. First, a comparison of the absorption is carried out be-
tween a flat reference and a device model endowed with nanowires. The array
is assumed periodic (due to modelling constraints) and arranged in a hexag-
onal lattice. The hexagonal distribution was chosen after a short preliminary
study (not reported here for brevity) showed that the hexagonal lattice resulted
in slightly higher absorption with respect to square or rectangular ones. This
effect was attributed to the larger number of diffraction modes excited by the
hexagonal array. Nevertheless, differences between the different arrangements
were small. It is thus assumed that a perfectly random arrangement — such as the
one of the manufactured device (fig. 3.1) - would yield similar results in terms of
absorption and photogenerated current density, despite larger number of excited
modes (with respect to periodic structures).

The nanowire geometrical properties mirror the dimensions of the manufac-
tured nanostructures: the distance (or period of the array) is A = 800nm, the
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Figure 3.3. 3-D rendering of the real device (left) and of the simulation model (right).
The differences are: thinner absorber (device: 280 um, model: 2 pm), thinner and more
transparent supporting layers at the front, introduction of a TCO between silicon and
metal at the back in place of the implanted n-type doped silicon layer. The core of the
nanowire (c-Si, orange) is peeled off in both figures, to show the layers that are coating it
radially.

height is i = 2 um and the cross-section is d = 200nm. A depiction of the simu-
lation model is presented in fig. 3.3 on the right. Appropriately defined periodic
boundary conditions ensure the creation of a complete solar cell endowed with
an hexagonal nanowire array. The crystalline silicon bulk has a thickness of only
2um, to better highlight the effect of the presence of nanowires. At the front
side, a stack of a-Si:H (thickness of 5nm) and p-type nc-SiO,:H (5nm) forms
the hole-selective contact, followed by In,O3:H (IOH, 40 nm) in the role of front
transparent conductive oxide (TCO). The three layers uniformly coat both the
nanowires and the exposed portion of the bulk. At the back side, the negative
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contact consists of another TCO - ZnO:Ga (GZO, 100nm) [53, 121] - and sil-
ver (300 nm). With respect to the manufactured solar cells, the model employed
has a few differences (in addition to the thinner bulk and the periodicity of the
nanowire array): (i) to reduce parasitic absorption at the front, the a-Si:H and p-
type nc-SiO,:H layers are significantly thinner, and IOH is preferred to ITO due
to its higher transparency and conductivity [122, 123]; (ii) at the back, GZO is in-
troduced to improve the reflectivity of the contact. The flat reference employs the
same layers (material and thickness) as the nanowire model, the only difference
being the absence of the nano-structure array.

3.3.2 Nanowire vs flat

In fig. 3.4, the calculated absorption in the c-Si layer (A.s;) is depicted, for both
nanowire device (NW) and flat reference (FLAT). For 400nm < A < 550nm,
the optical performance of the NW model is inferior to the FLAT reference. This
result can be explained by higher absorption in front layers, particularly a-Si:H,
which in the model endowed with nanowires have to cover a larger surface area.
In addition, the geometry of the nanowires can result in light being trapped in
the front layers and thereby being parasitically absorbed. On the other hand,
Ag_\giN) is larger than AS;AT) for A > 600nm. In this region of the spectrum, the
absorptivity of supporting layers is weaker, thus the optical performance of the
active layer is not strongly affected by their presence.

The difference between NW and FLAT architectures is to be ascribed to two
factors: (i) the NW solar cell model exhibits lower reflectivity than the FLAT ref-
erence, due to the presence of nanowires at the front side; (ii) light propagates
differently inside the absorber layer — in particular the absorption spectrum of
the NW device displays more (resonance) peaks, as highlighted in fig. 3.4 (b) for
wavelengths between 800 nm and 1000 nm. In this spectrum range, AS;AT) fol-
lows the typical profile of a Fabry-Per6t interference (F-P), due to the total model
thickness being in the same order of magnitude of the wavelength of light. In
fact, the position (i.e. the wavelength) of peaks and valleys — black vertical lines
in fig. 3.4 (b) — can be accurately predicted by imposing the condition that the
phase difference between primary reflection (air-IOH interface) and secondary
reflection (GZO-silver interface) is an integer multiple of 7:
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Figure 3.4. Calculated absorption in c-Si — as function of wavelength — of the flat ref-
erence (FLAT, blue) and nanowire (NW, orange) device models in the range 300nm —
1200 nm (a) and between 800 nm and 1000 nm (b). Black vertical lines in indicate the po-
sition of interference resonances.

where Ap_p is the wavelength (in vacuo) at which there is constructive or destruc-
tive interference between front and back reflected beams. d; and n; are the thick-
ness and (wavelength-dependent) refractive index of the ith layer,m =0,1,2,...

, (pEr) and gog) are the (wavelength-dependent) phase shifts taking place when

light is reflected at the front and back interfaces, respectively, and q)](.t) (M) is the
(wavelength-dependent) phase shift happening during transmission at the j
interface (between layer i and i + 1). The absorption profile of the NW model, on
the other hand, presents a significantly larger number of peaks, suggesting the

excitation of significantly more resonant modes.

The electric field (E) distribution inside the device is useful to understand how
the propagation of light is affected by the presence of the array. To this pur-
pose, |E| inside the c-Si absorber layer is presented in fig. 3.5, for three different
wavelengths. At A()' = 803 nm, Fabry-Per6t interference results in a valley in the
absorption profile (see (I) in fig. 3.4). As expected |E| is small, with some higher
intensity spots located within the nanowires. This weak guided resonance — com-
bined with the presence of more absorber material — explains AEI_\Q.:V) > AS;AT)
for A = 803nm. On the other hand, at A™ = 909 nm several high-intensity
regions are observed, particularly in the c-Si bulk. In particular, resonances are
excited in both the vertical direction (i.e. the direction of incident light, L), due
to F-P interference, and in the horizontal one (||), due to diffraction modes inside
the silicon layer. The two effects combine to increase the total intensity of the
electric field within the absorber layer. This in turn results in a value of absorp-
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Figure 3.5. Distribution of |E| inside the absorber layer of the NW device for three dif-
ferent wavelengths: (I) 803 nm, (II) 909 nm and (III) 983 nm.

tion — for the NW model - significantly enhanced with respect to the FLAT case,

as evidenced in fig. 3.4 at (II). Finally, at A™) = 983 nm a peak in Ag_\é‘i/\/) can be

seen, while Afjl_:sLiAT) is very low due to being close to a Fabry-Perét minimum.
At this wavelength |E| is strongly enhanced within the nanowires, which appear
to act as cavities for the electromagnetic field. The distribution of |E| does not
follow the typical F-P interference or diffraction patterns, but can still explain the
boost in absorption observed at (III) in fig. 3.4.

The convolution of A.g; with the photon flux of the solar spectrum allows for
the quantification of the optical performance improvement introduced by the
presence of nanowires. The implied photocurrent density generated in the ab-
sorber of the NW device (21.8mAcm~2) is significantly higher then the value
computed for the FLAT reference (17.6 mAcm~2), but can be further increased
by careful optimisation of the nanowire geometry. To this purpose, the height
(h) and cross-section (d) of nanowires were varied in the ranges 0 — 5pm and
0 — 700 nm, respectively. The distance between individual nanowires was kept
constant at A = 800nm. h, d and A were varied or kept constant within such
values as they are expected to be achievable with the developed RIE process.
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Figure 3.6. On the left: implied photocurrent density generated in the c-Si absorber,
as function of the nanowire cross-section (d) and height (#). The maximum ( ]g;“g)sl =
27.3mAcm~2) is achieved for (d, 1) = (500nm, 4500nm). on the right, the calculated

reflection and absorption in each layer of the model are plotted, for the “best” structure.

3.3.3 Geometrical optimisation
In fig. 3.6 (left), the value of ]gﬁ\’; as function of d and & is plotted, while fig. 3.7
depicts reflectance and parasitic absorption losses as function of the same pa-
rameters. It can be observed that an increase in NW height reduces reflectance,
as expected since (in general) taller nanostructures exhibit better anti-reflection
properties. Conversely, losses in supporting layers increase, since more material
needs to cover the taller nanowires. The net results of the two opposite trends
is a ]gﬁ‘évgl that does not display a strong dependence on h. In fact, for all val-
ues of d the difference in implied photocurrent density between best and worst
performing architecture is smaller than 3 mAcm 2.

A stronger performance dependence is observed on the nanowire cross section.
On one hand, parasitic absorption losses are (almost) independent on the value
of d, for the amount of material used in supporting layers does not depend on the
NW lateral size. On the other hand, reflectance losses are significant for narrow
nanowires (d < 200nm), decreasing sharply until reaching a minimum between
400nm and 500nm. For larger values of the cross-section (4 > 500nm), reflec-
tion losses become larger once again. This behaviour can be explained as fol-
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Figure 3.7. Reflectance (a) and parasitic absorption losses (b), quantified as implied
photocurrent density reduction, as function of nanowire diameter (d) and height (/). Re-
flectance is lowest for (d, h) = (400nm, 5000 nm), while parasitic losses reach their min-
imum when both d and 4 are minimised.

lows. When d is too small the space between individual wires is wide, reducing
the amount of light that hits the NWs and can there be absorbed. By increasing
the cross-section, a larger portion of the incident radiation will hit the nanos-
tructures and thereby be absorbed. If d becomes too large, however, more and
more light is reflected by the top surface of the nanowire, thus increasing total
reflection. Anttu et al. suggest another possible explanation for the optimal cross-
section value [97]. In their work on III-V semiconductors nanowire array study,
they observed the presence of optimum, bandgap-dependent nanowire diame-
ter values. They associate the calculated optima with specific, diameter-tunable
nanophotonic resonances, implying that for a specific semiconductor material an
optimal value of the diameter can be found, that maximises absorption owing to
the excitation of resonant modes at specific wavelengths.

The final result is that the | S;“év,)sl achieves its maximum where reflection is at a
minimum (i.e. for d = 400 — 500nm). The highest performance is achieved for
a solar cell model with d = 500nm and & = 4500 nm, reaching an implied pho-
tocurrent density value of 27.3mAcm 2. Further analysis of the optical losses
of the "best” structure (fig. 3.6, right) reveal that a significant amount of light is
parasitically absorbed in the intrinsic a-Si:H layer. On the other hand, it is well
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Figure 3.8. Calculated implied photocurrent density inside the c-Si layer as function
of the angle of incidence of light, for different values of the nanowire height and fixed
period (A = 800nm) and cross-section (d = 200nm). For clarity of the picture, only
selected results are included (h = 0.5, 2, 3, 4 um).

known that a-Si:H layers in heterojunction devices do contribute to the charge
generation, thus adding to the short circuit current density [124]. This effect can
be noted in fig. 3.2 (a), where the EQE is higher than the absorption depicted in
fig. 3.6, and could be quantified with a rigorous electrical simulation, which is
however beyond the scope of this chapter. Nevertheless, the choice of a more

transparent passivating layer could result in significant increase of absorption,
(NW)
I ph,c-Si

4mAcm~2. It must be noted that the best implied photocurrent density value
achieved (27.3 mAcm~2) is significantly smaller than what was measured for the
manufactured NW device (35.1 mAcm~2). This can be only ascribed to the sig-
nificant difference in thickness, which in the case of the modelled structures is
more than 100 times smaller (2 um) than the nanowire solar cell (280 pm).

particularly at short wavelengths (A < 600nm), and an increase of up to

Finally, the effect of light’s angle of incidence (i) was studied. For differ-
ent heights and constant values of the period (A = 800nm) and cross-section
(d = 200nm), 6in. was varied between 0 and 75°. Results (expressed in terms of
]gﬁ,‘:{)&) are presented in fig. 3.8 and that optical performance remains fairly con-
stant for a wide range of angles of incidence. Only for very large angles(fin. >
60°) a decrease in Jpp s is observed. Device models with different nanowire
height all follow this same trend, showing that nanowire solar cells can effi-

ciently absorb light in a wide range of illumination conditions, independent on
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the size of the NWs. In addition, the performance for different values of 4 is
similar within the entire range of angles of incidence (0° < i < 60°). These
results are consistent with the findings of the height sweep in the perpendicular
incidence case — fig. 3.6(a) — for which it was shown that / has little-to-no effect
of the calculated implied photocurrent density of the absorber.

3.4 Conclusions

Nanowires have the potential to improve the optical performance of ultra-thin
(~ 2pm) c-Si solar cells. The fabricated heterojunction c-Si NW-based device
displayed enhanced absorption of light. However, the electrical performance
suffered — limiting the final conversion efficiency to 11.8%. The optical simula-
tion of NW-based solar cells demonstrated that NWs excite a significantly larger
number of resonant modes, with respect to Fabry-Per6t interference typical of
flat architectures. The study of the effect of the nanowire geometrical parameters
on light absorption was then carried out. For a given periodicity (A = 800 nm)
of the NW array and thickness of supporting layers, the optimal NW dimensions
were determined resulting in | ISIII‘:ZV)SI = 27.3mAcm 2. It should be noted that an
optimisation of the array periodicity could further improve the optical perfor-
mance, particularly by choosing a value of A closer to the band-gap wavelength
of ¢-Si (Agap = 1107 nm) [125, 126]. However, the manufacturing of such device
would require abandoning the proposed mask-less approach in favour of a (po-
tentially) more expensive lithography process and was thus not investigated in
this chapter. Finally, it was observed that NW-based solar cells maintain high
performance for a wide range of angle of incidence of light, up to 60°.






CHAPTER 4

Metasurfaces for amorphous silicon
thin-film solar cells

This chapter is based on the following publication:

R. Vismara, N. Odebo Link, R. Verre, M. Kill, O. Isabella, and M. Zeman, ”Solar
harvesting based on all-dielectric perfect absorbing metasurfaces,” Optics Express
27(16), A967-A980 (2019).

ABSTRACT - In this chapter , an investigation is carried out on metasurfaces
composed of an array of hydrogenated amorphous Si (a-5i:H) nanoparticles on
a mirror, that can achieve nearly complete light absorption close to the bandgap.
The concept is applied to realistic device structures and predict a boost in the op-
tical performance of thin-film solar cells made of such a-Si:H nanoparticles. By
optimisation of the exact geometrical parameters, a system which could achieve
initial conversion efficiency values well beyond 9% is predicted — using only the
equivalent of a 75-nm thick active material. The device absorption enhancement
is 30% compared to an unstructured device in the 400 nm — 550 nm spectral re-
gion and more than 250% in the 650 nm — 708 nm range. Such large values are
related to the metasurface anti-reflection properties and to the perfect absorption
mechanism.
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4.1 Introduction

Nanoparticles made of high-permittivity materials have attracted extreme inter-
est in the context of nanophotonics. These systems support multipolar geomet-
rical Mie-like resonances and act as nanoantennas, with electric and magnetic
field enhancement within their volume. These characteristics make all-dielectric
nanoparticles a perfect platform for multiple applications, such as lasing, meta-
materials, flat lenses and photon up-conversion to name a few [87, 127-132]. At
the same time, all-dielectric nanoantennas are often associated with low Ohmic
losses and a clear connection with light harvesting and solar cells has not yet
been drawn: these research fields have not yet strongly interacted.

Nanostructures made of all-dielectric nanoantennas have been proposed and
used to boost and improve the efficiency of different types of solar cell [133, 134],
but they have been mostly used as scatterers to increase the optical path length
inside the absorbing material, or as anti-reflection coatings. An alternative ap-
proach is to boost absorption inside the nanoantennas themselves and harvest
the generated electron-hole pairs. Despite all-dielectric nanoantennas generally
showing small absorption cross-sections in the red region of the visible spectrum,
far-field interference effects could be used to increase their absorption. This ef-
fect could in theory be used for photon harvesting. In particular, if particles are
arranged in a metasurface fashion, it is possible to reach complete absorption in
specific wavelength ranges [135]. In the past few years, several studies on per-
fect absorbers have been reported, both for plasmonic and all-dielectric nanoan-
tennas, and the phenomenon has been used for phase-based sensing [136, 137],
terahertz absorption [138], strong coupling [139], light harvesting [127, 140], and
photocatalysis [141].

In this chapter, a novel type of solar cell is proposed, where the concept of per-
fect absorption in a particle-on-a-mirror geometry is employed to boost the ef-
ficiency of a-Si:H thin film solar cells. The system under study consists of all-
dielectric nanoparticle (nanodisk) arrays arranged in a metasurface-like fashion
and placed atop a thick mirror. In this configuration, sketched in fig. 4.1a, the
mirror clearly prevents transmission. At the same time, the relative reflection
phase difference between the mirror and the metasurface can be controlled by
varying the distance between the two. If the spacing and the particle geometry
are chosen such that (i) the relative phase shift between metasurface and mir-
ror reflections is 180° and (ii) the respective amplitude is the same, reflection is
suppressed and 100% absorption inside the dielectric particles can be achieved
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Figure 4.1. (a) Sketch of the perfectly absorbing metasurface-on-a-mirror geometry.
When the phase difference between metasurface and mirror reflections is 180°, perfect ab-
sorption can be achieved. (b) Absorption coefficient of hydrogenated amorphous silicon
(blue line) together with the standard AM1.5 solar spectrum radiation (orange line). By
engineering the size of the nanoparticles, absorption between 650 nm and 708 nm (green
area in b) can be boosted.

— albeit at specific wavelengths. By careful design of the metasurface proper-
ties, resonant absorption enhancement can thus be tuned to the spectral region
where the intrinsic a-Si:H absorption is low (green region in fig. 4.1b) but the so-
lar spectrum still contains significant energy. By contacting the a-Si:H nanodisks
at top and bottom, electron-hole pairs that are generated inside the nanoparti-
cles can be harvested. This concept is new in the sense that the particles that
compose the metasurface not only act as light concentrators, but also constitute
the active medium of the solar cell. The proposed structure should not pose
challenges when it comes to contacting, while surface recombination could rep-
resent an issue, despite the particles being embedded in a silicon-oxide layer —
a material commonly and effectively used to passivate silicon photovoltaic de-
vices [44, 142-144]. In this way, issues of high recombination and contacting
commonly found in nano-structured solar cells can be avoided.

The chapter is organised as follows: after analysing the simple case of a nano-
structured metasurface on a mirror, a realistic device is proposed and its geo-
metrical properties are optimised via a rigorous 3D Maxwell equation solver —
using experimentally-determined permittivity data (see Appendix A). A pho-
tocurrent density Jon > 14 mAcm 2 is predicted, using 300-nm tall disks. This
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Figure 4.2. Absorption in the silver mirror. The plot shows Apjrror = 1 — Anp — R as
ratio to the total absorption in the system Ay, = 1 — R. Two different spacer thicknesses
are shown: dg; = 100nm and dg3 = 300 nm.

corresponds to a theoretical initial efficiency beyond 9.5% for an equivalent ac-
tive material thickness < 75nm. The predicted photocurrent value represents an
enhancement of > 2.5 times with respect to absorption in thick flat layer with the
same total 300nm thickness in the 650 nm — 708 nm part of the spectrum (where
Agap = 708nm is the bandgap wavelength of amorphous silicon), i.e. in the
region where the perfect absorption mechanism was optimised.

4.2 Results

4.2.1 Perfect absorption in a particle-on-a-mirror geometry

To illustrate the concept of perfect absorption in a particle-on-a-mirror geometry
the simplest case possible was chosen, i.e. a periodic array of a-Si:H nanodisks
on top of an infinite Ag mirror, separated by a glass spacer with thickness d; and
refractive index ng = 1.46 (c.f. sketch in fig. 4.1a). First, the particle-on-a-mirror
metasurface was modelled using FDTD methods [145]). The nanodisks have a
fixed height (h = 300nm) and diameter (D = 140nm), and are arranged in a
square lattice configuration with period of A = 250nm. For this value of the
periodicity the a-Si:H array essentially acts as a metasurface, since the distances
and dimensions considered are much smaller than the incident wavelength (no
diffuse scattering is present). Optical absorption in the nanodisk was calculated
by integrating the Poynting vector on a surface enclosing the particle, but ex-
cluding the mirror (see Appendix B for more details). Light absorption in the



4.2. Results 59

active material was thus decoupled from all other loss channels, such as any sur-
face plasmons excited on the mirror interface or other absorption in the silver.
It was also verified that most (98%) of the total absorption took place inside the
metasurface, rather than in the silver mirror (see fig. 4.2).

In fig. 4.3a, the absorption amplitude for this system at A; = 630nm and A, =
700 nm is shown, as function of the mirror distance d;. The amplitudes oscillate
with a period A; = A;/(2ns) = 210nm and 233 nm, respectively (where i =
1,2). The differences in the period of oscillations can be simply understood as a
Fabry-Perot like resonance, as the system setup is analogous to a Salisbury screen
perfect absorber [146] for specific wavelengths. Absorption in such a screen is
maximised when d; = A/(4ns), i.e. when the reflections present 180° phase
difference. Indeed, for A1 = 630nm a maximum in absorption can be observed
at d; = 105nm (fig. 4.3a).

Interestingly, reflection and absorption at specific wavelengths (630 nm with the
present nanodisk dimensions) can be modulated from 40% to 100%, by simply
modifying the spacer thickness. Fabry-Perét oscillations can also be seen in the
absorption spectra versus wavelength, for fixed spacing of the mirror (fig. 4.3b).
In this case, however, they are modulating the resonant behaviour of the Si nan-
odisk array. The full absorption spectral dependence on the mirror distance is
shown in fig. 4.3c. The system response for varying array periods was also stud-
ied — keeping the spacer distance constant at d;; = 100nm. Absorption as func-
tion of the period A (fig. 4.3d) shows a rich dispersion and coupling of various
modes. The data confirms that the overall absorption is decreased at larger peri-
odicities — as less active material is present — and that the diffractive modes ap-
pear in the region of high absorption, i.e. 300nm — 500 nm, i.e. where A ~ ngP.

