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Summary

Trapping light in silicon solar cells is essential as it aifoan increase in the absorp-
tion of incident sunlight in optically thin silicon absordayers. This way, the costs
of the solar cells can be reduced by lowering the materiad@mption and decreasing
the physical constraints on the material quality. In thiskyplasmonic light trapping
with Ag back contacts in thin-film silicon solar cells is sted. Solar cell prototypes
with plasmonic back contacts are presented along with alpsicnulations of these
devices and general design considerations of plasmonicdmattacts.

Based on three-dimensional electromagnetic simulatithes conceptual design of
plasmonic nanostructures on Ag back contacts in thin-filraai solar cells is stud-
ied in this work. Optimizations of the nanostructures rdgay their ability to scatter
incident light at low optical losses into large angles in $iiezon absorber layers of
the thin-film silicon solar cells are presented. Geomettpeaameters as well as the
embedding dielectric layer stack of the nanostructures @tegers are varied. Peri-
odic as well as isolated hemispherical Ag nanostructurdgmeénsions above 200 nm
are found to scatter incident light at high efficiencies amd bptical losses. Hence,
these nanostructures are of interest for light trappinglarscells. In contrast, small
Ag nanostructures of dimension below 100 nm are found todadptical losses.

At the surface of randomly textured Ag back contacts smalhAgostructures exist
which induce optical losses. In this work, the relevanceheke localized plasmon
induced optical losses as well as optical losses causeddpagating plasmons are
investigated with regard to the reflectance of the textuaklrontacts. In state-of-
the-art solar cells, the plasmon-induced optical losseshifted out of the relevant
wavelength range by incorporating a ZnO:Al interlayer of lefractive index at the
back contact. The additional but small potential for incieg the reflection at the
back contact with dielectric interlayers of even lower aefive index, such as SO
and air, is demonstrated.



v Summary

The light-trapping effect of two types of plasmonic back tamts, which make use of
large and efficiently scattering Ag nanostructures, isistilich thin-film silicon solar
cell prototypes. The first type of plasmonic back contactliapmpon-ordered Ag
nanostructures. The preparation, characterization ard-fimensional electromag-
netic simulations of these back contacts with variousitiistions of non-ordered Ag
nanostructures are presented. Measured reflectanceaspétiie Ag back contacts
with non-ordered nanostructures are correlated with refiee spectra derived from
three-dimensional electromagnetic simulations of isslatanostructures on Ag back
contacts. A microcrystalline silicon solar cell fabricéten one type of plasmonic
Ag back contact with non-ordered Ag nanostructures shovigréfisantly enhanced
plasmonic light trapping when compared with a flat solar. cell

The second type of plasmonic back contact applies periadéamgements of plas-
monic nanostructures in a square lattice at the surfaceeofthback contact. It
is called a plasmonic reflection grating back contact. Aipaldr advantage of this
device is the control of the scattering angles via the diffoa orders of the grating
while taking advantage of the efficient plasmon-induceditligcattering at the Ag
nanostructures. The plasmonic reflection grating backamtsitare prepared with a
nanoimprint process. They are implemented in microcrlpseathin-film solar cells
prototypes. The prototypes exhibit a very good light-tiagpeffect. Even in com-
parison with solar cells with a state-of-the-art randontuex for light trapping, an
enhanced light-trapping effect is demonstrated for a sakkvith a plasmonic reflec-
tion grating back contact of optimized period. Based ontedecagnetic simulations,
the light-trapping effect caused by the plasmonic reflecticating back contact is
explained from the intuitive perspective of geometricaiapas well as from the per-
spective of leaky waveguides. The obtained excellent ageeebetween the meas-
ured and simulated spectral response of the prototypeallarallowed a simulation
based optimization of the geometric parameters of the magnreflection grating
back contact. An additional significant improvement pdtdrif thin-film silicon
solar cells with plasmonic reflection grating back contastshown. The demon-
strated light-trapping effect of plasmonic reflection grgtback contacts is the first
experimental proof that plasmonic nanostructures canciedulight-trapping effect
competitive with the state-of-the-art random texture iigint trapping in microcrystal-
line thin-film silicon solar cells. Improved plasmonic refien grating back contacts
are likely able to induce a light-trapping effect which leaVen to significantly im-
proved energy conversion efficiencies.



Zusammenfassung

Konzepte zur Lichtsammlung, sogenannte Lichtfallen, ilizi@im-Solarzellen er-
lauben es die Absorption des einfallenden Sonnenlichteptisch dinnen Silizium-
schichten zu erthen. Lichtfallen reduzieren die Kosten der Solarzelledpktion,
indem Absorbermaterial eingespart wird und die physikhis Anforderungen an
die Qualitit des Materials reduziert werden. In dieser Arbeit werdasrponische
Ag-Ruckkontakte in Minnschicht-Silizium-Solarzellen im Hinblick auf derercht-
falleneigenschaften untersucht. Elektromagnetischel&imnen plasmonischer Ag-
Ruckkontakte werden einhergehend mit Prototypen der plastioen Rickkontakte
in DUnnschicht-Silizium-Solarzellen @sentiert.

Zunachst werden die Ergebnisse grundlegender Untersuchungeionzeption
der plasmonischen Nanostrukturen auf AgeRkontakten in mikrokristallinen
Diinnschicht-Silizium-Solarzellen dargestellt. Die Ustethungen basieren auf drei-
dimensionalen elektromagnetischen Simulationen. Einn@ptungen der Form,
Anordnung und des umgebenden Materials der Ag-Nanostreikin Hinblick auf
deren Rhigkeit Licht mittels plasmonischer Effekte bei niedrigéerlusten und ho-
her Streueffizienz in die mikrokristallinen Absorbersttién einzukoppeln ist bes-
chrieben. Allgemein zeigt sich, dass periodische und aaohinzelte halbsyirische
Ag-Nanostrukturen von Struktur@®en oberhalb von 200 nm sehr effizient Licht
streuen. Allerdings zeigen kleine Ag-Nanostrukturen vomul8urgrdRen unterhalb
von 100 nm starke optische Verluste.

An rauen Ag-Rickkontakten konventioneller inschicht-Silizium-Solarzellen tre-
ten Ag-Nanostrukturen von Struktuii$en unterhalb von 100 nm auf. Die damit ver-
bundenen plasmoneninduzierten optischen Verluste ackikntakt der Solarzellen
werden in dieser Arbeit untersucht und diskutiert. Dabeidea sowohl propagier-
ende Plasmonen als auch lokalisierte Plasmonen in den Agsttakturen beick-
sichtigt. In konventionellen Dnnschicht-Silizium-Solarzellen wird eine ZnO:Al-



Vi Zusammenfassung

Schicht mit niedrigem Brechungsindex eingesetzt, um dismbnischen Verluste
aus dem relevanten Spektralbereich zu verschieben. Irerdieeit wird das
dariber hinausgehende Potential von dielektrischen Zwistigohten mit niedrig-
erem Brechungsindex demonstriert.

Zwei Ansatze zu plasmonischenii®kkontakten mit Lichtfallen-Eigenschaften in
Dunnschicht-Silizium-Solarzellen werden in dieser Arbeérfolgt. Der erste
Ansatz basiert auf Ag-tktkkontakten mit ungeordneten Verteilungen von Ag-
Nanostrukturen. Die Herstellung, Charakterisierung ureddimensionale elektro-
magnetische Simulation dieseriékkontakte ist dargestellt. Gemessene Reflex-
ionsspektren dieser plasmonischeiickkontakte wurden erfolgreich mittels der
elektromagnetischen Simulationen einzelner Nanostrahktudie lokalisierte plas-
monische Resonanzen besitzen, nachgebildet. Dies zaigg,die diffuse Reflexion
der Ag-Rickkontakte durch plasmonische Lichtstreuung verursagit Eine mik-
rokristalline Solarzelle, die auf einem solchen plasmadmés Rickkontakt hergestellt
wurde, zeigt eine edhte Lichtsammlung im Vergleich zu einer flachen Solarzelle
Der zweite Ansatz dieser Arbeit zu plasmonischedrckkontakten mit Lichtfallen-
Eigenschaften in Dnnschicht-Silizium-Solarzellen verwendet periodiscigeord-
nete Ag-Nanostrukturen amiiRkkontakt, die plasmonische Reflexionsgitter genannt
werden. Ein implizierter Vorteil dieser Struktur ist diedgliche Kontrolle der
Streuwinkel mittels der Beugungsordnungen des plasmiosiisGitters. Die plas-
monischen Gitterstrukturen wurden in einem Nanoimprirzess hergestellt. Proto-
typen der Dinnschicht-Silizium-Solarzellen, die plasmonische Rédlesgitter ver-
wenden, zeigen sehr gute Lichtfallen-Eigenschaften. dssbdere konnte eine
Verbesserung der Lichtausbeute im Vergleich zu konveetien Dinnschicht-
Silizium-Solarzellen mit rauer Lichtfallen-Textur erltiaverden. Basierend auf
elektromagnetischen Simulationen wurde der Lichtfali#fekt der plasmonischen
Gitter am Rickkontakt der Solarzelle untersucht. Sowohl eine inteiterkiarung
auf Basis der geometrischen Optik als auch eined&tuklg auf Basis der Wellenleit-
ertheorie ist dargestellt. Die erzielte sehr gutsereinstimmung der simulierten und
gemessenen spektralen Antwort der Prototypensolarzetlaobt es die plasmonis-
chen Gitter mittels Simulationen zu optimieren. Ein hohesbésserungspotential ist
identifiziert. Der demonstrierte Lichtfallen-Effekirf plasmonische Gitter amiiek-
kontakt von innschicht-Silizium-Solarzellen ist der erste experitalbe Nachweis,
dass plasmonische Strukturen ein hohes Potential zurévkustg des Lichtfallen-
Effektes in mikrokristallinen Dnnschicht-Silizium-Solarzellen besitzen.
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Chapter 1