4.2.2 Design of an a-Si:H solar cell based on perfect absorption

So far, the possibility to achieve enhanced absorption in the very simple case of
a-5i:H nanodisks on top of a mirror was demonstrated, owing to Fabry-Perét like
interference effects between the a-Si:H layer and mirror reflections. Shifting the
attention to calculations of a realistic device, a nanophotonic metasurface con-
sisting of a-Si:H nanodisks embedded in a transparent lossless dielectric medium
(S5i0,) is proposed. The nanostructures have a fixed height of 300 nm. The par-
ticle diameter (D) and the period of the array (A) were varied in the ranges
D = 80 —240nm and A = 100 — 500 nm, respectively. A commercially avail-
able 3D Maxwell equation solver based on the finite element method (FEM)[75]
was employed to model the entire device structure.
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Figure 4.3. (a) Absorption in a-Si:H as function of the distance from the mirror, at A1 =
630nm and A, = 700nm. (b) Absorption spectra for two specific mirror distances, d;; =
100nm and dsp = 200nm. (c) Absorption spectra as a function of mirror distance, for
A = 250nm. The vertical (red) and horizontal (green) coloured lines are related to the
data shown in (a) and (b), respectively. (d) Absorption spectra as a function of the array
periodicity, for ds = 100 nm.

A 20 nm thick (boron-) phosphorous-doped nano-crystalline silicon oxide (nc-
Si0,:H) layer is added at the (top) bottom of the absorber, to separate photo-
generated charge carriers (electrons, e~ and holes, h*). They are then collected
on opposite sides: e~ at the negative, n-contact and h™ at the positive, p-contact.
At the front side (p-contact, top), a highly transparent conductive oxide (TCO) is
selected, In,O5:H (IOH, thickness: 100 nm), thanks to its favourable optoelectri-
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Figure 4.4. 3-D sketches of the simulation models, with textured (A, left) and full-area
(B, right) doped layers. Note that the SiO, filler is not depicted for clarity.

cal properties [122, 123]. At the back (n-contact, bottom), a TCO-metal combina-
tion of ZnO:Ga (GZO [121]) and silver (Ag) is selected, with thickness of 70 nm
and 300 nm, respectively. Both values are typically used in thin-film silicon pho-
tovoltaics [60, 147, 148]. The presence of GZO between semiconductor and metal
improves the reflectivity of the back side [60] — and the thickness was chosen to
allow efficient electron collection at the metal contact. At the same time, the GZO
layer serves as the spacer for achieving destructive interference between the two
reflections, thus maximising absorption in the SiO,-filled metasurface. Regard-
ing the p- and n-type layers, two possible configurations can be devised. First,
they can be included in the metasurface structure (structure type A), i.e. being a
part of the a-Si:H nanodisks on each side. Alternatively, they can be deposited
on the entire device area (type B). Both possibilities were considered, and the
respective device models are depicted in the insets of fig. 4.4.

The nanodisks are ordered in a 2D square lattice. However, similar results can
be expected using randomly dispersed particles [135]. In fig. 4.5a,b, the implied
photocurrent density in the absorber (Jpha-si:) is shown — as a function of di-
ameter D and periodicity A — for device types A and B. For both configurations,
two general trends are observed. First, Jpp a5y increases when the distance be-
tween disks is reduced. Second, a better performance is observed for structures
with larger diameter. Both effects correlate to the total amount of absorbing ma-
terial, which increases with both a decrease in A and an increase in D. However,
the optimum response is observed at (A,d) = (250nm, 140 nm), which does
not correspond to the maximum amount of absorbing material within the solar
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cell. It is also interesting to note that, for both configurations, the best perfor-
mance (13.80mAcm 2 and 14.14 mAcm 2 for structures A and B, respectively)
is achieved for the same (A, d) pair. In the following, it will be demonstrated
that it is the interference between metasurface and mirror reflection that max-
imises the solar cell performance. Considering state-of-the-art V. and FF values
of substrate [149] and superstrate [150] a-Si:H single-junction devices — deploying
~ 250-nm thick absorbers — the calculated best photocurrent densities would im-
ply an initial conversion efficiencies between 8.1% and 9.6 % (for both configura-
tions), albeit for an active material with equivalent thickness < 75nm. To better
outline the different performance between configurations A and B, the respec-
tive absorption spectra as function of the wavelength A are analysed (fig. 4.5¢,d).
In both cases, distinct absorption peaks are observed for A > 600nm. Device
model B suffers from higher parasitic absorption losses in the p-type nc-SiO,:H
layer, due to the fact that it covers the entire area rather than only the a-Si:H
nanodisks. However, reflection is smaller in the blue range, providing similar
overall absorption and efficiency.

It is also instructive to compare the device absorption with a simple unstruc-
tured 300 nm thick a-Si:H layer, which is a typical thickness in standard a-Si:H
solar cells. The film is sandwiched in the same environment as the metasurface
(IOH/p/a-Si:H/n/GZO/Ag). Only the thickness of the GZO layer is changed
to 40nm, which was found to be the optimum in the flat reference configura-
tion. The spectrum, overlaid as a black dashed line in fig. 4.5¢,d helps clarifying
the absorption of the metasurface itself. Fabry-Per6t modes — which depend
on the layer thickness — appears at around A = 560nm and A = 620nm for
both metasurface and unstructured layer. However, additional absorption ap-
pears both at shorter and at longer wavelengths for the metasurface. Close to
the band gap, the system presents resonances that concentrate the light within
the active medium and increase absorption. The significant enhancement in the
350nm — 550 nm is instead related to diminished reflection. In fact, the meta-
surface contains roughly four times less a-Si:H than the unstructured layer, so
its effective refractive index is lower (ngjop < fmeta < Ma-si:x). This improved
impedance matching between layers reduces reflection and enhances absorp-
tion. The metasurface thus acts as its own effective anti-reflection coating in
this spectral range.

Switching to the wavelength interval 650nm < A < Agap = 708 nm, it can be
seen that absorption in the metasurface is clearly enhanced compared to a homo-
geneous a-Si:H film. In order to quantify the resonant absorption enhancement
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Figure 4.5. Implied photocurrent density in the absorber (Jpp,a-51:1), as function of nan-
odisk diameter and distance, for device configurations A (a) and B (b). The star indicates
the parameters that maximise Jph a-si:H- The corresponding absorption spectra of the op-
timised structures are depicted in (c) and (d). The dashed black line indicates absorption
in an unstructured layer with the same thickness placed in the same environment.

close to the bandgap, a multipolar analysis of the EM field inside the amorphous
silicon nanodisks was carried out — for the most efficient type A configuration.
This allows for the identification of resonant modes excited in the nanodisks.
The multipolar response for different electric and magnetic multipoles is plotted
in fig. 4.6, for a system without (a) and with (b) mirror at the back side. The
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Figure 4.6. Multipolar analysis for the solar cell (structure A), for parameters corre-
sponding to the maximum implied photocurrent density without (a) and with (b) back-
mirror reflector. A large increase in the modes amplitudes in the 550 — 700 nm wavelength
range is observed, due to interference effects with the mirror. The amplitude increase is
accompanied by an enhanced near field distribution inside the nanoparticles, shown in
(c) and (d) for the two cases (without and with mirror, respectively) at A = 700 nm.

internal fields were projected on a spherical multipole basis, [151] and the mode
amplitudes of individual particles — for electric (2,) and magnetic (b;) multipoles
— were calculated (see appendix C for details). Note that this decomposition as-
sumes a homogeneous dielectric environment, which is not fulfilled here. A pre-
cise decomposition requires knowledge of the Green’s function outside the par-
ticle. However, the analysis carried out in this work is adequate for the purpose
of showing the nature of the modes and the related absorption enhancement.
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The decomposition of the internal fields shows a rich resonance structure in the
spectral region of interest. In particular, various multipolar responses (electric
and magnetic dipoles and quadrupoles) are overlapped. Nevertheless, the re-
sponse of the nanodisk array is dominated by electric and magnetic dipolar reso-
nances, whose amplitudes are enhanced more than 4 times close to the bandgap
— once the system is placed on top of the mirror. This behaviour is clearly re-
lated to scattering suppression due to destructive interference, which increases
the lifetime of the modes and thus absorption. A different, but equivalent, way
to see this is by looking at the field enhancement inside the dielectric nanodisks
(fig. 4.6¢c,d). Absorption takes place within these a-Si:H nanoparticles and is pro-
portional to A o Im(eusir1) [|E(r)|>dV, where r is the position within the vol-
ume V. Simulations show that fields are significantly larger inside the nanodisks
when a mirror is employed, explaining the enhancement observed in fig. 4.6a,b.

In fig. 4.6, all multipolar modes that are excited within each nanodisk are de-
picted. The presence of high order spherical harmonic modes overlapped with
the dipolar response is due to the complex nature of the structure and the pres-
ence in it of highly dispersive layers. Nevertheless, it is possible to study the
real modes’ pseudo-dispersion by simply plotting absorption spectra as a func-
tion of the particle diameters (fig. 4.7). For A < 500 nm, where the absorptivity
of a-Si:H is very high, absorption is clearly almost independent of the diameter
D. For 500nm < A < Agap = 708 nm, several clear resonances are observed,
which disperse almost linearly with the diameter. These peaks in the absorption
spectra red-shift when nanodisks with larger diameter are used, at a different
rate, providing an additional route to fine tune the absorption and the response
of the system. In particular, the geometrical optimum D = 140 nm was found to
coincide with a balance between the separation between these modes and con-
voluted with the absorption in a-Si:H.

4.3 Discussion

From a practical point of view, the particle-on-a-mirror system presented here
is possible to fabricate. The most likely route would rely on patterning of the
nanodisks using self-assembled large scale nanoimprint methods [152], followed
by a planarization step and the deposition of the top contact. Due to the de-
parture from full planar deposition, and therefore not dealing with bulk ab-
sorbers, it is also expected that such nano-structuring would help quenching
light-induced degradation in thin-film a-Si:H solar cells [153]. The design pro-
posed here is also general in the sense that it can be adapted to other types of
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Figure 4.7. Absorption spectra in the a-Si:H metasurface, as a function of the particle
diameter, for device structure A and A = 250nm (Agap = 708 nm).

solar cell architectures, provided the active material possesses large permittivity
values. For example, Mie modes were already shown to be supported by both
GaAs [99, 154, 155] and perovskite nanoparticles[156, 157]. This means that the
particle-on-a-film geometry could be adapted to standard crystalline thin film
solar cells as well as thin-film devices based on direct bandgap materials. In fact,
the approach detailed in this work might suit such materials even better, owing
to their high absorptivity values for larger wavelengths range due to the nar-
rower bandgap [55, 57]. The metasurface geometry and spacer thickness would
then need to be optimised accordingly and in different wavelength regions.
Clearly, one of the main limitations of the perfect absorption concept is that
it relies on far-field interference and only works at a single wavelength. While
the focus of this work is placed on the lowest energy modes — as they provide
a clearer picture for a proof of principle application — current research in all-
dielectric nanophotonics aims at realising, through nanostructuring, new eigen-
modes [158, 159]. For example, once particles of several hundreds of nm are
used, several multipolar resonances appear and can be engineered to overlap.
This can broaden the effective optical response of the system, or give rise to
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Figure 4.8. Absorption spectra of a-Si:H, as function of the angle of incidence of light.

unusual response that can boost light-matter interaction even further. Another
problem of the particle-on-a-mirror system proposed in this contribution is that
the geometry has been optimised for normal incidence (i.e. perpendicular illumi-
nation). However, the phase between the different reflections does not strongly
depend on the illumination angle; an incident angle of 30° gives a change in
phase of around 10%*. This means that the optimised wavelength of opera-
tion of the perfect absorption concept is quite robust to changes in illumina-
tion conditions. In fact, this is shown in fig. 4.8, where the device absorption
spectrum as function of the angle of incidence (Aol) of light is plotted. For
A < 550nm, it can be observed that absorption is almost constant for values
of Aol up to 40°. Only for Aol > 40° a decrease of A,g;y is observed. Of
particular interest is the behaviour that can be observed in the spectral region
between 550nm and Agap. As already depicted in fig. 4.5(c), three absorption
peaks can be observed: at A ~ 620nm, at A ~ 650nm and at A ~ 690nm.
These three peaks are also clearly visible in fig. 4.8. While their intensity varies
with Aol (except for A ~ 650nm), their position is not affected by the angle

*Based on the difference in optical path length, 2d/ cos ¢,, where 9, is the angle of refraction



68 4. Metasurfaces for amorphous silicon thin-film solar cells

of incidence. This indicates that the wavelengths at which confinement of the
electromagnetic field within the nanodisks takes place — which results in reso-
nances in the absorption spectra — are only dependent on the disk diameter and
distance, as previously shown in fig. 4.5 and fig. 4.7. The global performance,
expressed in terms of Jpasi:H, remains almost constant for values of Aol up to
40° = Jphasiz (Aol = 40°) = 13.2 mAcm~2. For Aol > 40° the implied pho-
tocurrent drops significantly, mainly due to increased reflection at the front side
of the solar cell. Finally, using the same concept presented here, one could imag-
ine adapting the design to a photo-detector and, owing to the flexibility in the
design of all-dielectric nanoantennas, directional, chiral or other types of exotic
efficient light harvesters could be envisioned.

4.4 Conclusions

In this chapter, the discussion of how all-dielectric nanoantennas can be adapted
as solar harvesters was carried out. The basic idea is the following: by exploit-
ing far-field interference effects it is possible to increase the absorption in re-
gions were material generally present low absorptivity. A novel and potentially
attractive solar cell structure was presented, employing an all-dielectric silicon
metasurface as active layer in a traditional thin-film silicon solar cell architec-
ture. The nanodisks composing the metasurface can realise perfect (near 100%)
absorption at specific wavelengths, due to interference between light reflected by
the nanostructures and by the underlying mirror. The operational wavelength
can be tuned by changing the system parameters and can boost absorption near
the bandgap of the material, i.e. where the absorption coefficient is generally
low. The configuration displaying the best optical performance yields an im-
plied photocurrent density of 14.14 mAcm ™2, with the potential to achieve ini-
tial conversion efficiencies above 9.5%, in line with current state-of-the-art amor-
phous silicon solar cells which employ significantly thicker absorber layers. An
in-depth analysis showed that the optical nanodisks have the multiple function
of acting as (i) cavities, trapping the electromagnetic field within, (ii) as the solar
cell active medium and (iii) as anti-reflection agents, strongly decreasing para-
sitic reflection in the blue-green region of the visible spectrum. These results can
thus be considered as a proof-of-principle study where the advantages of all-
dielectric nanoantennas have been adapted to develop a solar harvester based
on a new concept.



CHAPTER 5

Copper indium gallium (di)selenide
solar cells with periodic gratings

This chapter is based on the following publication:

C. Onwudinanti, R. Vismara, O. Isabella, L. Grenet, F. Emieux, and M. Zeman,
”Advanced light management based in periodic textures for Cu(In,Ga)Se, thin-
film solar cells,” Optics Express 24(6), A693-A707 (2016).

ABSTRACT - In this chapter, 3-D optical modelling is used to investigate light
management concepts based on periodic textures and material selection for pho-
tovoltaic devices based on Cu(In,Ga)Se, as absorber material. After calibration
of the software, the effects of 1-D and 2-D symmetric gratings on the cell perfor-
mance were studied, showing significant reflection quenching and absorptance
enhancement in the active layer. The use of In,O5:H as front and back contacts,
combined with an optimised 2-D grating structure, led to a > 25% increase of
the implied photo-generated current density with respect to an equally-thick flat
device. Most of the performance increase was kept when the absorber thickness
was reduced from 1500 nm to 600 nm.
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5.1 Introduction

Cu(In,Ga)Se, (CIGS) is a prominent absorber material in thin-film solar cells
technology, having demonstrated efficiencies up to 23.35% [50]. High-perform-
ing devices usually employ absorbers with thickness of 2.5 to 3 um [160-163].
Due to indium scarcity, however, reduction of CIGS thickness is of great impor-
tance. In fact, cell-manufacturing costs could be decreased, further promoting
the diffusion of this technology into the photovoltaic (PV) market. On the other
hand, absorber thickness reduction has significant drawbacks, in particular in-
creased impact of recombination at the back contact and significant decrease of
light absorption [164, 165]. As explained in the chapter 1, absorptivity of the thin
active layer can be increased by using textures — either random or periodic — to
achieve light trapping. Extensive research has been carried out on light trapping
for thin-film silicon solar cells, while only in recent years several studies on light
management for CIGS devices have been published [164-191].

In this chapter, the study of CIGS solar cells endowed with 1-D and 2-D periodic
gratings is carried out. First, the careful characterisation of a reference flat device
was carried out, as well as the determination of the optical constants of all ma-
terials used for the modelling of CIGS solar cells. Then, the simulation software
was calibrated with respect to the reference, to ensure the accuracy of the mod-
elling. After calibration, CIGS devices endowed with 1-D gratings were studied
and optimised. Then, 2-D gratings were investigated, as well as the possibility
of substituting traditionally used materials with ones that can reduce parasitic
losses — thus increasing absorption in CIGS. Finally, the optical performance of
devices with a thinner active layer was evaluated. Despite a reduction of the
CIGS consumption of 60%, an implied photocurrent density increase of > 18%
was achieved.

5.2 Cell characterisation and simulator calibration

To ensure that simulation results are a good approximation of the behaviour of
real CIGS solar cells, calibration of the modelling software is necessary. To this
purpose, the morphology and performance of a device provided by CEA-LITEN
were characterised (from now on indicated with ‘CAL’). Then, the same architec-
ture was modelled, using the High Frequency Structure Simulator (HFSS) soft-
ware [75]. Atomic force microscopy (AFM) and a scanning electron microscope
(SEM) were used to characterise the surface morphology of the CIGS surface and
of the whole device (fig. 5.1). From the AFM measurement, a series of statisti-
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Figure 5.1. (a) Cross-sectional scanning electron microscope (SEM) image of the calibra-
tion device, with measured external parameters indicated. (b) Surface morphology of the
CIGS layer, obtained via atomic force microscopy (AFM).

cal parameters were extracted. Most important are the average dimensions of
the surface morphological features: height (Hf = 215nm) and generalised cor-
relation length (Lcg = 185nm, [192]), which gives an indication on the feature
horizontal dimensions. These parameters are important to correctly model the
surface morphology of the absorber layer. On the other hand, the thickness of
each layer of the device was estimated from the cross-sectioned SEM image, de-
picted in fig. 5.1(a). A summary is presented in table 5.1. These values are fairly
typical for CIGS devices, with the exception of the absorber (1500 nm) and the
front contact (400 nm). In fact, typical (record) CIGS solar cells employ absorbers
with thickness between 2.5m and 3 um, and thinner aluminium-doped zinc ox-
ide layers (ZnO:Al/AZO, 200 — 300 nm) [160-163]. While the choice of a thinner
CIGS layer was arbitrary, a thicker front transparent oxide (TCO) was necessary
due to the low conductivity of the deposited ZnO:Al material.

Along with the geometry of the individual layers, the optical properties of
all materials involved play the most important role in obtaining accurate re-
sults. Hence, high-resolution and wavelength-dependent complex refractive in-
dex data (i = n + ix) is required as input of the simulations, where 7i is the
complex refractive index, and #n and « are its real and imaginary parts, respec-
tively*. For cadmium sulphide (CdS), data was obtained from the work of Hara
et al. [193]. All other characteristics of materials used in the CAL device were
measured internally, using a combination of spectroscopic ellipsometry (SE) and
spectrophotometry transmittance and reflectance measurements. In Appendix
A, n and « of all materials used in the simulations are presented.

*Please note that «, i.e. the imaginary part of the refractive index, is also known as the extinction coefficient
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Table 5.1. Material and thickness of each layer of the reference device.

Layer Material Thickness
Back reflector Molybdenum 500nm
Absorber CIGS 1500 nm
Buffer Cadmium sulphide  55nm
Window Intrinsic zinc oxide ~ 40nm

Front TCO Al-doped zinc oxide 400nm

Following the AFM characterisation results, a model with an irregular, pseudo
random texture on the CIGS surface was prepared. The pseudo-random texture
was devised as follows: using a (pseudo-)random number generator, a series of
random numbers whose average was equal to the correlation length (Lcg) of the
features on the CIGS surface was generated. A similar set was created for the
average feature height (Hy). These sets were then combined to yield a pseudo-
random set of truncated square pyramids [53], whose average dimensions were
equal to the average dimensions (Hf and Lcg) yielded by the AFM scan of the
reference cell. Alternative elementary feature shapes such as tetrahedra, hemi-
spheres, and triangular pyramids were tested, as well as craters. However, these
other shapes provided no clear discernible benefit and are less simply imple-
mented in the 3-D design. The CdS and intrinsic ZnO layers were constructed to
be conformal to this texture on the CIGS, given their small thickness (~ 50 nm).
On the other hand, the ZnO:Al layer was built to have features smoothed com-
pared to the ones on the CIGS surface, given the relatively large thickness of the
layer (~ 400nm). Observations of the SEM cross-section — fig. 5.1(a) — confirm
that the roughness of the cell front surface is significantly lower than the one
of CIGS. The molybdenum layer, meanwhile, was modelled with regular nano-
features (~ 30nm), determined from both observation of the SEM cross section
and from reports of similar analysis in literature [193]. The eventual presence of
an oxide layer (MoOj) on top of the metal was also investigated, but its inclusion
in the modelled structures did not significantly influence the simulation results.

The pseudo-random approach was preferred to modelling the texture with reg-
ular (periodic) features, in order to correctly simulate the scattering effects of
the CIGS random texture (opposed to the diffraction of light in discrete modes,
which takes place when periodic structures are employed). A perfectly random
structure can be defined as a grating with an infinite period A (i.e. the same
pattern is never repeated). On the other hand, simulations can be significantly
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quicker and less computationally demanding if the simulated domain (i.e. the
width of the so-called unit cell) is as small as possible, and then repeated an in-
finite amount of times by means of (periodic) boundary conditions. A study by
Jager et al. showed that, for random textures with relatively small features sizes
(similar to those deployed in this chapter), a unit cell width of 3 x L¢g is suffi-
cient to closely approximate the randomness of larger areas [194]. A similar pre-
liminary analysis conducted for this work (and not presented here) showed that
the minimal unit cell size required to obtain sufficient randomness was 4 x L¢g.
Larger unit cells were modelled and simulated, but did not show significant im-
provements in accuracy.

A 3-D rendering of the unit cell model is depicted in fig. 5.2, together with the
results of the calibration — i.e. the comparison between the simulation results
with external quantum efficiency (EQE) and reflectance (R) measurements. Each
coloured area in the plot of fig. 5.2 indicates either reflectance or absorptance in
each layer of the cell. Calculated absorption in CIGS (blue area) and measured
EQE (dashed line) are well matched?, except in 2 parts of the spectrum:

* A1 = 350nm — 450 nm. In this region, calculated absorptance spectrum in
CIGS - Acygs(A) —is higher than the measured EQE(A). Since simulations
do not include recombination mechanisms, it is generally expected that
Acics(A) > EQE(A).

* Ay = 950nm — 1150 nm. In this portion of the spectrum, results display
Acigs(A) < EQE(A). Most likely, this underestimation of CIGS absorption
is caused by the difference in mode excitation and light-trapping perfor-
mance between the real random texture and the simulated pseudo-random
arrangement.

Over the analysed spectrum, the average difference between calculations and
measurements is 0.038, in line with similar studies carried out by other groups
(0.028 [168], 0.027 [193]). It must be noted, however, that the two aforementioned
works both employ 1-D simulators, while this contribution employs a rigorous
3-D Maxwell equation solver. The convolution of both Acigs(A) and EQE(A)
with the photon flux of the standard AM1.5 spectrum (in the wavelength range
300 nm — 1300 nm) yields very similar values of the photocurrent density: [, =
30.7 mAcm~2 (simulation) and Jeor = 30.8 mAcm ™2 (measurement).

tThe good agreement between modelling and measurements was verified by repeating simulations with different
combinations of pseudo-random pyramids.
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Figure 5.2. Unit cell model of the CIGS calibration solar cell (left), and results of the
comparison between simulation results with reflectance and EQE measurements of the
(real) calibration device.

5.3 CIGS solar cells on periodic gratings
5.3.1 1-D gratings

1-D gratings are here defined as structures which are uniform in one direction
and periodic in the other?. The one-dimensional gratings modelled in this work
take the shape of an isosceles triangle, defined by the base and height, i.e. the
period A and the height & of the grating (see fig. 5.3, on the left). A and h are set
to starting values of 2000 nm and 500 nm, respectively. The value of the period
is chosen to be larger than the 1500 nm thickness of the CIGS absorber layer. In
fact, Tan et al. showed that this condition minimises the growth of defective
areas — in the case of micro-crystalline silicon layers [195]. In turn, this has a
favourable impact on the device electrical performance. Additionally, Sai et al.
demonstrated that grating periods should exceed the micro-crystalline silicon
absorber thickness for optimum Js. [196]. It is expected that these considerations
hold true also for CIGS layers. The simulation model of the 1-D grating structure
included once again the pseudo-random textures representing the roughness of
deposited CIGS.

Results of this first simulation with 1-D periodic gratings (A = 2000nm, h =
500nm) are depicted in fig. 5.3 on the right, where each calculated spectrum is

¥Both directions are in the plane perpendicular to the propagation direction of incident light
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Figure 5.3. 1-period sketch of the device endowed with a 1-D grating (left, pseudo-
random roughness not included in the sketch for clarity) and simulation results with A =
2000nm and # = 500nm. The dashed line indicates the calculated absorption spectrum
of the calibration (CAL) model.

the average between those computed for S- and P-polarisation. An increase of
Acigs over the whole spectrum range is observed, with respect to the flat refer-
ence case (CAL). The improvement can be mainly ascribed to good anti-reflection
properties of the grating, which allow for a smooth transition of the refractive-
index from air (the incident medium) to the device. In fact, it can be observed
that the total cell reflectance is greatly reduced. In addition, scattering of near
infrared photons explain the enhanced response at long wavelengths. Overall,
the (implied) photocurrent density generated in the absorber is increased from
30.7mAcm~2 (CAL device) to 33.7 mAcm 2 (1-D).

The analysis continued with the optimisation of the grating dimensions. With
A fixed to 2000nm, a sweep of h between 100 nm and 900 nm was carried out.
Results are summarised in fig. 5.4(a), where the implied photocurrent density
generated or lost in each cell layer is plotted as function of h:

¢ Reflectance losses decrease for larger values of &, because taller gratings
have better light in-coupling properties. However, having height values
larger than 500 nm does not provide additional benefits in this respect.

* Losses in the Mo back contact increase with larger values of /1, because
taller structures couple more light onto the surface of the metal.

* Losses in other layers remain approximately constant, and no clear depen-
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Figure 5.4. Implied photocurrent density generated in the active layer (CIGS) or lost (in
supporting layers or due to reflectance) as function: (a) of the grating height — for constant
period, and (b) of the grating period, for constant aspect ratio (k/P).

dency on h is observed.

The best performance (Jph,cics = 33.8 mAcm~2), achieved when & = 900 nm, is

only slightly higher than the result obtained when & = 500 nm (33.7 mAcm2).
A similar analysis was carried out to evaluate the effect of the grating period. In

this case, the grating height-to-period ratio (4 /P) was kept constant and equal to

0.25, so that all gratings have the same aspect ratio. Values of A between 500 nm
and 2000 nm were considered. Results are depicted in fig. 5.4(b):

* Losses in Mo and other non-active layers remain constant, for all values of

A. This suggests that light coupling into the metallic layer does not solely
depend on the grating height, but rather on the height-to-period ratio.

* Reflectance reduces when A is increased. Since the aspect ratio was kept
constant, larger values of the period correspond to taller gratings — which

were already shown to reduce reflectance more effectively than shorter
gratings.

To conclude, for 1-D grating with A = 2000nm and / = 500 nm an implied pho-
tocurrent density of 33.7 mAcm~2 was achieved. It must be noted that a slightly
higher performance was achieved for a smaller grating period of 1500 nm and
when taller gratings were employed. However, it was decided to prefer larger,
shallower gratings (A = 2000 nm, i = 500 nm) — which will allow for the growth
of a higher quality material in manufactured devices.
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5.3.2 2-D gratings

The study continues with the analysis of 2-D gratings. Pyramidal features were
employed, with the same dimensions of the previously optimised 1-D gratings:
period of 2000nm and height of 500 nm (see sketch depicted in fig. 5.5, on the
left). It must be noted that tiny regular truncated pyramids were used to model
the natural roughness of the front CIGS surface, rather than pseudo-randomly
generated ones. An initial study, not reported here for brevity, showed no differ-
ence in the simulated spectra when using pseudo-random or regular truncated
pyramids — in models in which periodic gratings were also endowed. For ease
of design, the regular arrangement was thus selected.

While 2-D gratings could be more complicated to manufacture, they offer some
advantages over 1-D structures. In particular, they can diffract more light away
from the incident direction, exciting a higher number of guided modes in the
absorber. Results of this work (fig. 5.5, on the right) show that the pyramidal
2-D grating can further suppress reflectance when compared to the 1-D struc-
ture. In this way almost all incident light is coupled into the device. However,
since reflectance was already very low in the case of triangular 1-D gratings, the
benefits in term of J,p, c1cs are relatively small (1-D case: 33.9 mAcm 2, 2-D case:
34.2mAcm~2). Nevertheless, a careful observation of Acigg of both textured so-
lar cell models shows the presence of a small peak in the 1100nm — 1150 nm
region of the spectrum. This peak is more pronounced for the model endowed
with 2-D grating, suggesting that light diffraction and wave-guiding phenomena
are taking place more strongly than in 1-D grating case.

5.3.3 Alternative cell configurations

Despite improvements in the device anti-reflection properties, owing to the pres-
ence of gratings, further performance enhancements are prevented by high par-
asitic absorption in supporting layers, particularly in the Mo back contact and in
the ZnO:Al front TCO (see fig. 5.3). For this reason, alternative cell configura-
tions which mitigate or eliminate these losses are of great interest. The use of (i)
a dielectric spacer layer between absorber and metal, (ii) Mo-free back reflectors
[185, 189], and (iii) highly-transparent front TCOs are thus investigated.
Molybdenum is the conventional metallic back reflector/contact used in CIGS
solar cells: it allows for the growth of large CIGS grains, it remains inert dur-
ing deposition [197], and forms an ohmic contact for the majority charge carriers
(holes) through the formation of an intermediate MoSe, layer [198, 199]. On the
other hand, it exhibits lower reflectance with respect to other metals (e.g. silver).
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Figure 5.5. Calculated absorption spectra and 1 — reflectance of devices endowed with
1-D and 2-D gratings.

This results in relatively high parasitic absorption losses [197], as shown in the
simulations presented in the previous sections. In real devices the replacement
of Mo with alternative materials remains a challenge, but several possibilities
have been investigated. Metals like W, Ta and Nb are promising, since they re-
main inert during CIGS deposition. However, they do not appear to offer clear
advantages with respect to Mo [197]. Other metals are less stable at the high tem-
peratures typical of CIGS deposition, and their diffusion into the absorber layer
would cause a significant degradation of the cell performance.

Absorption in metallic (textured) back contacts may be reduced by using a di-
electric spacer layer between absorber and reflector, as is common practice in
wafer-based and thin-film silicon solar cells [61, 147, 200]. Requisites of this
spacer are high vertical conductivity and transparency. Investigations of ZnO/
Mo back contacts have been conducted, as well as ZnO/Ag [168]. Approaches
in which non-conductive spacers and local point contacts between metal and
absorber have also been extensively researched [188, 201-207]. However, such
approaches are not treated in this chapter. In this work,the potential of molyb-
denum trioxide (MoQ3) as spacer layer between CIGS and Mo was first tested.
MoQyj is a transparent material with relatively high temperature stability and
low absorption, particularly at long wavelengths (see appendix A); it also has
sufficiently high vertical conductivity [208], making it potentially suitable as
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Figure 5.6. On the left, sketch of structure A (2-D gratings with MoOj spacer). On
the right, absorption in CIGS (Acjgs, in blue) and in molybdenum (Ayy,, in grey) — as
function wavelength — for structure A (dotted lines) and the 2-D grating reference model
(REF, dashed lines).

back transparent conductive oxide. An 80-nm thick MoO; buffer layer is tested
in a 2-D grating cell model (see fig. 5.6); grating dimensions are A = 2000 nm
and /1 = 500 nm. Two models, one with spacer layer (REF) and one without (A),
were compared. A preliminary study determined that 80 nm was the optimal
thickness, guaranteeing sufficient hole conductivity and, at the same time, en-
suring the quenching of parasitic absorption in molybdenum (Ays,). Simulation
results of the aforementioned 2-D gratings based models (fig. 5.6) indicate that
the presence of the MoOj spacer effectively reduces Apjo. As a consequence, ab-
sorptance in the CIGS layer is slightly augmented, and J,p, cigs increased from
34.2mAcm~2 (REF) to 34.8 mAcm 2 (device configuration A).

A complete removal of molybdenum from the back reflector could further im-
prove the device optical performance. To this purpose, configurations using a
TCO deposited directly on the glass substrate were studied. To prevent trans-
mittance losses at the back side, a thin layer (~ 300nm) of silver (Ag) is added
on the opposite side of the glass carrier. In this way, diffusion of the metal into the
cell layers can be prevented [165, 168]. At the same time, the high reflectivity of
Ag guarantees that no light is transmitted from the back side of the device. Two
different TCO materials were tested: tin-doped indium oxide (In,O3:5n, ITO)
and hydrogenated indium oxide (In,O5:H, IOH). Both materials have high con-
ductivity and transparency [121, 122], however IOH exhibits lower free-carrier
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Table 5.2. Summary of alternative cell structures investigated in this chapter.

Layer A B ‘ C ‘ D
Reflector - Silver (300 nm)

Substrate Glass

Back contact | Mo (300 nm) ‘ ITO (80 nm) ‘ IOH (80 nm)
Absorber CIGS (1500 nm)

Buffer CdS (55nm)

Window ZnO (40 nm)

Front TCO AZO (450 nm) | IOH (80nm)

absorption in the near infrared region of the spectrum. On the other hand, ITO
has higher stability at elevated temperatures, and has already been successfully
tested as back contact in thin-film CIGS solar cells [209].

Various alternative configuration were analysed and compared. As already pre-
viously mentioned, REF indicates the device with optimised pyramidal gratings
and a traditional molybdenum back contact, while A denotes the model with the
same 2-D texture an 80-nm MoOj; spacer. B is a solar cell model where the Mo
back reflector is replaced by ITO, with a layer of silver on the other side of the
substrate to prevent transmission of light. Model C is identical to B, but where
the ITO layer is replaced by IOH. These configurations are depicted in fig. 5.7,
while layer thicknesses are summarised in table 5.2.

Building a realistic model in HFSS with a glass/Ag back reflector configuration
would result in an unwieldy large structure, straining computational resources
due to the necessarily large thickness of the glass layer (hundreds of microme-
tres, as opposed to the nanometre-scale of all other layers). To overcome this
obstacle, models employ a 300-nm thick glass. Due to the presence of 2-D grat-
ings on this necessarily thin substrate, interference phenomena are suppressed —
thus modelling the incoherent propagation of light as in an equivalent bulk glass
substrate. In addition, the silver layer is treated as a perfectly conductive layer
(i.e. an ideal mirror). As a result, absorption in the Ag reflector and transmis-
sion at the back side of the device are exactly zero. While these are necessary
approximations, results can be considered reliable since: (i) Ag has a very high
reflectivity, particularly in the near infrared (NIR) part of the spectrum and when
is deposited on a flat surface (as in this case), and (ii) a millimetre-thick glass car-
rier would only absorb a very small amount of NIR light.

Results of the simulations (fig. 5.8) showed that the Mo-free back reflector con-
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Figure 5.7. Cross-section of alternative cell structure configurations studied in this work.
The pseudo-random roughness was included in all models, but is not depicted here for
clarity.

figurations (B and C) perform better than structure where Mo is included (REF
and A). At short wavelengths, all devices display similar values of Acigs. How-
ever, the advantage of Mo-free architectures becomes apparent in the long-wave-
length region (A > 850 nm), where molybdenum would be parasitically absorb-
ing. In fact, absorptance in the CIGS layer is increased in this region of the
spectrum for the Mo-free models. This translates into an increase of the implied
photo-generated current density in the absorber: from 34.8 mAcm~2 (model A)
to 35.6 mAcm 2 (B) and 35.7 mAcm 2 (C). The performance of devices with ITO
and IOH as back TCO layers is very similar, with the latter showing a slightly
higher Jop, cigs due to the higher infrared transparency of In,O3:H.

In addition to Mo absorption, losses in the AZO front TCO contribute to re-
ducing the photocurrent density generated in the CIGS layer. The ZnO:Al layer
used in this work needs to be relatively thick (> 300 nm), to guarantee sufficient
electron conductivity (i.e. low resistivity). An IOH TCO, thanks to its high car-
rier mobility, can be made much thinner (80-100 nm) [123]. Combined with its
high transparency (i.e. low extinction coefficient x, see Appendix A), In,O5:H is
an ideal candidate as front TCO in thin-film solar cells. In the work here pre-
sented, the 400 nm thick ZnO:Al layer was substituted with an 80-nm thick IOH
front TCO, while at the back side the IOH/glass/Ag configuration of model C
was employed This results in the device indicated with D in fig. 1.4. Simulations



82 5. Copper indium gallium (di)selenide solar cells with periodic gratings

1.0

\?‘«
0.8 \\\

A A
o 06 e 1
< 04} \ ]
A —
02} \'\% ] X
T
0.0

400 600 800 1000 1200 1400
Wavelength [nm]

Figure 5.8. Absorption in the CIGS active layer, for different device configurations.

showed that this optimised structure (D) yields an increase of Acigs over the
whole spectral range (continuous line in fig. 5.8), since the highly-transparent
front layer allows more light of all wavelengths to enter the absorber. Integra-
tion with the AM1.5 photon flux results in a J,, cigs of 38.6 mAcm 2. This value
represents a 7.9 mAcm 2 increase (+26%) over the results obtained for the flat
calibration device (CAL).

5.3.4 Reduction of CIGS thickness

Scarcity of indium could prevent the widespread diffusion of Cu(In,Ga)Se2 tech-
nology into the PV market. Reduction of the absorber thickness — while main-
taining high absorption levels— can help decreasing production costs and pro-
moting diffusion of CIGS solar cells. To verify the effectiveness of the light man-
agement approach presented, the performance of devices with sub-micron thick
absorbers was investigated. Thickness of CIGS down to 600 nm were tested, in
a cell configuration with IOH used both as front and back TCO (model D). As
can be observed in fig. 5.9, the thinner architecture (600 nm) maintained the high
performance of the thicker device (1500 nm) up to A ~ 800nm. At longer wave-
lengths, a decrease of Acigs can however be noticed. This is expected, since the
thinner layer struggles to efficiently absorb light in this region of the spectrum
— where the absorption coefficient of CIGS is lower. Nevertheless, the solar cell
model with a 600-nm thick CIGS still outperformed the much thicker, flat device
(CAL), reaching a Jop cigs value of 36.4 mAcm 2.

This shows how, by geometrical optimisation of gratings and careful choice of
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Figure 5.9. CIGS absorption in the calibration cell (CAL) and in device configuration D
with thickness of the absorber of 1500 nm (D) and 600 nm (D-thin).

supporting layer materials, it is possible to obtain a substantial improvement of
the optical performance (A Jpncics = +5.7 mAcm~?) and, at the same time, re-
duce material utilisation in the device (-60% CIGS thickness). At this point it
should be noted, however, that the effective implementation of IOH in CIGS de-
vices requires careful investigation. This study shows the benefits of including
this material in the solar cell architecture, namely the reduction of parasitic ab-
sorption in the front TCO and at the back side. However, only an experimental
analysis of devices with IOH front and back TCO can determine if this solutions
can be applied to real devices. Also, the inclusion of indium-based transparent
contacts partially offsets the reduction of rare-earth material utilisation. How-
ever, the small thickness of the IOH would still result in lower indium consump-
tion when the thinner CIGS layer is employed.

5.4 Conclusions

In this chapter, a satisfactory optical model of a real thin-film CIGS solar cell was
presented. A good match between simulations and measurements was obtained.
These results were only achieved when a pseudo-random texture was included,
necessary to correctly model the effects of the random self-occurring roughness
of CIGS and other layers on the propagation of light. The results of the applica-
tion of gratings to the solar cell models led to the following conclusions:

* The application of periodic gratings results in strong reflection quenching
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Table 5.3. Summary of all results presented in this chapter.

Cell CIGS thickness Jph,CIGS Gain
Calibration [CAL] 1500 nm 30.7 mAcm 2 -
1-D 1500 nm 33.7mAcm~2  +9.9%
2-D [REF] 1500 nm 342mAcm—2  +11.4%
2-D + MoO; [A] 1500 nm 34.8mAcm~—2  +13.4%
2-D + ITO back [B] 1500 nm 35.6mAcm 2 +16.0%
2-D + IOH back [C] 1500 nm 35.7mAcm 2 +16.3%
2-D + IOH front & back [D] 1500 nm 38.6mAcm—2 +25.7%
2-D + IOH front & back [D-thin] 600 nm 364mAcm=—2  +18.6%

and CIGS absorption enhancement. 2-D structures only showed little per-
formance improvement over their 1-D counterparts.

¢ The implied photocurrent density in the absorber increases with the height
and period of the grating. These trends levels out for values of the period
greater than the absorber thickness (1500 nm) and of the grating height-to-
period ratio values above 0.25.

¢ Improvements in CIGS absorption and anti-reflection are always accompa-
nied by increased (parasitic) absorption in the molybdenum back contact.

The poor optical performance of Mo as back reflector remains an obstacle to
efficiency improvements in typical CIGS devices. However, the use of a MoOj3
dielectric spacer between absorber and back contact can reduce parasitic losses
in the back contact. Nevertheless, absorption in Mo remains high, and only its
replacement with alternative configurations (TCO/glass/metal) can further in-
crease the device optical performance. The front ZnO:Al TCO is also a major
source of parasitic absorption in CIGS solar cells. Significant improvements can
be achieved if a more transparent and conductive material like IOH is employed.
Benefits are evident in a wide spectral range, since more light is allowed to cou-
ple into the absorber and contribute to the photocurrent density generation.