Introduction

At the heart of a sustainable future, a fair and equitableesscto clean electrical
energy needs to be guaranteed to all people on this plandar Sells can gener-
ate the required amount of electrical energy by harvestirggglobally available and
inexhaustible energy resource of the sun. To allow a globdéspread use of solar
cells, their economic costs need to decrease. One way teeetthe economic costs
of thin-film silicon solar cells is to enhance their potehtia absorb incident solar
radiation and transform it into electrical energy. In thisgard, plasmonic light trap-
ping with nanostructured Ag back contacts in thin-film sificsolar cells is studied
in this work.

Meeting Global Energy Challenges By 2050, it is expected that around nine
billion people will live on this planet [1]. At a human livingtandard, forecasts pre-
dict that these people need at least twice the annual energrated today to clean
their drinking water, heat their houses, light their homesnanufacture goods and
so on [2, 3]. Providing this large amount of energy with lowrhdo the environment
requires tremendously increasing the harvest of renevesidrgy sources [2,4]. Only
renewable energy sources like solar, wind, geothermal gdrblenergy can be har-
vested almost all over this planet at low emissions of greasé gases and toxic
by-products [5]. Therefore, the diffusion and further depenent of technologies to
harvest renewable energy sources at low economic costs isfohe great challenges
of this generation. Exemplary calculations show that onbuad 5% of the world’s
deserts would need to be covered by conventional solartoaljsnerate the required
amount of global primary energy [5, 6]. Thus, in principlee fphotovoltaic techno-



Introduction

logies are ready to make their contribution to the renewalsetricity generation.

However, despite the tremendous price reduction of solis itethe last decades,
for a global widespread use of the photovoltaic technoltgyeconomic costs of the
solar cells still need to decrease strongly.

Solar Cells In 1954, the first practical solar cell was presented by Ghdgiller
and Pearson [7]. Their solar cell was based on a silicon patipn of an n-doped
crystalline silicon wafer covered by a thin p-doped silidayer. Initially, solar cells
were used in space applications [8]. Only since the earlgti@n of the last century,
the amount of electricity generated from solar cells hanémdously increased to a
noticeable proportion of the total world electricity geaon [8]. This increase has
continued up to date and in 2011 a total amount of 69.6 GWp ofutative photo-
voltaic capacity was installed, which is sufficient to cotlee annual power supply
needed for around 20 million households [9]. The crystalfiticon solar cell, of sim-
ilar device structure as the first practical solar cell] gidiminates the world market
with a share of around 88% in 2012 [9, 10]. The major cost rédndor this techno-
logy was achieved in the past decade by a vast advancemerg pfaduction tech-
nologies, reduction of costs for silicon wafers and theéased production volume —
the annually installed power generation capacity increé&®en less than 0.3 GWp in
2000 to 29.7 GWp in 2011 [9]. In order to further decrease trstszmew solar cell
devices aim for a reduction of the cost of the absorber naseriOn the one hand,
novel techniques to manufacture much thinner crystaliiima absorber layers have
been proposed [11,12]. On the other hand, novel absorberialatand deposition
techniques have been developed in thin-film solar cells agahic solar cells. Com-
mon absorber materials of thin-film solar cells are cadmieitaride, copper indium
gallium diselenide as well as amorphous and microcryegbilicon [13-15]. The
thickness of the absorber layers in thin-film solar cellgemfrom hundreds of nano-
meters to a few micrometers. In the past years, the markes sifiahin-film silicon
solar cells has increased to around 12% in 2012 [10]. Thin-§illicon solar cells
made of amorphous and microcrystalline silicon are thedadtthis work. The par-
ticular advantages of this technology are the use of aburadahnon-toxic materials
as well as the availability of large scale manufacturindgitexdogies [16, 17].