Last, simulations of cells with reduced CIGS absorber thickness of 600 nm in-
dicate that the cumulative impact of the modelled light management techniques
can result in devices that exceed the photocurrent density generation of the 1500-
nm thick reference flat solar cell. These results, as illustrated in Table 3, indicate
that the optical performance, and subsequently the photocurrent density and
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efficiency of state-of-the-art CIGS solar cells, can be further improved by the ap-
plication of optimised periodic textures and by the inclusion of more performing
materials in the cell stack. Integration of this materials in the device architecture,
however, needs to be further investigated by experimental analysis.
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Thin-film silicon solar cells with
different front and back textures
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ABSTRACT - In this chapter, the impact of different front and back periodic
textures on the absorption of crystalline silicon slabs and hydrogenated nano-
crystalline silicon solar cells is assessed. First, a comparison between textured
absorber and supporting layers is conducted. Then, the periodic structures are
optimised to maximise the photocurrent density of thin-film single-junction sil-
icon solar cell. The obtained optical performance, beyond the Lambertian scat-
tering limit, is explained by near-perfect light in-coupling and by the excitation
of resonant wave-guided modes inside the absorber layer.
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6.1 Introduction

Solar cells based on silicon as light absorber currently dominate the photovoltaic
(PV) market [21]. Next to record solar cells fabricated on (thick) wafers of crys-
talline silicon (c-Si) [25, 210-216], multi-junction thin-film silicon solar cells (TE-
SSC) based on alloys of hydrogenated amorphous silicon (a-5i:H) have been re-
cently reported to have initial conversion efficiencies up to 16.3% [40, 217-219]
and record stabilised conversion efficiency up to 14% [41]. Even though this PV
technology currently realises lower conversion efficiency than other thin-film al-
ternatives, such as CIGS [50], CdTe [51], perovskite [220], and GaAs [24], it dis-
plays the smallest cell-to-module losses [44], with demonstrated industrial-scale
flexible [45, 46] and rigid modules [47-49] up to 6.5-m? wide area. That is, this
technology is industrially mature in terms of nanometric-scale thickness unifor-
mity, hundreds of Megawatt-scale throughput, and resilience against moisture
[44]. For these reasons, thin films developed for a-Si:H-based solar cells consti-
tute instrumental building blocks in current record c-Si solar cells [211, 213, 215]
achieved industrially at wafer (i.e. large area) level. Extensive research efforts
have also focus on investigating the potential of ultra-thin c-Si devices, prepared
with either solid phase [221-225] or liquid phase crystallisation of silicon layers
[226-229]. The latter in particular has recently demonstrated efficiency values up
tp 14.2% [230]. Due to the lower absorption coefficient of c-Si and a-Si:H alloys
— with respect to other PV absorber materials — and to their reduced thickness,
ultra-thin ¢-Si and TFSSC technologies are the best platform for testing (at both
lab- and industrial-scale) a variety of photonic approaches aimed to enhance the
absorption of light in thin dielectric slabs (random /periodic texturing, dielectric
spacers and reflectors, metallic nano-particles, etc.) [44, 140, 148, 231-236].

Today’s and next-generation TFSSCs are and will be entirely dependent on
three factors. The first is the fabrication of a-Si:H alloys with band gap (Egap)
between 0.75eV and 2eV, to ensure high open-circuit voltage as well as wide
utilisation of the solar spectrum in multi-junction architectures [237]. The sec-
ond is the quality of non-crystalline materials and interfaces, to efficiently collect
photo-generated charge carriers. The third is the enforcement of an efficient light
trapping scheme to maximise light absorption, thus generating substantial short-
circuit current densities (also necessary for the development of high-efficiency
ultra-thin c-Si devices). The expression light trapping means the concurrent
application of several light management techniques for (i) broadband light in-
coupling at the front side of the (multi-junction) solar cell, (ii) light scattering
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inside the absorber layer(s) and (iii) high internal rear reflectance [234, 238].
Next to bandgap and optical properties of silicon-based absorbers, other mate-
rial characteristics need to be considered. For amorphous absorbers with Egap >
1.2eV —1.4eV, itis crucial to enhance the resilience against light-induced degra-
dation [153, 239-241], using for example triode-based plasma-enhanced chemi-
cal vapour deposition [37] and/or varying deposition temperature and plasma
compositions [242, 243]. For nano-crystalline absorbers with Egap < 1.2€V, prop-
erly designed light management is instead helpful to ensure high photocurrent
density while keeping the thickness in the range of 2um — 3 pm. This is to cope
with the reduced electrical performance of nc-Si:H with respect to higher quality
c-5i — when textured substrates are deployed [244].

The maximisation of the photocurrent density delivered by ultra-thin c-Si ab-
sorbers and a fully functional single junction nano-crystalline silicon (nc-5i:H)
solar cell is the primary aim of this chapter. The perspective is that a solar cell
based on low band gap c-5i or nc-Si:H endowed with a light trapping scheme de-
livers a certain photocurrent density. This value can be interpreted as the sum of
the photocurrent densities of a monolithically integrated multi-junction device.
In this respect, the cells based on c¢-Si or nc-Si:H are the bottom junction, and
the thickness of the (amorphous) top cell need only to be tuned to meet current-
matching conditions [53]. It follows that the maximisation of light absorption in
the bottom cell alone results in a maximised total photocurrent density available
for a multi-junction device in which such bottom cell is deployed.

In a previous contribution by Wang et al. [245], decoupled front and rear sur-
face textures were considered to structure an ultra-thin c-Si absorber. Using the
rigorous coupled wave analysis, the front and back surfaces were separately op-
timised for light trapping and anti-reflection, respectively, leading to broadband
light absorption close to the classical Lambertian scattering limit. In this chapter,
starting from the concept of decoupled textures, the effect of texturing support-
ing layers is first assessed against the more common approach of endowing the
texture on the c-Si absorber — in terms of optical performance (i.e. absorption and
implied photocurrent density). Differences are explained in terms of in-coupling
of light at the front surface and scattering of near-infrared photons, mostly at the
back side of the device. In the second part of the chapter, the same front/back
double texture is optimised within a fully-functional TFSSC structure, based on
a nc-Si:H absorber layer. The effect of the texture geometrical dimensions, of the
supporting layers” material and thickness, and of the back reflector configura-
tion are all studied. The obtained wide-band absorption beyond the traditional
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Lambertian scattering limit is explained, by analysing the electric field propa-
gation and the excitation of wave-guided modes within the thin absorber layer,
resulting in the highest light-trapping efficiency value so far reported [246].

6.2 Texturing: absorber vs supporting layers

In the first part of the chapter, a comparison between texturing supporting layers
or the solar cell absorber is carried out. Record devices typically rely on textured
interfaces between active and supporting layers — realised either by endowing
the texture on a wafer (in case of thick c-Si architectures) or by depositing the en-
tire solar cell structure on a rough substrate (as for thin-film silicon solar cells).
In both instances, the absorber / supporting layer interfaces are both optically
and electrically flat. While the first property in desirable, promoting efficient light
in-coupling and trapping in the active layer of the solar cell, non-flat junctions
usually result in higher surface recombination of photogenerated charge carriers
and consequent reduction of the open-circuit voltage (Vo) and fill-factor (FF) of
solar cells [22]. While high efficiencies can still be achieved when high-quality
surface passivation is deployed [59], alternative approaches in which optical and
electrical roughness can be decoupled are of interest. To this purpose, Spinelli et
al. proposed a flat c-Si solar cell architecture endowed with a front passivating
textured dielectric layer [133], whose features are known as Mie resonators. In
this section, a similar approach will be applied to 2-pum thick c-5Si slabs, endowed
with pyramidal periodic textures at both front and back side. In this way, the two
grating are tailored to achieve different light management purposes — namely
near-perfect light in-coupling at the front and scattering on long-wavelength
photons at the rear. The comparison of the optical performance between tex-
tured absorber and supporting layers is done, by evaluating absorption spectra
and corresponding implied photocurrent density in the c-Si layer.

6.2.1 Proposed device structures

3-D sketches of the simulated models are depicted in fig. 6.1. In particular, the
structures in fig. 6.1 a-d (textured supporting layers) exhibit:

¢ Front side texturing consisting of TiO, pyramids with a base by = 600nm
and a height i = 750 nm (fig. 6.1 b,d);

e A 2-um thick flat c-Si slab (absorber);

¢ back side texturing formed by larger and shallower pyramids of SiO, with
base b, = 1200 nm and height h, = 300 nm (fig. 6.1 ¢,d).
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Figure 6.1. 3-D sketches of all models used for simulations. (a)-(d) are structures where
the supporting (oxide) layers are textured, while in (e)-(h) architectures in which pyra-
mids are directly endowed on the crystalline silicon absorber.

Regarding the flat front surface architectures (fig. 6.1 a,c), TiO, has a thickness
of 47 nm such that destructive interference is achieved at A,; = 500 nm — where
Aar indicates the wavelength at which the anti-reflective effect is achieved®. On
the other hand, the SiO, layer in fig. 6.1 a,b is 100-nm thick, the typical value for
which plasmonic resonances are completely blue shifted to the UV region and
absorption in the crystalline silicon slab is not hindered [61].

Similar models for cells with textured c-Si absorber were also created, and are
sketched in fig. 6.1 e-h. In this case, front / back texturing consisted of pyramids
made of c-Si with the same dimensions as the ones realised in previous cases
on TiO, and SiO,. All textured c-Si slabs have an equivalent thickness deqcsi =
2 um (i.e. the absorber volume is the same as that of a flat c-5i slab with thickness
desi = 2pm). The front TiO, and the back SiO, are merely 47-nm and 100-nm

*The desired anti-reflective coating thickness (dar) is calculated as: dare = %, where n is the (real part of the)
refractive index of the anti-reflection coating material.
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thick, respectively, and serve either as flat coatings (fig. 6.1 e-g) or as conformal
coatings for the pyramids (fig. 6.1 f-h).

As for the absorber thickness, while the ultimate efficiency in ¢-Si PV technol-
ogy can be achieved with ~40 -pum thick c-5i [247], it was chosen to focus on 2-um
thick architectures for four main reasons. First, with 1-to-5-um thick absorbers
wave-guided modes can be excited, possibly resulting in absorption and implied
photo-generated current density values beyond those predicted by the Lamber-
tian scattering (4n2) limit. In particular, it is interesting to observe whether front-
and back-side textured supporting layers could trigger resonances in the flat
absorber. Second, a thickness of 2um is thin enough to support wave-guided
modes, but still thick enough to distinguish the optical effects of the front tex-
ture from those of the rear one. Third, 2 um is a typical thickness of ultra-thin sil-
icon absorbers in modelling studies concerning nc-Si:H, poly-5i, mc-Si and ¢-Si
[246]. Fourth, 50-pum thick c-Si slabs with front dielectric textures and rear DBR
where previously simulated in a separate work [248]. Good light in-coupling
was achieved, but virtually no scattering could be observed — as absorption in
silicon was practically equal to the double-pass case. Knowing especially this
last result, the goal of this section is to examine a thickness for which the front
dielectric textures could become more effective. Therefore, the objective is not to
demonstrate the ultimate possible photo-current density in relation to the high-
est possible conversion efficiency for c-5Si solar cells, but rather elaborate on the
optical effect that textured supporting layers have on a flat absorbing slab — with
respect to a textured absorbing slab merely coated with the same materials.

About the gratings shape, it was found [249, 250] that pyramidal structures are
— at least — not second from the optical point of view to alternatives with similar
geometrical dimensions and for comparable thickness of the absorber material
(e.g. rectangular gratings [251], convex gratings [252], concave gratings [253]).
For the front side of an absorbing dielectric slab, tapered / pyramidal textures,
such as those reported in this chapter, exhibit an optical behaviour very close to
an ideal multiple-anti-reflection coating (ARC) — for which a very large number
of layers would be needed to achieve broad-band light in-coupling. This is due
to the smooth matching of the refractive index from the incident medium (in this
case air) to the absorber material (in this case silicon). For the rear side, the em-
ployment of pyramidal-like textures has been reported — in both experimental
and modelling studies — to have a strong impact on the absorption of light in the
active layer of solar cells [53, 217, 234, 245, 249, 254]. While there is no absolute
evidence that pyramidal texturing is the absolute best for the purpose of this
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work, it is safe to assume that the results here achieved are not second in perfor-
mance to those carried out with the same models, but endowed with different
grating shapes (rectangular, concave, convex). Therefore, since this section fo-
cuses on the comparison between flat absorbers and their textured counterparts,
the generality of the scientific message here relayed is not lost.

In terms of optical performance, the outcome of the proposed pyramidal tex-
turing (reported in the following subsections) could be further improved — ei-
ther by re-arranging the current rectangular 2-D lattice into an hexagonal one
[255], or by choosing non-commensurate periodicities (see second part of this
chapter). Finally, previous studies on purely optical systems [234] or complete
solar cell devices [59] endowed with different front and rear textures or modu-
lated surface textures indicate that the combination of tapered front nano-texture
and micro-scale pyramids results in excellent light in-coupling and scattering of
long-wavelength photons, in 20-to-280-pm thick wafers. That is, the simulated
models with different front/back textures are expected to work well not only in
2-um thick c-Si layers, but also in thicker slabs. Finally, for the geometrical pa-
rameters of the front texture, as long as the dimensions are in sub-micron scale
(100nm — 1000nm) and the aspect ratio larger than one (i.e. features are taller
than they are wide), excellent broad-band light in-coupling can be achieved.

The choice of dielectric materials such as TiO, at the front and SiO, at the
rear side was mainly motivated by optical considerations. In fact, TiO, is a
wide band gap material with relatively high refractive index (ntiox ~ 2.5 for
500nm < A < 1200nm), thus achieving a smooth matching of n between air
and silicon. On the other hand, SiO, with its low refractive index determines
(nsio2 ~ 1.45) a high mismatch of n between silicon and back reflectors. Such
mismatch could be in principle surpassed by using very-low refractive index
materials such as MgF, (n ~ 1.38); however, SiO, still holds an edge with respect
to in-fabrication process compatibility with c-5Si solar cells, especially in case of
high-thermal budget (> 850 °C) architectures. Moreover, pyramidally-textured
SiO, in the role of periodic grating at the rear side also acts as an effective spacer
layer, shifting plasmonic losses — arising at the textured interface with metal —
towards shorter wavelengths [61, 200].

For all simulated structures, either a 300-nm thick Ag back reflector (AgBR) or a
modulated distributed Bragg reflector (MDBR) was applied at the rear side. The
latter is the result of two different distributed Bragg reflectors (DBRs) placed
on top of each other as shown in fig. 6.2a. The first DBR (DBR1) consists of 6
pairs of hydrogenated amorphous silicon nitride (a-SiN,:H, thickness dginx1 =
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Figure 6.2. On the left, structure of the to distributed Bragg reflectors (DBR; and DBRj)
that make up the modulated distributed Bragg reflector (MDBR), located at the back of the
¢-Si absorber coated with a 100-nm thick SiO, spacer. On the right, calculated reflectance
at interface between S5iO, and DBR;, DBR; and MDBR.

90nm) and TiO, (dti02 = 64nm) layers. Such reflector is designed to (ideally)
deliver a reflectance R = 100% in the wavelength range 580nm < A < 723nm
(Bragg wavelength: Ag; = 644nm). The second DBR (DBR2) is made of 6 pairs
of a-SiN:H (dsink2 = 125nm) and hydrogenated amorphous silicon (a-Si:H,
dasip = 60nm) layers. DBR2 is also designed to deliver R = 100%, but in
the wavelength range 722nm < A < 1159nm (Ag; = 890nm). Therefore, as
reported in fig. 6.2b, when stacking DBR1 and DBR?2 a reflectance very close to
100% can be delivered in a broad wavelength range (580nm < A < 1159nm).
At such wavelengths, light penetration depth in c-Si becomes larger than the
thickness of the absorber layer (21um). Therefore, high internal rear reflectance
is necessary to enhance the length of light’s path inside the absorber. DBR2 is
located below DBR1 to reduce parasitic absorptance in a-Si:H layers.

6.2.2 Results and discussion

Flat device: assessment of back reflector

As a start, simulations of perfectly flat models with either AgBR or MDBR were
carried out. This test was done to verify the quality of the proposed dielectric
MDBR in comparison to a state-of-the-art metallic reflector. Results show that
there is no major difference between the performance of the two back reflectors
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Figure 6.3. Absorption (top) and 1 — reflectance and transmittance (bottom) of the flat
reference model endowed with a silver back reflector (AgBR) and a modulated distributed
Bragg reflector (MDBR). The Lambertian limit absorption curve (dash-dotted black line
in the top graph) is calculated for a 2-pm thick c-Si slab.

(see fig. 6.3). Both of them give similar values of: (i) absorption in silicon and (ii)
total cell reflectance. It can thus be concluded that the MDBR on a flat interface
not only ensures sufficient reflectivity in the desired wavelength range, but also
does not let the electromagnetic field propagate through it, resulting in limited
transmission (T) losses — at least for A < 1150nm. Consequently, no big differ-
ence in the implied photo-generated current density of the absorber is observed
(fig. 6.4). For these flat optical systems, reflectance is rather high due to: (i) poor
in-coupling of photons at the air / optical system interface and (ii) no trapping
of light in the absorber. As it can be seen in following sections, these loss mecha-
nisms can be reduced by texturing only front or back side or both sides, resulting
in broad-band quenching of total device reflectivity.

Textured front side

Introduction of a nano-texture at the front side of a dielectric slab or of a solar cell
allows for better light in-coupling into the device. This contributes to a reduction
of total cell reflection, by reducing the reflectivity of the top layer. Previous work
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Figure 6.4. Implied photocurrent density generated (in c-Si) or lost in the flat reference
devices, embedded with a modulated distributed Bragg reflector (MDBR) and a silver
back reflector (AgBR).

showed that high aspect ratio features characterised by sub-micron geometrical
dimensions can accomplish very low values of R [59, 234]. Hence, in this work
it was also decided to employ high aspect-ratio pyramids at the front side of the
models (by = 600 nm, iy = 750 nm).

Looking at the implied photocurrent density generated in the c-Si absorber
(Jph,c-si), results show that the MDBR performs slightly better than the AgBR
in both textured supporting layers and textured c-Si models (see fig. 6.5). For
both back reflector configurations, the structure with textured c-Si can deliver a
higher absorption enhancement with respect to the equivalent architecture made
of textured TiO,. The reason for that is related to the decrease of the optical losses
at the front side due to a better light in-coupling for textured c-Si structure com-
pared to the flat one. The Si texturing, in fact, provides a smoother grading
of the refractive index from air (1,5, = 1) to bulk ¢-Si (n.s; =~ 3.5), hence the
reflectivity of the top layer is lower. Nevertheless, TiO, pyramids have good
anti-reflective properties, as can be seen in fig. 6.6. Here, a comparison is drawn
between simulated absorptance and reflectance of models with TiO, pyramids
(fig. 6.1b), a flat reference (fig. 6.1a), and an architecture with cylindrical TiO,-
based Mie resonators [133], with bygie = 600 nm and e = 300 nm (see fig. 6.6).
The three models were endowed with the same MDBR'. The pyramidal texture
shows better light in-coupling, especially in the range 300nm < A < 600nm .

tAn equivalent study was conducted with a silver back reflector, and similar results were obtained.



6.2. Texturing: absorber vs supporting layers 97

50 Shockley-Queisser limit (46.19 mAcm™2)
40 Al
T
§ 30
\
= 20 Text.TiO, Text. c-Si
<L
IR
10 .
1Ti0, B BR

T

‘MDBR AgBR’ ‘MDBR AgBR,

T T
Text. TiO, Text. c-Si

Figure 6.5. Implied photocurrent density generated (in c-Si) or lost in the front-textured
devices, embedded with a modulated distributed Bragg reflector (MDBR) and a silver
back reflector (AgBR), in the case of textured supporting layers (TiO,, left) and textured
absorber (c-Si, right).

Consequently, absorptance for these architectures is higher than in devices with
Mie resonators (6.4% higher [y, csi). However, high cell reflectivity at longer
wavelengths (900nm < A < 1100nm) suggests that no significant trapping of
light is promoted by either texture. In fact, light reflected at the device back side
is not scattered into large angles, and can thus easily out-couple at the front side
and escape the solar cell. To prevent this and increase the absorption in c-5i, the
introduction of a micrometre-scale back texture is required.

Textured back side

Micrometre-scale textures at the back side of a solar cell promote scattering of
long wavelengths photons (A > 900nm) [234, 245]. In this spectral region ab-
sorption of light by c-Si is weak, hence the enhancement of the length of light’s
path in the absorber can significantly increase the optical performance. Pyrami-
dal structures with relatively large periods can effectively diffract near-infrared
light into large angles, thus ensuring a substantial lengthening of light’s path in
c-5i. On the other hand, texturing with low aspect-ratio features is desirable for
low charge recombination and high electrical performance. For this reason, shal-
low pyramids were used (b, = 1200nm, /i, = 300nm). Results show that the
AgBR performs better than the MDBR in both flat ¢-Si and textured c-Si models
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Figure 6.6. Calculated absorptance in c-Si (top) and device reflectance (bottom) of a flat
reference model, a device endowed with Mie resonators (see sketch at the top, on the
right), and a device with TiO, pyramids at the front, (sketch at the bottom, on the right).

(see fig. 6.7). Since the thickness of layers used in DBR1 and DBR2 are optimised
for the deposition on flat substrates, when the MDBR is applied to a textured sur-
face it allows more light to go through (T losses become more significant) [256].
As seen previously, pyramids of ¢-5Si result in a higher absorptance than features
based on a dielectric material (SiO, in this case). This result was expected, since
c-Si has a higher refractive index than SiO, (n.s; =~ 3.5, nsiop ~ 1.45). Thus,
more diffraction modes can be excited at the ¢-5i/5i0,/BR interface (c-Si pyra-
mids) than at the SiO,/BR interface (SiO, pyramids).

Front and back textures with different geometries

Finally, nanometre-scale high-aspect ratio features at the front side for broad-
band light in-coupling and micrometre-scale shallower pyramids at the back side
for light scattering are combined. Results show that the MDBR performs better
than AgBR when dielectrics (TiO, and SiO,) are textured, while MDBR performs
worse than AgBR in the optical system with textured silicon (see fig. 6.8). In
terms of optical performance, dielectric-coated pyramids based on c-Si are bet-
ter than textured supporting layers on flat c-Si, as was already shown indepen-
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Figure 6.7. Implied photocurrent density generated (in c-Si) or lost in the back-textured
devices, coated with a modulated distributed Bragg reflector (MDBR) or a silver back re-
flector (AgBR), in the case of textured supporting layers (TiO,, left) and textured absorber
(c-Si, right).

dently for both front- and back-texturing. Considering the same BR, in case of
AgBR (MDBR) the textured supporting layers model exhibits a J,p, i which is
7.2mAcm 2 (4.3 mAcm~2) lower with respect to their textured c-Si counterpart
— corresponding to a -20.6% (-13%) decrease of the optical performance. This dif-
ference can be mainly attributed to the textured TiO, at the front side, which: (i)
absorbs more than the the simple TiO, coating due to its bigger volume and (ii)
offers less effective anti-reflection with respect to the textured c-Si. In addition,
the textured SiO, at the rear can excite a lower number of diffraction modes with
respect to ¢-Si pyramids, due to its lower refractive index.

Finally, the best textured dielectric model — which is fully dielectric — results in
Johesi = 28.8 mAcm 2, while the best structure with textured c-Si (with AgBR)
achieved a Jppcsi = 35.0 mAcm 2. As can be seen in fig. 6.9, this difference
in performance is due to: (i) greater absorption losses in the textured front TiO,
with respect to a 47-nm thick TiO, coating of the front side c-5Si texture; (ii) higher
transmittance and absorption losses in the MDBR due to its deposition on tex-
tured SiO, with respect to the AgBR deposited on 100-nm thick SiO, coating the
back side of the textured c-Si; (iii) narrower good light in-coupling and poorer
light scattering of the textured supporting layers model with respect to the tex-
tured c-Si one.
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Figure 6.8. Implied photocurrent density generated (in c-5i) or lost in the front/back
textured devices, embedded at the back side with a modulated distributed Bragg reflector
(MDBR) or a silver back reflector (AgBR), in the case of textured supporting layers (TiO,,
left) or textured absorber (c-Si, right).

6.3 Optimisation of the front and back textures

The second part of this chapter deals with the optimisation and optical perfor-
mance analysis of both front and back pyramidal textures endowed in a fully-
functioning thin-film solar cell architecture — based on hydrogenated nano crys-
talline silicon absorbers. The (equivalent) thickness of the active layer was main-
tained constant at 2-pm, as in the previous section. The choice of nc-Si:H in
favour of c-Si is motivated by the desire to analyse the optical performance in a
realistic thin-film solar cell configuration. While ultra-thin c-Si architectures are
attracting more and more interest in recent years, devices with thickness around
or below 2 pm have not yet been investigated. On the other hand, such values are
typical for TFSSCs. Hence, the findings of this section (and of the next chapter)
can be readily compared with the state-of-the-art}.

This section is structured as follows: after presenting the typical structure and
some useful definitions, a thorough optimisation of the device architecture is car-
ried out, divided in 4 phases. In phase 0, the advantages of using an asymmetric
grating are portrayed. Phase 1 deals with the geometrical optimisation of the

it must be always kept in mind that the results of this thesis are the product of modelling, and not of experi-
mentally manufactured devices.
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Figure 6.9. Absorption in c-Si and losses for the best textured-absorber structure
(top, with AgBR) and for the best textured-supporting layers architecture (bottom, with
MDBR).

front and back periodically-arranged pyramids. In phase 2, the use of different
materials for supporting layers is investigated. Finally, in phase 3 parasitic ab-
sorption in the front transparent conductive oxide is tackled. The second part
of this section delves deeper into the reasons behind the achieved performance,
by first looking at how the electromagnetic field propagates within the struc-
ture, and then at how the excitation of wave-guided mode can explain the peaks
observed in the modelled absorption spectra. Finally, the overall performance
of the best simulated structure is assessed in terms of light trapping efficiency
(LTE) [246] and for different illumination angles.

6.3.1 Device structure

A schematic view of the typical solar cell deployed in the simulations of this
section is presented in fig. 6.10. This figure shows what is defined as a unit cell:
the smallest indivisible piece of a solar cell that is still recognisable as such. The
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Figure 6.10. 3-D rendering of the typical solar cell modelled in this section.

squared common lattice, Cf, is the xy-area of the unit cell; that is the area within
which both front and rear nano-pyramids can be accommodated. When repeated
in a 2-D square pattern, the unit cell forms a full solar device at macroscopic scale
and the nano-pyramids form the surface textures.

The geometry of the nano-pyramids is given by their height &,, and base width
or period by, where m = f is used for the front surface and m = b for the back
surface. The thickness of the intrinsic nc-Si:H that does not include the nano-
pyramids is called bulk thickness (tpy1x). A 3-D model was prepared for every
structure within the investigated parameter space. On the front surface, high as-
pect ratio nano-pyramids were explored (as in the previous section), as the height
was varied between 500 nm and 900 nm, while the base width was changed be-
tween 300nm and 700 nm [245]. On the rear surface, shallower nano-pyramids
were once again deployed, as the height was varied between 100 nm and 500 nm
and the base width was varied between 800 nm and 1200 nm [249, 250]. As will
be discussed in the next subsection, each combination of dimensions of front
and rear nano-pyramids determined the associated fyx, since the total amount
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of absorber material used in every model is the same (and corresponding to an
equivalent thickness of 2 um).

Certain combinations in the chosen parameter space resulted in non commen-
surate base widths between front and rear side of the unit cell. To ensure rea-
sonable simulation times (i.e. to limit the size of the simulated unit cell), the
common lattice C;, was used, along with the duty cycle. The latter is defined
as Dy = Ny, - by /CL, where Ny, is the number of nano-pyramids, either at the
front (m = f) and or at the rear side (m = b) of the model, along the x- or y-
direction in the unit cell. The quantity 1 — D), is a measure of the space left
non-textured around the nano-pyramids — either at the front or at the rear side.
In the 3-D model shown in fig. 6.10, Ci, = 2-bs > by, resulting in perfectly
packed front texture (D = 1) and in a non-textured area around the rear nano-
pyramid (Dy = b, /Cp, < 1). In other 3-D models evaluated in this section, the
case Cp, = by, > 2 - by was also handled, that on the contrary left a non-textured
area around the front nano-pyramids.

To conclude this section, at the front side of the unit cell, a 20-nm thick p-
type layer and a 100-nm thick front In,O5:H (IOH) transparent conductive oxide
(TCO) were considered (in phase three of the optimisation, the latter is thinned
down to 40nm). At the rear side of the unit cell, a 20-nm thick n-type layer, a
70-nm thick back ZnO:Ga (GZO) TCO and a 300-nm thick silver reflector were
deployed. For all these thin supporting layers, a geometry conformal to the nc-
S5i:H i-layer endowed with front and rear nano-pyramids was assumed.

6.3.2 Volumetric and optical equivalent thickness

The reference thickness (t,.f) of high efficiency single junction nc-Si:H solar cells
is 2000nm ([244, 257]). As the number of photons absorbed in the i-layer is di-
rectly proportional to its volume ([245]), the amount of absorber material in any
simulated unit cell must stay the same for fair comparison. To fulfil such re-
quirement in each simulated unit cell, an equivalent volume Veq = tyeq - Cf was
defined, where the volumetric equivalent thickness (tveq) was kept constant at
2000nm. Obviously, to account for the volume of the absorber material inside
the front and rear nano-pyramids, f,,x was varied to keep the volume V con-
stant and equal to Veq:

b2 - hg
3

b2 - I,

V:tbulk‘C%'FNfz' 3

+NE-

6.1)
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Hence, tp1x can be determined by equating V and Veq:

1
tbulk = tVeq - g(Df2 : hf + DIZ) : hb) (62)

Next, it should be noted that front and rear textured i-layers are optically ac-
tive from the uppermost to the bottom-most morphological features [246]. This
means that not only #,,1, but also the peak-to-valley height of front and of the
rear features must be considered. In this respect, the optical thickness (fopt) was
defined as follows:

topt = h + tpu + iy (6.3)

In summary, for each simulated unit cell, eq. (6.2) is used to determine the bulk
thickness of the i-layer, while eq. (6.3) is employed to assess its optical perfor-
mance with respect to light absorption limits (i.e. single-, double-pass and Lam-
bertian scattering limits).

6.3.3 Structure optimisation

Phase zero: Non-commensurate geometries

Referring to the left panel of fig. 6.11, the 3D-models presented in this section are
in the first quadrant of the coordinate system (x > 0 and y > 0). For unit cells
with either top or bottom duty cycle < 1, the leftover space between pyramids
allows to displace these textures away from each other. This causes a level of
asymmetry that is dependent on the duty cycle (i.e. a smaller duty cycle allows
for greater asymmetry). The right panel of fig. 6.11 shows the spectral differ-
ence in absorptance of the i-layer (A;) between a symmetric and an asymmetric
structure — obtained by diagonally displacing top and bottom textures. Results
show that displacing such non-commensurate geometries increases A; across the
whole wavelength range of interest.

It would also be possible to create a non-diagonal asymmetry by displacing the
top and the bottom textures only in the x- or y-directions. These cases are not
reported here, since a diagonal displacement always creates the largest devia-
tion with respect to the symmetric case. Further, asymmetric structures could
be also created for commensurate geometries, for example by enforcing a duty
cycle smaller than 1. Finally, pyramids could also be displaced and sliced in an
arbitrary plane while still forming a perfect unit cell in an infinitely repeating
pattern of pyramids. These approaches were not considered since the goal is to
minimise the size of unit cells and their modelling complexity.



6.3. Optimisation of the front and back textures 105

Non-commensurate Non-commensurate
top pyramids bottom pyramids
z Yy z y
2 e -
S
=)
17}
€
€
>
wv
X

2
b=
(]
€
€
>
(%]
<

1.0

Y

- 0.8 \ 1
g \
c 06 [ V‘ 7
©
- \
g ]
5 04F ]
a . Iy
-2 Asymmetric iy

0.2 » 7

————— Symmetric \
0.0 . . .

300 450 600 750 900 1050 1200
Wavelength [nm]

Figure 6.11. At the top, schematic view of unit cells with non-commensurate top or
bottom pyramids, in symmetric and asymmetric simulation domains. At the bottom,
simulated absorption in the i-layer in symmetric and an asymmetric domains.

Phase one: Sweeping geometrical parameters

A geometric optimisation was first performed. The dimensions of the surface
texture, described by the geometric attributes of the nano-pyramids, determine
the diffraction of light and consequently its absorption. In the simulations, the
morphology of pyramids on the top and bottom surfaces were separately varied
in an ample parameter space, and optimised for maximum anti-reflection at the
front and maximum near-infrared light diffraction at the back. By always assess-
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Table 6.1. Input parameters and results of the three best structures in the geometrical
parameter sweep. || .mp. indicates the calculated photocurrent density in the Lambertian
scattering limit case, using for each structure its corresponding optical thickness (¢)opt.

Parameter | Structure #1 Structure #2 Structure #3
bg [nm] 700 700 700
he [nm] 700 700 900
by, [nm] 1200 1200 1200
hp, [nm] 500 300 500
tpulk [Nm] 1644 1693 1577
Jph-i [mAcm 2] 33.81 33.62 33.68
JLamb. [mAcm 2] 36.05 35.89 36.18

ing a combination of front and back textures, light absorption in the i-layer was
maximised. The best performing structures from this first optimisation phase
have similar properties. Tall nano-scale pyramids at the front side of the device
promote excellent in-coupling of light, by allowing for a smooth transition of the
refractive index from air (incident medium) to the i-layer. At the rear side of
the device, larger pyramids are necessary to diffract long-wavelength light, ef-
fectively extending its path length in the absorber. These features also need to be
(relatively) shallow, to avoid significant parasitic absorption in the back reflector.
The results of the three best performing structures can be reviewed in table 6.1.
The structure that achieves the highest absorption (structure #1) is asymmetric
and it has top surface pyramids with dimensions (bg, hif) = (700 nm, 700 nm) and
bottom surface pyramids (b, I,) = 1200 nm, 500 nm, with 200 nm of flat surface
in both x- and y-directions to fill a common lattice (Cr) of 1400nm. The simu-
lated absorption was then integrated with the AM1.5 spectrum [74], to obtain an
implied photocurrent density Jpp; of 33.81 mAcm 2. After the material optimi-
sation described in phase two and three, however, it was found that structure
#2 could achieve a higher optical performance than structure #1. Hence, from
now on all results presented will concern structure #2 (asymmetric, (bg, hif) =
(700nm, 700 nm), (b, hp) = (1200nm, 300 nm).

Phase two: Doped layers and metal-oxide rear interface

To further enhance the optical performance, it is useful to analyse and optimise
the structure of supporting layers that — in combination with the absorber — form
a complete solar cell device. These supporting layers are crucial for the optimal
functioning of solar cells, but can also be an obstacle to achieve high optical per-



6.3. Optimisation of the front and back textures 107

Table 6.2. Results of the investigation of different doped layers and back TCOs, for
structure #2. Ay, indicates the relative deviation of [, from Jpamp.-

Structure #2
Layer/parameter | DesignI DesignII DesignIII Design IV
Back TCO - GzO - GzO
Doped layers | nc-Si:-H nc-SitH  ne-SiO¢:H  ne-SiO:H
Jph-i [MAecm™2] | 31.84 33.62 34.37 35.18
Atamp. [%] | —11.28%  —6.33% —4.24% —1.99%

formance. In particular, small amounts of light are absorbed in these layers, thus
not contributing to the total photocurrent density generated in the solar cell. By
reducing these parasitic losses, a significant gain in absorption in the i-layer can
be obtained. To this purpose, four solar cell designs were investigated, each with
a different combination of p-type layer, n-type layer and back TCO. Note that
here the thickness of the supporting layers was not changed (front IOH: 100 nm,
p-/n-type layers: 20nm, back GZO: 70 nm), but rather the use of different mate-
rials was investigated. The geometries of these devices are based on those of the
three best performing structures from phase one (see table 6.1). As mentioned
above, the largest J;,; value achieved in this phase for structure #2.

Materials and results are summarised in table 6.2. Designs I and II employ p-
and n-type nc-Si:H, while designs III and IV use more transparent nc-SiO,:H as
doped layers. In addition, designs II and IV include a TCO between the n-type
layer and the back silver reflector, while designs I and III do not. The func-
tion of this spacer is to improve reflectivity at the back side, mainly by reducing
parasitic absorption in the metallic contact [200, 258]. GZO was chosen as back
TCO, owing to its high transparency and conductivity [121]. In addition, its
presence shifts plasmonic resonance from the near infrared part of spectrum to
shorter wavelengths, effectively quenching (eventual) plasmonic losses in the sil-
ver layer — since higher-energy photons are absorbed by silicon before they reach
the semiconductor-metal interface. For design I, Without a back-TCO and using
doped nc-Si:H significant losses in the silver back reflector can be observed, re-
sulting in the lowest performance of all designs with J,,; = 31.84 mAcm 2. This
corresponds to a deviation from the Lambertian scattering limitS of —11.28%.

In this regard, a significant improvement in the absorption spectrum of the

8The deviation from the Lambertian scattering limit (ALamb.) is calculated as follows: Aiamp, = (]ph_i -

[Lamb.)/ILamb.-
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Figure 6.12. Absorption and optical losses in models with different supporting lay-
ers configurations (design I-IV), based on structure #2. The single-, double-pass and
Lambertian limit photocurrent density values are 21.16 mAcm 2, 24.72mAcm 2 and
35.89 mAcm ™2, respectively.

i-layer is achieved by design II, where a back-TCO is included. Absorption
losses related to the silver layer have been quenched — as plasmonic resonances
have been blue-shifted. The resulting performance was recovered to Apymp. =
—6.33%. In design III, the inclusion of doped nc-SiO,:H layers, instead of regu-
lar nc-Si:H, is assessed. Without a back-TCO, parasitic losses in the silver layer
are still apparent. They are however considerably smaller than in the case of
doped nc-Si:H layers (without a back-TCO, design I), owing to the lower re-
fractive index of nc-S5iO:H (i.e. n-type nc-SiO,:H acts both as doped layer and
spacer to quench absorption in the metallic back contact). In the short wave-
length region, parasitic losses in the p-type layer have decreased (with respect
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to designs I and II), due to the much larger band gap of nc-5iO,:H, resulting in
At amb, = —4.24%. Finally, in design IV both doped nc-5iO,:H supporting layers
and GZO as back-TCO are included. Reintroduction of the GZO-layer further
suppresses parasitic absorption in the back reflector, due to the larger spacing
between the i-layer and the metal. This result in an additional increase of the
absorption (Jph.; = 35.18 mAcm 2, Ay, = —1.99%).

Phase three: Front TCO thickness sweep

Studying the spectral responses depicted in fig. 6.12, some parasitic absorption
losses in the front TCO can still be observed (green-coloured areas). For this
layer, IOH is employed, a highly-transparent and conductive TCO commonly
used in state-of-the-art thin-film silicon solar cells [39, 41, 259, 260]. In previ-
ous phases, the thickness of this layer was fixed to 100nm. In this phase, the
impact of having a thinner front TCO is analysed. Reducing the thickness of
this layer to improve the optical properties of the cell has a major drawback. A
thinner front TCO will increase the series resistance of the cell, effectively re-
ducing its fill factor. In the perspective of deploying the findings of this chapter
in current-matched multi-junction devices, it is expected that the short-circuit
current density of the overall device is smaller than the one of the single junction
here modelled, relaxing the requirement on the front TCO thickness [261]. There-
fore, a thickness sweep from 100 nm to 40 nm was conducted. The device model
with the thinnest IOH layer (40 nm) managed to achieve a [y, = 36.0 mAcm 2
(see fig. 6.13) This value surpasses the Lambertian-limit photocurrent (Jiamp. =
35.89 mAcm 2), demonstrating the excellent light-trapping capabilities of the
proposed front and rear double texture.

At this point in this study, the results are compared to those obtained by Wang
et al. [245], on whose findings the work of this chapter is based. Wang et al.
also conducted a separate optimisation of the top and bottom surfaces of his de-
vice, but only considered a textured c-Si slab with a volumetric equivalent thick-
ness tyeq = 2000nm. This means that parasitic losses in the surrounding layers,
as they would occur in a real solar cell, were not considered. In this chapter,
instead, the layers included in a state-of-the-art fully-functional solar cell were
taken into account, therefore including all possible optical losses that can occur
within a real device. Consequently, parasitic absorption in the short wavelength
range of the spectrum (300nm < A < 450nm) can be still observed, owing to
the presence of the front TCO and of the p-type layer. Nonetheless, the absorp-
tion enhancement in the near infrared region is so pronounced that a significant
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Figure 6.13. Comparison between the best results of this chapter and those obtained by
using the structure proposed by Wang et al. [245].

improvement over previous results was achieved. Due to a minimisation of par-
asitic losses and to the occurrence of guided modes, the simulated absorption
in the i-layer is enhanced beyond the Lambertian limit (A 4p. = +0.31%) and
realises an 11.56% improvement with respect to the results of the previous study
by Wang et al. This significant increase of absorption can be mainly ascribed to a
better trapping of infrared photons inside the absorber, promoted by the asym-
metry of the structure and by the presence of lower refractive index supporting
layers on both sides of the absorber. In particular, the p- and n-type nc-5iO,:H
films act similar to the cladding in optical fibres, confining light inside the cen-
tral high-refractive index material. While these layers are a significant source of
parasitic absorption losses, particularly in the blue and UV regions, their pres-
ence appear to be quite beneficial - from an optical performance standpoint — in
the remaining part of the spectrum, where they only absorb a small portion of
incident light.

6.3.4 Electric field distribution and enhancement factor

To understand the reasons behind the excellent optical performance achieved by
the optimised double-textured model, it is worthwhile to look at the electric filed
distribution inside the structure. This distribution is an indication on how light is
propagating inside the device, thus providing an insight on which optical phe-
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Figure 6.14. Distribution of the electric field inside the solar cell model, as several wave-
lengths of interest.

nomena are taking place owing to the presence of the both textures. Consider
a diagonal slice (i.e. the cross-section in the direction x = y) of the unit cell,
showing the electric field distribution at a wavelength of 650 nm (fig. 6.14, on the
left). Since silicon is highly absorptive at this wavelength, light is absorbed closer
to the front of the device. There, resulting from light interacting with the front
texture, it is possible to distinguish strong localised absorption enhancements
inside the top pyramids. At the same time, low intensity of the electric field is
observed at the rear side. At longer wavelengths, it is noticeable that the electric
field propagates through the entire absorber thickness and interacts with the bot-
tom part of the device. Several high-intensity regions with a periodic character
can be observed at specific wavelengths (e.g. 980nm, 1130 nm and 1190 nm, see
fig. 6.14). Their presence suggests that the front and rear textures induce reso-
nances in the nc-Si:H layer, thus enhancing absorption. Also, it evidences that
the absorber layer is acting as a wave-guide, supporting in the longitudinal di-
rection approximately two periods of the electric field at 980 nm, three periods at
1130nm and possibly more at 1190 nm.