Plasmonic Light Trapping Light-trapping structures allow incident light to be
guided in the absorber layer of a solar cell. This way, theogitance of light in
the solar cell can be enhanced beyond the absorption of kedight pass through
the device. Light trapping induces several advantageshiodesign of a solar cell



device. First, it allows the reduction of the thickness efaélvsorber material. Second,
in thinner solar cells, the charge carrier recombinatiordsiced [18,19]. Third, with
decreasing thickness of the absorber layer, the requirsnoenthe material such as
stability of hydrogenated amorphous silicon with regartight-induced degradation
can be reduced. Thus, light trapping increases solar daliezfcies and reduces the
costs of generating electricity with solar cells. For thilm silicon solar cells, light
trapping is particularly important as the absorber layetheke solar cells is much
thinner than the absorption lengths of incident light ireveint regions of the solar
spectrum.

In the last decade, the research on nanooptics and plassrteasaleveloped numer-
ous approaches and concepts for guiding and localizing Viggh metal nanostruc-
tures in dielectric layer stacks [20—25]. Making use of éhesncepts in the solar cell
devices creates novel light-trapping concepts and new selbdesigns.

Scope of the Thesis  In this work, plasmonic light trapping with nanostructured
Ag back contacts in thin-film silicon solar cells is studig€general design consider-
ations for the plasmonic back contacts are presented aldthgowototypes of thin-
film silicon solar cells applying plasmonic Ag back contacthe plasmonic back
contacts are designed for the application in tandem thim4ilicon solar cells with
microcrystalline silicon bottom solar cells. In these saalls, light trapping is par-
ticularly relevant for light in the near-infrared spectrahge. The plasmonic back
contacts studied throughout this work adress this speetngje.

Outline This thesis is organized as follows. In Chapter 2, essefutimlament-

als along with the experimental methods applied througtiositvork are introduced.
The review of the fundamentals of thin-film silicon solarlsgbptics, plasmonics,
and the applied three-dimensional electromagnetic sitionlanethod shall help the
reader to follow the content of this thesis. In Chapter 3ithés of light trapping in

solar cells as well as state-of-the-art light trappingliicsn solar cells are introduced.
In addition, an overview of the field of plasmonic light trapgpis presented. The de-
velopment of the ultra violet nanoimprint lithography asalternative preparation
technique for nanotextures for light trapping in solars@lpresented in Chapter 4.
In the following chapters results of plasmonic light trappiwith Ag back contacts
in thin-film silicon solar cells are presented. First, a gtod general design prin-
ciples of plasmonic Ag nanostructures on the back contatttioffilm silicon solar

cells is presented in Chapter 5. For this study, the ele@gatic coupling of in-

cident propagating light and localized plasmonic resoaaiiit nanostructures on Ag
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back contacts was simulated with a three-dimensional nicalesolver of Maxwell’s
equations. An optimization of the Ag nanostructures on theklcontacts in terms
of plasmon-induced light scattering for light trapping imri-film silicon solar cells
is presented. Therefore, geometrical parameters as wibléasnbedding material of
single and periodic nanostructures on Ag back contacts waied.

A dominant non-radiative decay of plasmonic resonancesiallsAg hanostructures
induces optical losses. These losses decrease the réfyeatifig back contacts with
the state-of-the-art random texture for light trapping.Clmapter 6, the absorptance
spectra of such back contacts are discussed with regardatized plasmon induced
optical losses as well as propagating plasmon inducedadptisses. The impact of
the decreased reflectivity of the back contact on the sgeesponse of state-of-the-
art thin-film silicon solar cells is shown. Furthermore, aguial to decrease the
plasmon-induced optical losses by applying low refracitidex intermediate layers
is demonstrated.

A dominant radiative decay of plasmonic resonances in Agsianctures induces
an efficient scattering of incident light. If this light staing is directed into the
absorber layer of a thin-film silicon solar cell, the metahostructures serve as sub-
wavelength scattering components that couple incidemtggating light into the thin
absorber layers of the solar cells. In Chapter 7 and Chaptedypes of plasmonic
back contacts are introduced which make use of plasmoreedilight scattering to
induce a light-trapping effect in prototype solar cellsQnapter 7, the light trapping
in thin-film silicon solar cells which apply plasmonic baakntacts with non-ordered
Ag nanostructures is investigated. Measured optical tafhee spectra of the plas-
monic back contacts with non-ordered nanostructures argared with simulated
reflectance spectra calculated from optical simulation®cdlized plasmon reson-
ances in isolated nanostructures on Ag back contacts. éruntire, the light trapping
in a prototype microcrystalline silicon thin-film solar tééposited on one promising
type of Ag back contact with non-ordered nanostructuresidied. In Chapter 8, the
optical simulation and development of prototypes of micystalline silicon thin-
film solar cells applying plasmonic reflection grating backtacts is presented. The
plasmonic reflection grating back contacts consist of Agpstmictures which are ar-
ranged in a square lattice on the back contact of the solaiBaded on experimental
and numerical studies, the light trapping in solar cell$wpiasmonic reflection grat-
ing back contacts is explained from the perspective of géaecatoptics as well as
waveguide theory.



Chapter 2

Fundamentals

This chapter provides a brief introduction and a review ofergial fundamentals
along with experimental methods applied in this work. Infifee section, the working
principle, device structure and characterization of tfiilma silicon solar cells are

presented. The second section provides a brief summargssichl electrodynamics
and optics. In the third section, the fundamentals of plaso®are introduced. The
last section introduces the electromagnetic simulatiothoe applied in this work.

2.1 Thin-Film Silicon Solar Cells

2.1.1 Operating Principle

The solar cell is an optoelectronic device that convert$ighininto electrical power.
In this section, the working principle of a thin-film silicaolar cell is presented.
For a more detailed description of the theory on solar ctiks reader is directed to
authoritative textbooks [26, 27].

Basic Photovoltaic Operation Principle For any photovoltaic energy conver-
sion process, a photon is absorbed via the excitation ofeatreh beyond an energy
barrier. This way an electron-hole pair is induced which bareither free or bound
in an exciton state. Then, after an optionally transmisstbis electron-hole pair
must be separated by some kind of selective contact in cod®rdid its recombina-
tion. In a steady-state scenario of constant photon flux &oskd electrical circuit,
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Figure 2.1: Band diagram of (a) a single junctipaSi:H thin-film solar cell and
(b) a tandem thin-film silicon solar cell.

the separated charge carriers induce a voltage acrossuice dealled photovoltage,
as well as a photocurrent. The generated electric powewéndiy multiplying the
photocurrent and the photovoltage.

Single Junction Thin-Film Silicon Solar Cell In this work, thin-film silicon
solar cells based on hydrogenated amorphous sili&@i:H) [28—30] and hydrogen-
ated microcrystalline siliconuc-Si:H) [31-33] absorber layers are investigated. In
these semiconductor materials, incident photons of enlarggr than the band gap
can be absorbed by exciting an electron from the energhtilcater valence band
(Ev) to the energetically higher conduction bard- [26, 27, 29]. This produces
free electron-hole pairs (see Figure 2.1 (a)). The elestand holes are separated
and directed towards the two contacts via an electric fields €lectric field is cre-
ated by the entropy-driven difference in the concentratibelectrons and holes in
the thin p-doped and n-doped layers at the front and reas siihe solar cell [34].