Currently, it is challenging to determine whether the electric field distribu-
tion inside the absorber layer is more influenced by the front or the back tex-
ture. However, it is nonetheless possible to show that both textures actively con-
tribute to the absorption enhancement. In this respect, it is useful to compare the
wavelength-dependent enhancement factor of the best modelled structure not
only with the theoretical enhancement in the Lambertian limit, but also with the
theoretical maximum values calculated with the temporal coupled-mode (TCM)
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theory [125, 126]. As a reminder, the enhancement factor EF is the ratio of cal-
culated absorption (e.g. A;, the absorption of the i-layer, or Ay,mp., the Lam-
bertian limit absorption) to single-pass absorption (Asp), i.e. the theoretically
determined absorption of a non-reflective slab of material with the same thick-
ness. For this purpose, to get higher spectral resolution in the wavelength range
of interest, next to the 10-nm stepped absorption spectra so far reported, simu-
lation at every 1nm intervals were carried out for the best structure. The TCM
theory predicts EF values beyond the conventional 4n? (Lambertian) limit, for
2-D periodically-textured dielectric slabs with feature sizes in the same order of
magnitude as the wavelength of incident light in vacuo. The formula, derived by
Yu et al. for a 2-D periodic square lattice [125, 126], was used to calculate the the-
oretical EF(A) depicted in fig. 6.15. It is worth noting that such closed formula
is valid in the over-coupling regime, that is when the rate of light absorption in
the dielectric is significantly lower than the rate at which light is out-coupled
(i.e. can escape from the absorber). In fig. 6.15, the upward-pointing triangles
indicate the EF calculated using the period of the front grating (by = 700nm),
while the downward-pointing triangles were computed using the period of the
back grating (b, = 1400 nm). For comparison only, the circles represent the sum
of the two previously calculated EF curves.

As previously seen in fig. 6.13 and as expected from the TCM theory, the mod-
elled absorption spectrum of the best structure results in EF; beyond that of
the Lambertian limit — at specific wavelengths. The EF; simulated every 10 nm
reaches its highest values at the wavelengths where the electric field distribution
shows a resonant behaviour. For example, EF; = 10.481n ~ 130 at 1130 nm, that
is almost three times higher than EF 5, . Comparing the results here presented
to the TCM theory, up to 1050 nm — 1070 nm the computed EF; are mostly within
the theoretical curve carried out for by,. In addition, they follows the discontinu-
ity foreseen by the TCM theory. In fact, passing from 990nm to 1000 nm, the
number of leakage channels suddenly decreases, leading to a higher theoretical
EF for A > 1000nm. On the other hand, beyond 1050 nm — 1070 nm the EF;
of both modelled spectra is consistently well above both TCM-determined EF,
indicating a superposition of effects due to both front and rear gratings. The
latter finding should not surprise, since (i) the TCM theory was developed for
one-sided textured dielectric slabs with perfect electrical conductor as ideal rear
mirror, and (ii) the structure of the nc-Si:H thin-film solar cell might not oper-
ate in the over-coupling regime, due to the presence of front supporting layers
acting as (weak) cladding against optical leakage. This highlights the need to
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Figure 6.15. Enhancement factor (EF) of the best model (structure #2, design IV, 40-nm
thick front IOH), computed every 10 nm (dark brown) and every 1 nm (light brown). The
dashed black line indicates the theoretical EF in the Lambertian limit case, while dark and
light green curves depict the theoretical EF calculated with the temporal coupled mode
theory for back and front periods, respectively. The grey curve is simply the sum of the
values of the two green lines.

modify the TCM theory, extending its validity to the case of double front and
back texturing and finding out whether the threshold range 1050 nm — 1070 nm
only conveniently points at the (weighted) average effect of the front and rear
grating, or if different physical phenomena are at play.

6.3.5 Wave-guiding in the absorber

Supported by wave-guide mode theory, the nature and the energy position of
absorption peaks observed in both 10-nm and 1-nm stepped A; spectra of the
best modelled structure are here discussed, for A > 950 nm. Following reflection
pole method (RPM) calculations [262, 263], all wave-guided modes supported
by the absorber are plotted in the dispersion diagram depicted in fig. 6.16. Red
lines represent modes for s-polarised light, while blue lines refer to those for p-
polarised light. Vertical lines, representing the centre of Brillouin zones of the
front (light green) and back textures (dark green), are also reported. Continu-
ous green lines indicate Brillouin zone centres distanced by 271/b; (i.e. in the x
and y directions), while dashed green lines represent zone centre with distance
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2v/27t/b,,, where by, is the texture period at the front (m = f) or at the back
side (m = b) of the absorber layer. Black lines indicate the maximum allowed
value of the parallel component of the wave vector (k) at a specific photon en-
ergy E, for a given material with refractive index n (kj = E-27n/hc, where
h = 6.63 x 1073*Js is Planck’s constant, and ¢ = 2.998 x 108ms~1! is the speed of
light in vacuo). Between the light lines of p-type nc-5iO,:H and nc-Si:H, intersec-
tions of the centre of Brillouin zones and the available modes in nc-Si:H indicate
the excitation of a guided mode in the absorber. In turn, this is expected to cause
a significant increase of absorption at the corresponding wavelength /photon en-
ergy. In the plot, grey bands indicate these intersections and the corresponding
peak(s) in the absorption plot (on the right panel of fig. 6.16). Due to several ap-
proximations, mainly the resolution of simulations and calculations and the fact
that the RPM assumes flat interfaces, it was preferred to provide energy bands
where those resonances are likely to happen, instead of individuating the ex-
act photon energy at which a resonance is taking place,. Moreover, modes that
are excited closer to the light line of p-type nc-SiO,:H layer, are coupled more
strongly to the absorber [255, 264], hence only those were considered. It is im-
portant to note that Brillouin zones from both the front- and the back-surface tex-
tures are of influence. This means that a concurrent excitation of wave-guided
modes takes place in the front and rear textured device. In other words, both the
front and the rear gratings work together — mutually reinforcing the excitation.

6.3.6 Light-trapping efficiency

Having established the best structure from phase three of this study;it is useful to
proceed with calculations of the light trapping efficiency (LTE). LTE is a figure of
merit for the comparison of the optical performance of solar cells [246]. Usually,
the classical 4n? limit is employed to assess the performance of light trapping
schemes. However, this is of limited use when comparing results across studies,
because the deviation from such limit strongly depends on the absorber thick-
ness and on the materials chosen for the eventual supporting layers. LTE as
a comparison tool circumvents device specifics, and allows to compare results
here presented to previously obtained results, whether numerical or experimen-
tal. Concretely, LTE is defined as:

]ph—i - ]fe

LTE =
JLamb. — ]dp

(6.4)

For the numerator of eq. (6.4), two rigorous simulations are needed, to carry
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out the implied photocurrent density of the i-layer in a textured solar cell and in
a corresponding flat equivalent (FE) structure — J,,,.; and Jg, respectively. As for
the denominator, the implied photocurrent densities in the Lambertian scatter-
ing case (JLamp.) and in the double-pass case (J4p) need to be calculated. Notice
that LTE = 1 is extremely difficult to achieve or overcome, because the reference
structures (flat equivalent, Lambertian and double-pass) are computed for fopt,
which is always equal or larger than f, . This results in a numerator gener-
ally smaller than the denominator, unless an advanced light trapping scheme is
enforced in the textured cell.

The optical thickness of the absorber for the geometry in structure #2 is 2693.2
nm. The implied photocurrent density of the FE structure was computed to
Jie = 23.05mAcm~2, while that of the double pass was calculated at Jgp =
24.72mAcm 2. Jap is slightly higher than Jg due to the assumptions (in the
double-pass case) of ideal front light in-coupling and back reflection — as well as
the absence of supporting layers. The Lambertian limit evaluated at perpendic-
ular incidence yields Jgreen = 35.89 mAcm 2, while the performance of the best
design is Jph; = 36.0 mAcm 2. Finally, an LTE = 1.16 is obtained. It is worth
mentioning that the outcome of an LTE greater than unity is not an anomaly. It
means that the surface structure exhibits better light trapping properties than an
ideal Lambertian scatterer. Further, no other work has yet been able to achieve
an LTE > 1, especially for an optical system modelling a fully-functional solar
cell architecture.

6.3.7 Angle of incidence

Solar cells are generally optimised to perform best under perpendicularly inci-
dent sunlight. However, for textured cells this may no longer be the case. In
fact, incident light may be trapped inside the cell more efficiently when light im-
pinges on a device with an angle of incidence (0j,.) larger than 0°. This is mainly
because lower order diffraction modes (i.e. the more energetic ones) may be
trapped — instead of being reflected — at large 6. In fig. 6.17, the performance of
the best textured solar cell is reported as function of i, and in terms of deviation
from the Lambertian limit. The best optical result was achieved for 6;,. = —30°,
yielding Apamp, = 2.64% and Jp; = 36.84 mAcm 2. This result indicates that it
may be possible to find an optimal morphology for operation at 6i,. > 0°, with
an absorption enhancement far greater than that obtained here. Also, it is evi-
dent that the modelled solar cell performs differently for positive and negative
angles, due to the misalignment (asymmetry) between top and bottom textures.
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Figure 6.17. Relative deviation of the implied photocurrent density from the Lamber-
tian limit case, as function of the angle of incidence of light.

Finally, it can be noted that absorption is enhanced beyond the perpendicular in-
cidence performance for a very wide range of 6., up £60°, consistent with the
findings of Yu et al. [125]. This result is especially promising for PV systems that
do not employ auxiliary tracking mounting and yet exhibit tracking-like high
performance.

6.4 Conclusions

In this chapter, the potential of front and back textures with different geome-
tries was assessed — applied to c-Si and nc-Si:H absorbers. In the first part, it
was shown that texturing (low refractive index) supporting layers decreases ab-
sorption in the ultra-thin c-Si structures, with respect to the case of textures en-
dowed directly on the active layer. This effect is mainly ascribed to the poor
ability of low refractive index gratings to trap light in the absorber, since they
were still able to show a very good light in-coupling behaviour (comparable to
that of c-Si textures). The second part dealt with the optimisation of the front
and back textures for thin-film silicon solar cells based on a nc-Si:H absorber.
The careful sweep of geometrical parameters and employed materials resulted
in broadband absorption beyond the Lambertian scattering limit. Such excep-
tional performance, maintained in a wide range of illumination angles (£60°), is
attributed to the excitation of wave-guided modes in the nc-Si:H layer, and the
resulting light trapping efficiency LTE = 1.16 is the highest reported value so
far.






CHAPTER 7

Barium silicide solar cells with 2-D
periodic textures

This chapter is based on the following publications:

R. Vismara, O. Isabella, and M. Zeman, “Organometallic halide perovskite /
barium di-silicide thin-film double-junction solar cells,” in Proceedings of SPIE
9898, 9898] (2016).

and

R. Vismara, O. Isabella, and M. Zeman, “Back-contacted BaSi, solar cells: an
optical study,” Optics Express 25(8), A402-A408 (2017).

ABSTRACT - In this chapter, the optical performance of barium (di)silicide as
potential thin-film PV absorber is investigated. Results showed that this novel,
but earth-abundant material could significantly outperform state-of-the-art thin-
film silicon devices, with potential efficiency values up to 27% and a significant
improvement of the implied photocurrent density with respect to equally-thick
nano-crystalline silicon solar cells.
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7.1 Introduction

Recent years have seen the emergence of crystalline silicon (c-Si) as the dominant
technology in the photovoltaic (PV) market [21]. Thin-film approaches for ter-
restrial applications — e.g. CdTe, Cu(In,,Ga;_,)Se, (CIGS) and thin-film silicon —
have so far not been able to outperform c-Si devices [24]. For this reason, materi-
als that are high-performing, abundant and low cost attract great attention. One
of such materials is barium (di)silicide (BaSi,), which exhibits attractive optoelec-
trical properties, such as high absorptivity [265-271], large carrier mobility val-
ues [272-274], a quasi-direct bandgap between 1.1 eV and 1.3 eV [265-270], abun-
dancy and inexpensiveness [275]. Given its (relatively) narrow energy bandgap,
barium silicide could be a good candidate as bottom absorber in multi-junction
devices, eventually replacing crystalline silicon solar cells currently employed in
this role — in combination with III-V semiconductors [29, 276, 277] or perovskite
materials [32, 278].

In this chapter, the optical potential of BaSi, is thus assessed. After measuring
and characterising the material properties, single-junction PV devices based on
a ~ 2-um absorber are shown to be able to achieve photocurrent density values
above 41 mAcm 2. Then, the combination of BaSi, with an organometallic halide
perovskite in a 2-terminal double junction architecture yields potential conver-
sion efficiencies up to 28%. Both results are obtained by applying advanced
light management schemes aimed at promoting: (I) broadband in-coupling of
incoming radiation and (II) diffraction of red and near infrared (NIR) photons
to enhance their chances of being absorbed. Finally, an alternative BaSi, solar
cell structure is introduced and investigated: a back-contacted architecture, in
which hole- and electron-selective contacts are alternated at the back side of the
device. The optical performance of the proposed layout was studied and opti-
mized, with the goal of maximizing absorption in the barium silicide layer. An
implied photocurrent density of 40.3 mAcm 2 is achieved for an absorber thick-
ness of only 1 pm, highlighting the great potential of BaSi, as novel material for
photovoltaic applications.

7.2 Optical characterisation of epitaxially-grown bar-
ium silicide

A sample of barium silicide (~ 150 nm-thick), epitaxially grown on a high-resis-

tivity ¢-Si(111) substrate (thickness of 500 pm, resistivity o > 1000 Qdcm) and
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Figure 7.1. Absorption coefficient of BaSi,, compared to several semiconductors used in
PV: a-Si:H (internal measurements), nc-Si:H [53], ¢-Si [54], CH3;NH,;PbI; [55], CdTe [56],
GaAs [57], and CIGS (this work, chapter 5).

coated with an ultra-thin (~ 3nm) amorphous silicon layer (to prevent oxida-
tion), was characterised. SE measurements were fitted with a Cody-Lorentz os-
cillator, yielding a material band-gap Eg = 1.25eV. This result is well in accor-
dance with findings previously reported [270].

By comparing SE and SP measurements with the ones previously published by
Latiff et al. [269], the value of the (complex) refractive index 7i = n + ik and
the absorption coefficient « was obtained — in the spectral range 300nm < A <
1200nm. Results are depicted in fig. 7.1. In particular, the absorption coefficient
is compared with that of other materials used as absorbers in PV devices. It
can be clearly observed that BaSi, performs better than c-Si and hydrogenated
nano-crystalline silicon (nc-Si:H) at all wavelengths (e.g. at E — Eg = 0.5eV,
WBasiz = 4.6 x 10* cm ™1, while apcg.p = 0.1 x 10* em ™! - for BaSi, and nc-Si:H,
respectively). Absorptance in the UV and visible parts of the spectrum is sim-
ilar to the one of best-performing materials employed in thin-film solar cells,
such as cadmium-telluride (CdTe), CIGS and perovskite (CH3;NH;Pbl;). In the
near-infrared region, only CIGS appears to have a slightly higher value of the ab-
sorption coefficient. This comparison shows that BaSi, has absorption properties
equal or better than the ones of other absorber materials commonly employed in
solar cells. In the remaining part of this chapter, the optical performance of BaSi,
as absorber in thin-film solar cells will be investigated and compared to state-of-
the-art photovoltaic technologies.
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7.3 Single-junction barium-silicide solar cells with
periodic textures

In first approximation, due to its (multi)crystalline structure, it was assumed
that BaSi, could simply replace nc-Si:H inside the structure of single- and multi-
junction thin-film solar cells, without the necessity of further modifying the de-
vice configuration (i.e. supporting layers). It was hence decided to use the dou-
ble front/back texture proposed in chapter 5 to compare the optical performance
of BaSi, and nc-Si:H solar cell models. The two structures are depicted in fig. 7.2
(nc-Si:H) and fig. 7.3 (BaSi,). At the front side, high aspect-ratio pyramidal struc-
tures with height iy = 700nm and base by = 700nm were employed, while at
the back shallower features were used (h, = 300nm, b, = 1200 nm). As for the
device configuration, the structure is the following (from top to bottom): a 40-nm
thick highly transparent and conductive In,O5:H (IOH) layer [122, 123], 20-nm
thick p-type nc-SiO,:H, a 2 pm-thick absorber (either nc-Si:H or BaSi,), 20-nm
thick n-type nc-SiO,:H, an 80-nm thick back transparent conductive oxide layer
made of ZnO:Ga [121], and a 300-nm thick silver back reflector, which also acts
as rear contact. The layers and thickness values used correspond or are compati-
ble to the ones employed in state-of-the-art thin-film silicon devices with nc-Si:H
absorbers [38, 39, 279].

Results of the simulations of the nc-Si:H device are presented in fig. 7.2 and
were already extensively discussed in Chapter 6. In summary:

1. 300nm < A < 450nm: in this part of the spectrum, absorption in In,O3:H
(green area) and p-type nc-SiO,:H (orange area) reduces the amount of light
that is absorbed in the active layer (brown area).

2. 450nm < A < 750nm: in this region, parasitic absorption losses and total
reflectance (light-yellow area) are very low, hence absorption in the nc-Si:H
layer is close to unity. This effect can be ascribed to the excellent light in-
coupling provided by the high aspect-ratio front texture.

3. 750nm < A < 1200nm: this is the portion of the spectrum in which the
absorption coefficient of nc-Si:H is low. For this reason, light-trapping
schemes need to be implemented to lengthen the path of light inside the
solar cell. The shallow pyramids at the back side can efficiently scatter
light into discrete angles, exciting a series of resonant modes available in
the thin slab of nc-Si:H and enhancing absorption beyond the Lambertian
scattering limit.
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Figure 7.2. Model of the nc-Si:H single-junction solar cell (left) and absorption in each
layer of the structure (right). Zones (1), (2) and (3) indicate areas where absorption in
the active layer is mainly determined by: (1) parasitic absorption in top layers, (2) anti-
reflection properties of the front texture, and (3) light-trapping properties of the entire
structure.

For barium silicide, results of simulations can be found in fig. 7.3. As in the
case of nc-5i:H, results can be better analysed by dividing the spectrum in three
separate regions:

1. 300nm < A < 450nm: once again the presence of IOH and p-doped
SiOX:H limits the device optical performance in this part of the spectrum.
Architectures with nc-Si:H and BaSi, thus show similar values of absorp-
tion.

2. 450nm < A < 950nm: this is the spectral region where there are hardly
any losses, hence absorption in BaSi, is close to 1. When compared to the
result of the nc-Si:H model, it is possible to observe that this very high
optical performance is achieved in a wider portion of the spectrum: up to
A = 950nm for BaSi,, while only until A = 750 nm for nc-Si:H. This effect
can be ascribed to the higher absorption coefficient of barium silicide with
respect to that of nc-Si:H in the region 750nm < A < 950nm, hence the
good in-coupling provided by the front pyramids is sufficient to ensure
that photons with wavelength up to 950 nm are effectively absorbed.

3. 950nm < A < 1200 nm: in this region, the absorption coefficient of BaSij is
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Figure 7.3. Barium silicide single-junction solar cell model (left) and absorption in each
layer of the structure (right). As in fig. 7.2, zones (1), (2) and (3) indicate regions in which
the active layer absorption is mainly determined by: (1) parasitic absorption in supporting
layers, (2) anti-reflection properties of the front texture, and (3) light-trapping properties
of the entire structure.

becomes low. Hence, photons can escape the device and light-trapping be-
comes of paramount importance. As observed for nc-5i:H, at some wave-
lengths absorption in the BaSi, layer can exceed the Lambertian scatter-
ing limit, owing to diffraction and coupling into (guided) modes — pro-
moted by the periodic grating at the back side of the device. However,
the enhancement is less pronounced than in the nc-Si:H case, as shown
by the calculated implied photocurrent densities of the simulated model
(41.1 mAcm—2) and of the Lambertian limit (41.5mAcm~2). The reasons for
this behaviour lay in the properties of nc-Si:H and BaSi,. Barium (di)sili-
cide exhibits an absorption coefficient which is significantly higher than
the one of silicon (at A = 1100 nm, apasip = 0.6 x 102cm ™! while apegiy =
0.3 x 10 em™1). Since the 4n? absorption enhancement limit is valid for
weakly absorptive materials, it is relatively easier to improve the perfor-
mance of material with low absorption coefficient (e.g. nc-Si:H) than the
performance of better absorbers (like BaSi,).

These two comparative simulations showed that the architecture with a 2-pm
thick BaSi, absorber performs significantly better than an equally-thick device
based on nc-Si:H (AJp, = +5.1 mAcm 2, +14%). In fig. 7.4, the simulated opti-
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Figure 7.4. Calculated absorption in 2-pum thick single-junction BaSi, solar cell (red line),
compared to external quantum efficiency measurements of state-of-the-art devices: ¢-Si
[280], CIGS [281], CdTe [282], nc-Si:H [281], and CH3NH3Pbl; [283].

cal performance of the BaSi,-based solar cell is compared with the external quan-
tum efficiencies (EQESs) of state-of-the-art (world record) PV technologies. It can
be observed that only c¢-Si, which employs a much thicker absorber layer, can
achieve similar values of photocurrent. All other (thin-film) technologies could
potentially be outperformed, provided that charge-collection issues in manufac-
tured BaSi, devices will not significantly hinder its efficiency.

7.4 Perovskite/barium silicide thin-film double junc-
tion solar cells

To test the ultimate potential of barium silicide, a < 2-pm thick monolithic dou-
ble junction solar cell was simulated. The bottom device is based on the single
junction BaSi, structure depicted in fig. 7.3. The top cell thin layers are then
assumed to conformally coat the bottom device. The structure of the thin-film
tandem architecture was thus conceived as follows (from illuminated side, see
fig. 7.5): IOH (80 nm) / Spiro-OMeTAD (100 nm, hole-transport layer) / CH;NHjz
Pbl; (methylammonium lead iodine or MAPI, 350 nm, top absorber) / TiO, (10
nm, electron-transport layer) / ZnO:Ga (60 nm, intermediate reflector/contact)
/ p-type poly-Si (20nm) / BaSi, (1000nm) / n-type poly-Si (20nm) / ZnO:Ga
(70nm) / Ag (300nm). This model is realistic in structure, deployed materials,
thickness of the layers, and thermal budget — provided that the bottom cell is
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Table 7.1. One-diode parameters of single-junction top and bottom component cells. Jg
is the dark current, Ry the series resistance and R, the shunt (parallel) resistance.

Cell CH;NH,PbI, BaSi,

Joh [mAcm 7] 19.84 18.81

Jo [mAcm 2] 3x10719 | 14-24x1071
Ideality factor 2.2 1.2

R; [Qcm?] 0.48 0.05

Rp, [Qcm?] 8900 884000

deposited first. In fact, the structure of the top perovskite junction is similar to
the one of a monolithic tandem CH;NH;Pbl;/¢c-Si solar cell architecture devised
by Werner et al. [284], but without the implementation of a MoO, buffer layer.

Regarding the bottom cell, two modifications with respect to the single junction
BaSi, architecture were introduced:

1. The thickness of the BaSi, absorber was reduced from 2000 nm to 1000 nm.
Preliminary simulations (not included here) showed that the thinner device
could deliver Joppasio = 40.5 mAcm~2 in single-junction configuration.
This represents a reduction of photocurrent density of only AJyppasiz =
0.6 mAcm 2 (—1.5%) with respect to the thicker architecture (2000 nm), de-
spite a 50% decrease of active material utilization.

2. The p- and n-type nc-5iO,:H layers in the bottom cell were substituted with
equally-thick doped poly-Si layers. Having decided for a substrate config-
uration (i.e. the bottom cell manufactured first, then the top junction is
deposited), such substitution is necessary due to the high temperature step
that TiO, layers typically undergo to achieve a good electrical behaviour.
In this respect, doped poly-Si layers are stable at temperatures > 400 °C.

Simulation results (fig. 7.5) show a slightly bottom-limited implied photo-current
density (Jonmapt = 19.84mA/em ™2, [oh pasip = 18.81mA/cm™?), which is not
necessarily detrimental given the possible degradation of the top cell in real con-
ditions. The summed implied photocurrent density (J,n,sum = 38.65 mA/cm™?)
is lower than the aforementioned Jpp asi2 of the 1-pm thick BaSi, single-junction.
This result can be ascribed to the presence of more supporting layers which ex-
hibit parasitic absorptance, particularly Spiro- OMeTAD.

Considering state-of-the-art electrical properties for the perovskite top junction
[285], and assuming for the BaSi, bottom cell properties close to those of c-5i
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Figure 7.5. Model of the MAPI/BaSi, tandem device (top) and calculated absorption in
each layer of the structure (bottom).

solar cells (see table 7.1), it is possible to predict — using a simple 1-diode model
— conversion efficiencies between of 25.9% and 27.2%. Such high conversion
would represent a marked improvement over thin-film silicon devices and is
close to current record efficiencies of perovskite on c-Si tandem solar cells, which
consist of significantly thicker (x100) architectures [32, 278].

7.5 Back-contacted barium-silicide architectures for
4-terminal devices

In the previous section, a BaSi, solar cell architecture suitable for single-junction
and 2T tandem devices was proposed and characterised. Such structure, how-
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ever, relies on the concept of double-side texturing, posing severe manufacturing
challenges in real devices — due to the presence of very tall and steep features.
In addition, texturing of BaSi, layers has not yet been reported in literature. A
back-contacted BaSi, solar cell represents an alternative to the architecture pre-
viously proposed. The presence of both hole- and electron-selective contacts at
the back side of the device makes this configuration suitable for 4 terminal (4T)
devices and allows for complex texturing of the front side (where no contacts
are located). In this contribution, only the BaSi, bottom junction is investigated.
Possible top-junction solar cells include — among others — amorphous Si and per-
ovskite materials, which thanks to their higher bandgap energy could reduce
thermalisation losses (with respect to the single-absorber BaSi, solar cell).

A 3D model of the proposed back-contacted BaSi, solar cell is depicted in fig. 7.6
(top). At the front side, a series of pyramids with base and height b = I = 750 nm
is included. This periodic texture reduces, front reflectance, while at the same
time scattering light into discrtete angles, promoting the excitation of guided
modes in the BaSi, layer, thus increasing its absorption. Pyramids are coated
with two thin (5 nm each) layers of a-Si:-H and AlOx, to guarantee passivation
of the top surface [286-288]. At the back side, fingers of p- and n-doped SiOj
are alternated and contacted with silver, to create hole- and electron-selective
contacts, respectively. Such doped materials are chosen for their relatively large
bandgap (Eg ~ 2eV), ensuring transparency at long wavelengths [258, 289], and
for their good thermal stability. The gaps between metallic strips are covered
with a distributed Bragg reflector (DBR), significantly reducing transmittance
losses which would otherwise take place. The DBR consists of 6 alternating pairs
of a-Si:H (69 nm) and silicon nitride (SiN,, 146 nm), making the structure highly
reflective around a wavelength Aprage = 1000nm. A 100-nm thick SiO, spacer
was positioned between absorber and DBR, to improve the reflectance of the
back side [234, 256]. The thickness of the BaSi, layer was fixed to 1 um, which
has demonstrated sufficient to achieve J,p, pasio values above 40 mAcm 2, when
endowed with a double front/back periodic texture.

7.5.1 Design and optimisation of the back contact

The structure was optimised to achieve the best optical performance (i.e. max-
imise JppBasi2). The position (i), size (ii) and distance (iii) between hole- and
electron-selective contacts were investigated. (i) Two positions of the doped
SiO, layers are possible: one where the fingers are within the absorber (IN), the
other where they are simply deposited on top of BaSi, layer (OUT). Results (see
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Figure 7.6. (Top) 3-D sketch of the back-contacted BaSi, solar cell model. (Bottom) Im-
plied photocurrent density generated in the absorber (Jpn,asi2) and lost due to reflection
(]Ph/R)’ for different values of doping layers height (hdop).

fig. 7.6b) show that there is almost no difference between IN and OUT architec-
tures. (ii) The thickness of the doped layers (hgop) Was varied between 50 nm
and 300 nm, for both IN and OUT configurations. /4, also appears to have little
effect on the device optical performance, with all models yielding similar values
of Jph,Basi2- IN configuration with h13,, = 150 nm could achieve a slightly higher
performance than the alternatives (Jpppasiz = 39.2 mAcm2) and was thus se-
lected. (iii) The distance between doping layers (g40p) and silver fingers (gmet)
can also have an impact of the model performance. In this respect, g4op was
changed between 200 nm and 1000 nm, while gmet between 200 nm and 2000 nm.
Results, presented in fig. 7.7, show that smaller values of gmet (larger metal area)
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Figure 7.7. (Top) Jpn Basiz for different values of distance between doped fingers (gqop)
and between metal contacts gmet. (Bottom) Breakdown of the implied photocurrent den-
sity absorbed (BaSi,) and lost in silver (Ag), due to reflectance (R) or transmittance (T),
for values of gmet and Sdop-

result in larger parasitic losses in the silver contacts. On the other hand, larger
gaps between metallic fingers increase transmittance losses. Ultimately, an opti-
mum is found for gqop = gmet = 500 nm, for which the sum of parasitic losses
in the metallic back contact and transmittance losses through the DBR is min-
imised. An implied photocurrent density value of 39.9mAcm 2 is achieved.
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Figure 7.8. Absorptance in BaSi, and optical losses for an architecture with Al,O5 +
a-Si:H passivation (left) and with a 40 nm-thick SiN, antri-reflection coating (ARC, right).

7.5.2 Optimisation of the anti-reflection front texture

In fig. 7.8 on the left, reflection and absorption in each layer of the structure
optimised in the previous subsection are shown. It can be observed that: (i) light
in-coupling is not ideal, since reflectance is significant even in the region where
BaSi, is a strong absorber (300nm < A < 900nm); (ii) The passivating a-Si:-H
layer parasitically absorbs a substantial amount of light in the short wavelength
part of the spectrum (300nm < A < 600nm). Light in-coupling can be improved
by using taller and steeper pyramids at the front side, while parasitic absorption
of passivating layers can be reduced by employing more transparent materials.
Thus, a new pyramidal structure was modelled, keeping the same base (b =
750 nm) while increasing the height (/1 from 750 nm to 875 nm). The grating was
coated with a 40-nm thick SiN, layer, in place of a-Si:H. Result, depicted in fig. 7.8
on the right, show that reflectance and parasitic absorption at the front side are
significantly reduced. The Jpp, Basiz of the new structure increases by 0.4 mAcm 2
to 40.3mAcm 2, a value very close to the best front/back contacted 1-um thick
structure modelled in section 6.2.

7.6 Conclusions

In this chapter, a study of the (optical) potential of barium silicide as absorber
for thin-film solar cell applications was carried out. First, the characterisation
of the material optical properties showed that BaSi, has an absorption coeffi-
cient comparable or higher than commonly used PV absorbers. Simulations
of single-junction devices embedded with an optimised double front/back tex-
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ture resulted in implied photocurrent values significantly higher than equivalent
structures based on a nc-5i:H active layer — owing to the higher absorptivity of
BaSi,. Finally, possible double-junction architectures based on barium silicide
bottom solar cells were investigated. While a < 2pm monolithically-integrated
MAPI/BaSi, architecture has the potential to achieve efficiencies up to 28%, a
back-contacted BaSi, device for 4-terminal tandem solar cells could be a better
option to manufacture a high-performing working device. Further investigation
of the material is necessary, though, to assess its true potential in real (manufac-
tured) solar cells.



CHAPTER 8

Conclusions and Outlook

The target of this thesis was to investigate and optimise light management ap-
proaches applied to different thin-film technologies, and through this analysis
provide guidelines for the design of photovoltaic devices and insight into their
optical performance. In this chapter, all achieved results are summarised and an
outlook on future developments based on those achievements is presented.

8.1 Conclusions

In this work, a wide variety of light management approaches was studied, ap-
plied to a range of thin-film photovoltaic materials. Across the different cases,
some clearly observable trends were found:

* The maximisation of absorption relies on high-quality light in-coupling
and trapping. To achieve both, the most effective approach requires a sepa-
rate optimisation of the front and back sides of the device — making double
front/back textures with different geometries an optimal solution.

* The superposition of two or more periodic structures is very effective at
achieving broadband light trapping, while single-period gratings can only
provide a significant absorption enhancement in narrow regions of the
spectrum.

* When materials with higher absorption coefficients are employed, light in-
coupling and reduction of parasitic absorption become more critical than
light trapping. This is the case of semiconductors such as CIGS and -
to a lesser extent — barium silicide, owing to their direct (or quasi-direct)
bandgap.

Starting with chapter 3, nanowire arrays were shown to have the potential to
improve the optical performance of thin-film nano-crystalline silicon solar cells.
The feasibility of their cost-effective manufacturing was first demonstrated by
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realising a working, wafer-based device. Then, the investigation of the light-
nanowire interaction showed the arise of several resonances within the thin ab-
sorber layer. These are responsible for a significant enhancement of absorption,
which is upheld in a wide range of angles of incidence.

In chapter 4, the discussion of how amorphous silicon nanoantennas can be
adapted as solar harvesters was carried out. A novel solar cell structure was
presented, employing an all-dielectric silicon metasurface as active layer. The
nanodisks composing the metasurface achieve near-perfect absorption at specific
wavelengths, which can be tuned by changing the system parameters. Good
broadband enhancement of the optical performance was demonstrated, in what
is one of the first attempts in adapting sensor technology for solar harvesting
applications.

In chapter 5, modelling of CIGS solar cells was carried out. First, a satisfactory
optical model of a real device was presented, ensuring the accuracy of the se-
lected modelling approach. Then, gratings were applied to the solar cell models
and optimised, leading to a significant improvement of the optical performance —
owing mostly to anti-reflection effects. The observation of high parasitic absorp-
tion losses in the front TCO and in the back contact layers prompted the study
of alternative layers configurations. The removal of molybdenum at the rear and
substitution of zinc-oxide with indium-oxide at the front resulted in a substan-
tial enhancement of absorption, which was mostly maintained even when the
thickness of CIGS was reduced by more than 50%.

In chapter 6, the potential of double front and back textures with different
geometries was assessed — applied to c-Si and nc-Si:H absorbers. First, it was
shown that endowing textures directly on the active layer is preferable to man-
ufacturing gratings on supporting layers, due to the lower refractive index of
the latter. Then, a study of the double front/back texture for thin-film nano-
crystalline silicon solar cells was carried out. The careful optimisation of geo-
metrical parameters and materials resulted in broadband absorption enhance-
ment beyond the Lambertian scattering limit — for a wide range of illumination
angles.

Finally, in chapter 7 a study of the optical potential of barium silicide for solar
cell applications was carried out.The material optical properties were first char-
acterised, showing that BaSi, has an absorption coefficient comparable or higher
than commonly used PV absorbers. Simulations of textured single-junction de-
vices resulted in absorption values significantly higher than equivalent struc-
tures based on silicon. Finally, possible double-junction architectures based on



8.2. Outlook 135

barium silicide bottom solar cells were investigated — showing great potential for
the integration of this novel material in thin-film devices.

8.2 Outlook

The largest part of the work carried out in this thesis relies on optical modelling
of lab-scale solar cells. Hence, the optimised geometry and performance found
are specific to those devices. Therefore, the integration of any of the proposed
light management approaches in industrial architectures (i.e. PV modules) needs
to take into account the differences between solar cell and module structures (e.g.
encapsulation). Moreover, the feasibility of some of the proposed approaches
needs to be verified with experimental studies. In particular:

¢ The applicability of nanowire manufacturing through a mask-less reactive
ion etching process to thin nano-crystalline absorbers needs to be checked.
Alternatively, a different process can be devised to promote the growth of
such elongated nanostructures. Moreover, nanowire passivation must im-
prove to make such devices competitive against more traditional textures.

* While the performance of silicon metasurfaces was experimentally veri-
fied, their inclusion into fully-fledged devices needs to be tested, with a
particular attention to carrier collection and passivation.

* For CIGS devices, the success of substituting currently-employed materials
with more transparent (at the front) or reflective ones (at the back) is subject
to their compatibility with the deposition process of the absorber.

* The feasibility of applying double front and back textures to thin-film sil-
icon absorbers could prove to be challenging and will need to be inves-
tigated. Nevertheless, this concept could find application in wafer-based
technology — where it could be implemented more easily be.

* With respect to barium silicide, the analysis provided in this work is mostly
concerned on the optical performance. Before the material can become
a successful alternative to silicon and other thin-film materials, more re-
search needs to be carried out. Two particularly critical aspects will be the
stability of material during and after processing, and the development of a
cheap, high-quality deposition method to replace slow and expensive epi-
taxial growth of layers.






APPENDIX A

Refractive index data

In this appendix, all (complex) refractive index data used in every result chapter
is presented. These properties constituted — together with the device geometry —
the input of all simulations carried out in the work of this thesis. Data was taken
from internal measurements, except for the following materials:

¢ Cadmium suflide (CdS), data from [193].

Gallium-doped zinc oxide (ZnO:Ga, GZO), data from [121].

Hydrogenated indium oxide (In,O5:H, IOH), data from [122].

Indium tin oxide (In,O5:H, ITO), data from [121].
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A. Refractive index data
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Figure A.1. Complex refractive index of all materials used in the simulations of chapter
3 (c-Si HTJ nanowire solar cells), as function of the wavelength of light in vacuo.

Wavelength [nm]

x [-]
n [-]

x [-]
n []

X

<

2.6 10!
2.4 10
2.2 1103
2.0 10°
300 600 900 1200
Wavelength [nm]
7.2 10t
c-Si
6.2 1107
5.2 11073
4.2 10°
3.2 107
300 600 900 1200
Wavelength [nm]
1.5 102
Ag
1.0 10!
0.5 10°
0.0 10t
300 600 900 1200

Wavelength [nm]

Kk [-]

x [-]

K [-]



139

2.6 . 10° 3.6 10!
2.4 | | 107 32 101
T 22  10° IEZS’ 108 =
< 2.0 | 1103 % e« 7| e
18| 104 2.4 | 10°
16 ! 105 2.0 107
300 600 900 1200 300 600 900 1200
Wavelength [nm] Wavelength [nm]
6.0 10* 3.0

a-Si:H n-type SiO,:H |

5.4 107 28
<4 103 = = 26
s ¥ = 24
4.2 110° 22
3.6 107 2.0
300 600 900 1200 300 600 900 1200
Wavelength [nm] Wavelength [nm]
25 1 10° 15 102
23 | ZnO:Ga | {41 Ag |
| | 1
= 21} 107 o 10 100
L 4 -3 ] v
S 19 (107 %= 45 | 100
17 110
15 10° 0.0 10!
300 600 900 1200 300 600 900 1200
Wavelength [nm] Wavelength [nm]

Figure A.2. Complex refractive index of all materials used in the simulations of chapter
4 (a-Si:H metasurfaces), as function of the wavelength of light in vacuo.
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A. Refractive index data
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A. Refractive index data
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Figure A.5. Complex refractive index of all materials used in the simulations of chapter
6 (nc-Si:H decouple-textured solar cells), as function of the wavelength of light in vacuo.
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APPENDIX B

Absorption limit for periodic gratings

This chapter discusses the definition of absorption limits for dielectric slabs en-
dowed with periodic gratings. Due to the discrete nature of light-matter inter-
action in the case of periodic structures, the calculate maximum absorption will
depend on the dimension and size of the gratings, thus losing the generality in-
trinsic to the Lambertian scattering limit discussed in chapter 1. Nevertheless,
the calculation presented here are useful in both analysis and design of light
management approaches for photovoltaic applications, giving useful indications
on how to select and manufacture the best possible structure for different appli-
cations. The content on this chapter is largely based on and expands upon the
work of Yu et al. [125, 126].

The temporal coupled mode theory

The calculation of the absorption limit for dielectric layers endowed with peri-
odic gratings starts from the temporal coupled theory [290], which states that the
amplitude (a) of a resonance” — normalised to the amplitude of the incident wave
S —is described by this equation:

d Nve+m .
= (jwo - 76;”) a4+ j\/7eS (B.1)

where j = \/—1, wy the resonant frequency, N the number of leakage channels,
Ye is the leakage rate, and <; the intrinsic loss rate of the resonance (i.e. the
decay rate due to absorption). v; is an intrinsic material property, which can be
calculated as follows: 9; = « - ¢/n where « and 7 are the absorption coefficient
and refractive index of the material, respectively, and c is the speed of light in
vacuo. The number of leakage channels N can be understood as the number of
allowed directions of propagation for light that escapes the dielectric slab, which
depends on the size and dimension of a grating. Assuming that the leakage

*For the purpose of this work, the term resonance is used as a synonym of guided mode.
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Figure B.1. Absorption profile of a resonance in different coupling conditions.

rate 7. is equal for each of the N channels, absorption of the resonance can be
calculated with this equation:
4 .
Alw) = i . (B2)
4(w—=wo)” + (71 + Nve)

The typical profile of absorption as function of the frequency w is depicted in
fig. B.1.

The integral of eq. (B.2) represents the spectral cross-section of the resonance, indi-
cated with ¢. Under the assumption that the bandwidth of incident light (Aw) is
much larger than o, ¢/Aw represents the contribution of one resonance to total
absorption. The integral of eq. (B.2) yields the following equation:

a4 i B.3
7= / "™+cC (B3)

where C = /7. is a parameters that indicates the coupling regime. Equa-
tion (B.2) can be re-written as function of C, allowing to define the height of the
absorption peak as follows:

4C

max(A) = A(w = wp) = NTCR

(B.4)
Equation (B.4) is maximised when C = N, which is defined as the critical coupling
condition, where max(A) = 1/N. An important consequence of this condition is
that the maximum absorption peak of a resonance cannot exceed 1/N. Perfect
absorption with a single resonance can thus be achieved only when N = 1, while



147

in all other cases max(A) < 1/2. Looking into the other cases, when C > N the
height of the peak decreases, while at the same time the resonance becomes nar-
rower. On the other hand, when C < N the peak still reduces, but the resonance
becomes broader.

For solar cells, the analysis becomes interesting in the over-coupling regime (7;
< e), corresponding to weak absorption conditions — since e and « are directly
proportional. In this regime C — 0, and eq. (B.3) assumes its maximum value:

imax = 27% (B.5)

The maximum absorption that a solar cell endowed with periodic gratings can
achieve is the sum of the contribution of all resonances:

Y Omax Zn'yiM _ 2na M

A b = = = — B.6
periodic Aw Aw N Ak N (B.6)

where k = w - n/c is the wavenumber, and M indicates the number of excited
resonances () 0max = M - 0max). If eq. (B.6) is divided by single pass absorption,
under the assumption ad < 1, the enhancement factor can be calculated:

2n M

EF, periodic = ANk N (B.7)

where d is the thickness of the dielectric slab. It is now possible to determine
the absorption limit and enhancement factor for different periodic structures, by
determining the values of M and N.