Tandem Thin-Film Silicon Solar Cell In a single junction solar cell, on the one
hand, only those photons of energy larger than the band géye @bsorber material
can excite an electron-hole pair. On the other hand, theggredrphotons which
exceeds the band gap is lost due to thermalization of theyetaarriers to the band
edges of the absorber material. The resulting limitationthe conversion efficiency
have been described first in [35]. In order to harvest a lgrgeion of the broadband
solar energy, multiple single junction thin-film siliconlaocells of different absorber
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materials are combined. For this work, the tandem thin-filina solar cell is in
focus. In Figure 2.1 (b), the operation principle of a tandem-film silicon solar
cell is illustrated. This device consists of afBi:H single junction solar cell and a
pe-Si:H single junction solar cell which are connected ines®f86—39]. The-Si:H
top solar cell typically exhibits a band gap of 1.7-1.9 eV #reluc-Si:H bottom solar
cell typically exhibits a band gap of around 1.1 eV. Thus,ai:H top cell absorbs
light of short wavelengths of the solar spectrum and ibé&i:H bottom solar cell
absorbs light of longer wavelengths of the solar spectrumme ©@ a better match of
tandem thin-film silicon solar cells to the solar spectrune overall efficiencies of
this device are higher than the efficiencies achieved faglsijunctiona-Si:H and
Mc-Si:H solar cells. For tandem thin-film silicon solar celteg highest reported
initial and stabilized energy conversion efficiencies a#e1% and 12.3% [40, 41],
respectively.

A major challenge for the development of tandem thin-filnrceih solar cells is the
required matching of the photocurrent in the top and bottolar<ell. As both single
junction solar cells are connected in series, the genecdtadje carriers recombine
at the n/p-tunnel junction in the centre of the device (semife 2.1 (b)). Thus, the
total photocurrent of the solar cell is limited by the lowéropocurrent of either the
top or bottom solar cell. To match both photocurrents, mesdiate reflectors are
incorparated in high efficiency devices [42—-44].

2.1.2 Device Structure and Materials

The core element of thin-film silicon solar cells is the afdescribed p-i-n diode of
a-Si:H or uc-Si:H. In addition, a transparent and conductive front aoh&ind a con-
ductive and reflective back contact are integral parts obthar cell. Depending on
whether a superstrate or a substrate is used for the pripacddtthe solar cell, the
thin-film silicon solar cell is refered to as a solar cell ini:p configuration’ or 'n-i-p
configuration’, respectively. To provide an example, FgRr2 (a) and Figure 2.2 (b)
show schematic cross-sectionspmfSi:H thin-film solar cells in p-i-n configuration
and in n-i-p configuration, respectively. For the solar aelb-i-n configuration, in-
cident light travels through the glass superstrate andrémsparent and conductive
textured aluminium-doped zinc oxide (ZnO:Al) front elexte. The front ZnO:Al
layer exhibits a texture needed to scatter and diffractii light into thepc-Si:H
absorber layer of the solar cell (for details on the lighppiag see Section 3.2). The
adjacent p-i-n diode qic-Si:H exhibits a thin p-dopedc-Si:H layer of 10 nm-30 nm,



8 Fundamentals

(a) (b) (c)

electrode\

glass su perstratel
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i
intrinsic pc-Si:H p-doped uc-Si:H

intrinsic pc-Si:H
n-doped pc-Si:H

n-doped pc-Si:H

n-doped pc-Si:H

Figure 2.2: Cross-section of (a) a single junctigrSi:H thin-film solar cell in p-i-n
configuration, (b) a single junctiouc-Si:H thin-film solar cell in n-i-p configuration
and (c) a tandem thin-film silicon solar cell.

alum -2 pm thick intrinsigic-Si:H layer and a thin n-dopegat-Si:H layer of 10 nm-
30 nm. The conductive and reflective back contact consista 80 nm thick ZnO:Al
interlayer and a Ag back layer of thickness larger than 200Inrthin-film solar cells
in n-i-p configuration, the deposition order of the layelisi®rse (see Figure 2.2 (b)).
However, in the n-i-p configuration, incident light does traivel through the sub-
strate, which allows the substrate to be modified indepethdehits transparency.
Due to enhanced incoupling of incident light, the layerlthiess of the ZnO:Al front
contact is only around 80 nm for solar cells in n-i-p configioras [45]. This results
in a low conductivity which is compensated by additional Awgr electrodes on the
front contact of thin-film silicon solar cells in n-i-p configation. The layer stack of
a-Si:H thin-film solar cells is similar to the above presenpeeSi:H thin-film solar
cells, but the intrinsic absorber layer thicknessaddi:H is much thinner (between
200 nm to 350 nm). In addition, Figure 2.2 (c) shows a tandemftlm silicon solar
cells which consists of aa-Si:H top solar cell and pc-Si:H bottom solar cell which
are deposited one after the other.