Absorption enhancement in 1-D grating structures

Consider the 1-dimensional grating structure depicted in fig. B.2. The wave-

number of light in air is:
_2n 5 >
ko = S ’/kO,H +kp,1 (B.8)

Assuming perpendicular incidence, the values of the parallel component of kg
can be determined with this equation:

y 2
k) = il% < ko (B.9)

where i1 = 0,%1,+£2,... is an integer that counts the diffraction orders. The
conditions of eq. (B.9) imposes that only a finite number of diffraction orders are
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Figure B.2. Leakage channels for a 1-D grating structure.

allowed. Note that this equation is equivalent to eq. (1.7) presented in chapter 1.
Defining s = A /A, the number of leakage channels is calculated as follows:

k
b —p | 0 _ = B.10
N Z{ZH/AJ—Fl 2|s]+1 (B.10)
The situation inside the absorber is quite similar (see fig. B.3 on the right). The
grating scatters light in discrete diffraction orders, with the parallel component
once again described by this equation:

.21

(B.11)

To achieve a resonance, the perpendicular component of the wavenumber needs
to satisfy the following condition:

j .21
k) = = (B.12)
where i, = £1,%£2,... is another integer that counts the order of thickness-

induced interference. Considering the frequency range Ak of the incident spec-

trum, all frequencies that satisfy this equation can be considered resonances:

i

k= ,k—ko-ne[k—
%

Ak Ak] (B.13)

Z’k+ 2

The first part of eq. (B.13) states the following: all scattered light (where k| sat-
isfies eq. (B.11)) that interferes in the vertical direction (i.e. k| is described by
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Figure B.3. Resonances for a 1-D grating structure.

eq. (B.12)) will excite a resonance. All resonances that are ”available” are de-
picted by blue points in fig. B.3. These include points located on the k; axis
(k” = 0), which are pure interference modes (also called Fabry-Percét modes), and
all other points which are wave-guided modes proper. These two different types
of resonances contribute differently to the absorption enhancement, as shown in
the work of Ahmadpanahi et al. [291, 292]. The second part of eq. (B.13) simply
enforces the condition that the wavenumber can only assume values within the
frequency range of incident light (i.e. only the resonances corresponding to blue
points that fall within the ring in fig. B.3 can actually be excited).

The number of excited resonances can be calculated with this equation:

kAk
(1ID) _ —n.5.4.
M 2”(27r/d)(27r/A) n-s-d-Ak (B.14)
The enhancement factor thus assumes the following form:

2n M 2mn
apy) _ <+ “»» _ <7t
EF AN N

In is interesting to look into two specific cases:

(B.15)

* When the grating period is similar to (but smaller than) the wavelength of
light (i.e. s — 17), the enhancement factor assumes its maximum value of
27n.

* On the other hand, for periods that become very large (s — o), the en-
hancement factor tends to 7rn1, which is exactly half of its maximum.
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Figure B.4. Enhancement factor for 2-D square and hexagonal gratings.

In must be noted, however, that these value of the enhancement factor are well
below the value that can be achieved with ideal random textures (41?) and are
highly dependent on the angle of incidence [292].

Absorption enhancement in 2-D grating structures

The procedure just outlined for 1-D gratings can also be applied to 2-dimensional
periodic structures. However, a distinction must be made between square grat-
ings and hexagonal gratings. This time, no closed formula can be derived to
count the number of leakage channels. Nevertheless, some considerations can
be made. First, s < 1 = N = 2, because only one direction is allowed (the
incident one) for both light polarisations. Second, when s — co the following
relationships are valid:

N@Dsa) — 27742 (B.16a)

NEDhe) — /37752 (B.16b)

The number of excited resonances, on the other hand, is described by these equa-
tions:

M@0 — 442524 Ak (B.17a)

MEPhe) — 5./3,,252 Ak (B.17b)

In both cases, for s — oo the enhancement factor tends to 4n2. This is in accor-
dance with the theory developed by Yablonovitch et al. [62, 63], since random
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textures can be interpreted as 2-D grating with an infinitely large period. How-
ever, to determine the position and value of the maximum enhancement factor:

(2D,sq)

¢ For the square lattice, EF =4mn? fors — 1°.

e For the hexagonal grating, EF?P1eY) = 871112 //3 for s — 2/+/3.

In both cases, an enhancement factor values well beyond the Lambertian scat-
tering limit (4n?) can be achieved. More interestingly, hexagonal gratings can
perform better than square lattices and achieve a maximum enhancement for
slightly larger values of the period. The calculated EF for 2-D gratings is de-
picted in fig. B.4. Once again, these considerations are limited to the case of
perpendicular incidence of light. In fact, Yu et al. showed that the enhancement
shows a strong angular dependence — achieving a maximum when the angle
of incidence is equal to 0° and decreasing to values well below the Lambertian
scattering limit (4n?) for larger angles [126].






APPENDIX C

Finite-difference time-domain
simulations and multipole
decomposition

The work on nanodisk-based hydrogenated amorphous silicon (a-Si:H) meta-
surfaces presented in chapter 4 was carried out not only relying on finite el-
ement method (FEM) simulations — employed in all other chapters. In fact,
the modelling of the nanoparticle-on-mirror geometry was conducted via finite-
difference time-domain (FDTD) modelling, using the FDTD Solutions software
developed by Lumerical Inc., Canada [145]. The results of FDTD and FEM sim-
ulations — of both metasurface and full-device models — were then processed in
MATLAB [293], to decompose the computed electric field in its multi-polar com-
ponents.

FTDT particle-on-mirror simulations

The nanoparticles were modelled as a cylindrical a-Si:H structure with diame-
ter D = 140nm and height # = 300nm, while the metasurface arrangement
was accomplished using periodic boundary conditions with a periodicity of P =
250 nm for the SiO, spacer thickness sweep analysis, and 145nm < P < 350 nm
for the periodicity study. The nanodisks were embedded in a dielectric medium
with the refractive index of SiO, (ns ~ 1.46). A semi-infinite silver substrate was
placed at varying distances (ds) below the nanoparticles: 5nm < ds < 500 nm for
the investigation of the effect of the spacer thickness, and fixed at ds = 100nm
for the analysis of the particle periodicity. Thus, in this model, the spacer be-
tween the metasurface and the mirror has the same refractive index as the em-
bedding medium (15 ~ 1.46). The meshing employed on the nanostructure was
dx = dy = dz = 2nm, which was deemed sufficient to capture the spatial vari-
ation of the electromagnetic modes considered in this work. The (complex) di-
electric functions used were fitted to experimental data for both a-Si:H (internally
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measured) and the silver mirror [294]. Absorption in a-Si:H was calculated by
integrating the total Poynting vector flow through a closed boundary enclosing
the particle and normalised by the injected plane wave power. The surface was
placed such that it did not intersect the mirror surface. Thus, the total integrated
power flux through that surface corresponds exactly to the power absorbed by
the nanostructure.

Multipole decomposition

The multipole decomposition of the modes was performed by monitoring the in-
ternal electromagnetic fields in the nanostructure, as function of the wavelength
of light. The fields were then projected on a basis of spherical multipoles as
outlined in [151]. The electric fields were converted into polarisation current (J)
according to

J = —iwegeasini(w) — nZ]E (C.1)

where E is the total electric field inside the structure, w the frequency of light, ¢
is the dielectric constant of vacuum, and ¢,_g;.q is the (relative) dielectric function
of amorphous silicon. Since the fields in the simulations (both the FDTD simula-
tions and the FEM simulations) were defined on a Cartesian grid, the conversion
to spherical coordinates was made through:

Jr = sin(8) cos(¢) [ + sin(8)sin(¢) ], + cos(d)];
Jo = cos(8) cos(¢)]x + cos(8)sin(¢p)], — sin(d)]. (C2)
Jp = — sin(¢)Jx + COS(‘P)]y

The multipole decomposition was subsequently calculated through integration

on the Cartesian grid, and the coefficients here relate to those in Equations (15)
and (16) of ref. [151] as:

I
> = @21+1) Y lag(l,m)?

m=—I

1
by = (21 +1) ) lam(L,m)?

m=—1

(C3)



APPENDIX D

Thin-film silicon solar cells based on
1-D asymmetric periodic gratings

This chapter is based on the following publication:

R. Vismara, O. Isabella, and M. Zeman, “"Optimization of thin-film silicon solar
cells based on 1-D asymmetric periodic gratings,” in Proceedings of the 315! Euro-
pean Photovoltaic Solar Energy Conference and Exhibition (31" EU PVSEC), Septem-
ber 14%-18th 2015, Hamburg (Germany).

Introduction

In order for thin-film silicon to compete in the global PV market, light man-
agement techniques must be implemented to increase the performance while
keeping thin both top hydrogenated amorphous silicon (a-Si:H) and bottom hy-
drogenated nano-crystalline silicon (nc-Si:H) junctions. Periodic gratings are an
attractive alternative to commonly-employed randomly textured substrates, due
to the easy manipulation of scattering properties by means of controlling their
geometrical features [295]. Recent studies have shown that thin-film silicon solar
cells on periodically textured substrates can match the performance of devices
deposited on random textures [296] and that, at specific wavelengths, exceed
the 4n2 absorption enhancement limit [125, 126], the well-known Lambertian-
scattering or Yablonovitch limit [62]. Current world-record efficiency for single-
junction nc-Si:H [38] and tandem a-Si:H /nc-5i:H (micromorph) devices [41] con-
sist of cells on periodically-textured substrates. Asymmetric gratings have also
attracted interest in the past, because they offer —at least in theory — an additional
advantage with respect to symmetric structures: the possibility to achieve better
light trapping (at specific wavelengths) by reducing the amount of in-coupled
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inc

o B + 3 N\ = ”: R

Figure D.1. Example of an asymmetric grating, which can suppress zero-order and left-
travelling reflected orders, allowing only diffraction modes travelling to the right. In this
way, out-coupling of light is reduced and light trapping improved. Picture adapted from
[297].

light that can be out-coupled after the first pass inside the absorber [297]. In
this chapter, a study of the optical performance of 1-D asymmetric triangular
periodic gratings is presented, applied to single- and double-junction thin-film
devices. 1-D triangular gratings were chosen, as they are relatively easy to man-
ufacture and because, for similar aspect ratio textured substrates, they can offer
better conditions for the growth of thin-films with respect to 2-D gratings or ran-
dom features. The analysis was carried out by means of optical simulations,
using a 3-D Maxwell equation solver based on the finite element method (FEM)
[75].

Diffraction at 1-D asymmetric gratings

Periodic gratings diffract light into specific directions (or modes), which can be
calculated according to the grating equation [69]:
. mA

sin(d,,) = ngP (D.1)
where m is the order of diffraction, ¢, the angle of the m-th diffracted order,
A is the wavelength of light in vacuo, ng the refractive index of the diffractive
medium, and A is the period of the grating. The main advantage that gratings
offer over random textures is the possibility to tune the diffraction of light by
modifying the geometrical parameters of the grating itself. In particular, the pe-
riod (A) determines the direction of diffracted light (according to the grating
equation), while the intensity is regulated by the groove depth (k) [69]. Symmet-
ric gratings, however, cannot achieve perfect light trapping. In fact, according
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Figure D.2. Intensity of reflectance — normalised to the maximum value — of symmetric
(left) and asymmetric triangular gratings (right), as function of A and ¢. The superim-
posed white lines represent the value of ¢(A) calculated with the diffraction equation.

the reciprocity theorem diffracted waves generated by an incoming (zero-order)
wave will necessarily couple to an out-going zero-order wave. This behaviour
can be (partly) avoided by the use of asymmetric geometries, as the blazed grat-
ing depicted in fig. D.1. This structure can suppress both zero-order as well as
left-moving reflection orders; in this way, only right-moving diffraction orders
are allowed to propagate [297]. When the right-travelling wave impinges on the
grating (after being reflected at the front surface), it does not necessarily couple
into the zero-order outgoing wave . Hence, at least in principle, (almost) perfect
light trapping for selected wavelengths could be achieved.

In this experiment, the effect of asymmetric gratings on the diffraction of light
was investigated. First, a set of simulations with symmetric and asymmetric
triangular structures made of glass (1g1.ss = 1.5) was done. The range 300nm <
A < 1200nm was considered — and perpendicular illumination was assumed.
Then, for each value of A the reflectance (R) as function of the angle of diffraction
(0) was calculated. Results shown in fig. D.2 indicate that symmetric (left) and
asymmetric gratings (right) diffract light into the same directions, confirming the
fact that & only depends the wavelength of light and on the grating and material
properties, as indicated by the diffraction equation, and that asymmetry does
not influence the direction of diffraction modes.

A second series of simulations to investigate the diffraction properties of asym-
metric triangular gratings was carried out. This time models consisted of single-
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Glass superstrate

ZnO:Al (600 nm)

p-i-n nc-Si:H
(1000-1600 nm)

Zn0:Ga (70 nm)
Silver (300 nm)

Figure D.3. 3-D rendering of the single-junction solar cell model used for simulations.
Materials and thickness of each layer are indicated.

junction nc-Si:H solar cells on triangular glass gratings (see model depicted in
fig. D.3), symmetric and asymmetric. Once again, R(A, ¢) was computed in the
simulations (with the method described in Chapter 2). Results (fig. D.4) show
that the intensity of same-order positive and negative diffraction modes have
equal intensity in the case of symmetric gratings. For asymmetric structures,
however, this is not the case. In fact, high-order left-propagating (¢ < 0) waves
(indicated in fig. D.4 by arrows) have a higher intensity with respect to same-
order modes travelling in the right direction (¢ > 0). The geometry of the grating
allows more light to travel to the left, thus reducing the intensity of right-moving
waves.

Optimisation of top and bottom junctions

Achieving the highest optical performance of tandem solar cells requires the op-
timisation of the single junctions that make up the device.

In the first step, the periodic asymmetric gratings were optimised to achieve the
highest photocurrent density (Jpn) in the bottom cell (nc-Si:H absorber). The
value of A and height (1) of the grating were fixed to 2000nm and 900 nm re-
spectively, since in previous studies features with these dimensions applied to
nc-Si:H-based solar cells have shown good performance [195, 249]. Only the an-
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Figure D.4. Intensity of reflectance — normalised to the maximum value — of single-
junction devices with nc-Si:H absorbers based on periodic symmetric (left) and asymmet-
ric triangular gratings (right), as function of A and ©.

gle of the grating was changed, from zero (saw-tooth shape) to 48° (symmetric
structure, see top axis in fig. D.5). The performance of the solar cell (see model
in fig. D.3) was evaluated in terms on implied photocurrent density generated
in the absorber layer, calculated following the procedure outlined in Chapter 2.
Two set of simulations with different absorber thickness (dpc.sig = 1600 nm and
dne-sii = 1000nm) were carried out. Simulation results, depicted in fig. D.5,
show that asymmetric gratings perform better than their symmetric counter-
parts. The implied photocurrent density generated by all asymmetric architec-
tures with angles between 10° and 40° was similar and above 25mAcm 2 for
the thicker absorber (dpe.sizi = 1600 nm) and above 22.5 mAcm 2 for the thinner
(dne-sin = 1000 nm).

After the optimisation of triangular gratings, an investigation on how to improve
the optical performance by using — in both top and bottom junctions — materials
that are more transparent. was carried out For the front TCO, In,O5:H (IOH)
was compared to ZnO:Al (AZO). IOH is more transparent and conductive than
AZO [122, 123], and can thus be thinner to absorb less light. Additionally, the
performance of p- and n-doped nc-SiOx layers was compared to the one of less
transparent a-Si:H (top cell) and nc-Si:H (bottom cell) doped layers. Results are
summarised in table D.1 and show how the implied photocurrent density in both
junctions significantly increase (+ ~ 5mAcm~2) when more transparent layers
are employed.
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Figure D.5. Implied photocurrent density (]ph) generated inside the nc-Si:H layer, for
different values of the grating angle and layer thickness d. ‘Flat reference’ indicates the
Jph generated by architectures with flat (non-textured) interfaces.

Current matching of double-junction solar cell

After both grating and materials were optimised, it is important to adjust the
thickness of top and bottom cells to achieve current matching. In fact, a signifi-
cant mismatch of the implied photocurrent densities of the two junctions would
result in lowered efficiency of the tandem device.

In the first series of simulations, the thickness of the bottom junction absorber
(nc-Si:H) was kept constant and equal to 1600nm. As shown in the previous
section, this cell in single-junction configuration can deliver up to 30.2mAcm 2
of implied photogenerated current. Hence, the goal for the tandem device is to
achieve a matched photocurrent density of ~ 15mAcm~2. The thickness of the

Table D.1. Result of material optimisation for top (a-Si:H) and bottom junctions (nc-
Si:H). The thickness of both absorber layers (d) is indicated.

Structure a-Si:H (d = 150nm) nc-Si:H (d = 1600 nm)
Flat cell 7.1mAcm ? 15.3 mAcm 2
Symmetric (x = 48°) 10.9mAcm 2 23.6mAcm 2
Asymmetric (x = 48°) 12.0mAcm 2 25.4mAcm 2

Optimised (x = 48°) 16.7 mAcm 2 30.2mAcm 2
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Figure D.6. Implied photocurrent density generated in top (a-Si:H) and bottom cell (nc-
Si:H), as function of the top cell thickness (d,.s;;5 = 150 — 350 nm). Good matching of the
photocurrent density (Jpoh matched =~ 14.7 mAcm~—2) was achieved.

top cell absorber was gradually increased from a very thin 150nm to 350 nm.
It must be noted that, in manufactured devices, the top cell will suffer from
the well-known light induced degradation (LID) phenomenon (i.e. the Staebler-
Wronski effect) [239, 240]. For this reason, the initial value of photocurrent den-
sity in the top cell (a-Si:H) should be (slightly) higher than in the bottom junction.
Additionally, the amorphous silicon junction should be made as thin as possible
to reduce the degradation effect.

Results of the a-Si:H thickness sweep (fig. D.6) show that the top cell can produce
more current than the nc-Si:H junction only if the top junction is at least 350 nm
thick. Due to LID effects,it was decided not to investigate the performance of
architectures with a thicker top cell. The values of the implied photocurrent
that can be generated in the two junction in this configuration are 15.0 mAcm?2~2
in the a-Si:H cell (d iy = 350nm) and 14.7 mAcm 2 in the nc-Si:H junction
(dnesin = 1600 nm).

The final run of simulations is aimed at studying the effect of increasing the thick-
ness of the bottom cell. The value of dy.gi.;y was thus changed from 1600 nm up
to 2500nm, and investigated the impact on the implied photocurrent density
generated in top and bottom junctions. The simulation results (fig. D.7) show
that increasing the bottom cell thickness does not provide any additional ben-
efit, since only the implied photocurrent density generated in the bottom cell
increases. The performance of the top junction is not strongly affected, but the
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Figure D.7. Implied photocurrent density generated in top (a-Si:H) and bottom cell (nc-
Si:H), as function of the bottom cell thickness (dy¢.siy = 1600 — 2500 nm). Good matching
of the photocurrent density ( Jphmatched =~ 14.7 mAcm~2) was achieved.

extra absorption of the bottom cell is mostly lost due to current mismatch. For
silicon devices, thinner absorbers can have better electrical properties (higher
open-circuit voltage Vi and fill factor FF) with respect to thicker solar cells.

Hence, the optimal design for the tandem device on 1-D periodic asymmetric
triangular gratings is:

* Top-cell absorber: d, gy = 350nm
¢ Bottom-cell absorber: d..spg = 1600 nm
* Matched J,, = 14.7 mAcm 2

A recent publication by Tan et al. [39] showed that high-quality tandem mi-
cromorph device can be deposited on randomly textured substrates, achieving
very good electrical properties: Voo = 1.464V and FF = 0.759. The photocur-
rent density of that device is 13.6mAcm~2. The architecture modelled in this
work showed the potential to achieve an even higher photocurrent density of
14.7 mAcm~2. If such values of the external parameters could be obtained in the

micromorph device on periodic symmetric triangular gratings, initial efficiency
could be higher than 16%.
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Conclusions

In this chapter, the optical analysis of the performance of thin-film silicon solar
cell on one-dimensional triangular asymmetric gratings was presented. First, it
was shown that the asymmetry of gratings does not influence the direction of
diffracted light. In fact, asymmetric structures scatter light in the same direc-
tion and symmetric ones. On the other hand, the intensity of light diffracted by
asymmetric gratings is not symmetrically distributed. Same-order positive and
negative diffracted modes have different intensity, and one propagation direc-
tion is predominant over the other. Second, single-junction a-Si:H and nc-Si:H
cells were optimised. For the bottom cell (nc-Si:H), asymmetric gratings out-
performed their symmetric counterparts, allowing for an implied photocurrent
density gain of ~ 2mAcm~2. For both cells a material optimisation was also
performed, using highly transparent materials for the front TCO and p- and n-
doped layers. The optimisation allowed for a further improvement of the optical
performance (+ ~ 5mAcm~2). Finally, a current matching analysis was con-
ducted, to achieve the highest possible efficiency. By adopting thickness values
of 350 nm (top cell) and 1600 nm (bottom junction), a potential implied photocur-
rent density of 14.7 mAcm~2 was calculated. A real device that could generate
this current and have good electrical properties (similar to similar devices man-
ufactured within the PVMD group) has the potential to achieve a conversion
efficiency above 16%.
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