ZnO:Al as Transparent and Conductive Front Contact Several materials and
deposition processes have been investigated in the pasepane transparent and
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conductive front contacts which have a good texture fortliglpping in thin-film
silicon solar cells. Prominent examples are sputtered agidchemically etched
ZnO:Al layers [46—48], as-deposited grown Sn@ayers [49, 50] or as-deposited
grown ZnO:Al layers prepared by low pressure chemical vajgosition [51]. In
this work, wet-chemically etched ZnO:Al layers are usedchtdare deposited by ra-
dio frequency magnetron sputtering [52]. The transparemzy conductivity of the
sputtered ZnO:Al layers highly depends on numerous dapogiarameters such as
the temperature, the pressure, the deposition power, tygeoxflow added as well
as the AbO5; doping of the ZnO:AlO3 sputtering target [46, 53-56]. Furthermore,
the deposition parameters influence the layer growth angriinthe etching behavior
of the ZnO:Al layers, which are typically wet-chemicallycked for around 40s in
0.5 w/w% HCI. Due to the complexity of the deposition paragnesetting, identi-
fying a stable sputtering process which yields optimal ZxGront electrodes for
thin-film silicon solar cells is an on-going field of researchhe textured ZnO:Al
front contacts applied in this work were deposited at sabstemperatures of around
300°C and a sputtering target doping level of around 0.5 wt%. ReranO:Al in-
terlayer and the thin ZnO:Al front contact of solar cells Hirm configuration, the
deposition temperature was reduced to room temperaturg@%0fiC, respectively.

Hydrogenated Amorphous Silicon Amorphous silicon &-Si) exhibits no long
range order of the silicon atoms due to variations of themdotengths and bond
angles. Nevertheless, the local order is sufficient for trention of bands of the
electron energy levels [29,57]. ThusSi is a semiconductor. However, due to the
disorder of the material, some atomsaisi have dangling bonds which create a large
number of defect states within the band gap. In order to erehttre quality of the
a-Si semiconductor, the dangling bonds need to be saturgtegdrogen atoms [29].
The resulting material is called hydrogenated amorphdigesi(a-Si:H).

In a-Si:H, due to the disorder, the band edges of the valence daddhe conduc-
tion band exhibit localized tail states that extend intolthed gap. As a result, the
band gap is not well defined. Instead, it is defined via the hitplif charge carriers,
which is strongly decreased in the localized tail stateqicBf band gaps cd-Si:H
are 1.7-1.9 eV [29, 57]. Another aspect related to the deyoithea-Si:H is that
the crystal momentum is not a good quantum number. Téu8i;H acts as a quasi-
direct semiconductor with much higher absorptivity whemparing with crystalline
silicon, which is an indirect semiconductor.

A major drawback ofa-Si:H thin-film solar cells is the light-induced degradatio
of the a-Si:H material. This degradation was first described by [S&aeand Wron-
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ski [58]. The commonly accepted model for this effect stdtes weak strained
silicon-silicon bonds can break under illumination anduoel additional dangling
bonds. These dangling bonds create additional recombimagnters which lower
the photoconductivity of the material. High qualiySi:H material for thin-film
silicon solar cells is deposited from the gas phase. Thesgsitene and hydrogen
are decomposed so that a deposition of silicon is possibtedétails see [29, 59]).
This decomposition is very efficient in a plasma enhancechatsd vapor deposition
(PECVD) process.

Hydrogenated Microcrystalline Silicon Under certain deposition conditions,
the afore mentioned PECVD deposition procesa-&i:H induces a crystalline sil-
icon phase enclosed by an a-Si matrix in the deposited rahf8fi, 33,59—-62]. The
resulting two-phase material is called microcrystalliiiesn. Due to the amorphous
phase, the grain boundaries as well as possible voids in itr®aenystalline silicon
layers, microcrystalline silicon need to be passivateth Wwitdrogen in order to form
a high quality semiconductor material. For this hydrogedaticrocrystalline silicon
(uc-Si:H), the crystalline grains grow columnar-wise on topanofamorphous incub-
ation layer [61]. However, the exact morphology and cr¥istalvolume fraction
highly depend on the deposition conditions. For examplejdnreasing the SiHto
Hs ratio in the PECVD deposition chamber, the material groveth lse varied from
a-Si:H to uc-Si:H of very high crystalline volume fraction. High qualitic-Si:H for
application in thin-film silicon solar cells has crystadirolume fractions of around
70%. Other important deposition parameters for|ileeSi:H material are pressure,
total gas flow, high frequency power, substrate temperandeexcitation frequen-
cies of the plasma. For more details on the material employtds work, the reader
is directed to the literature [45,59,61]. The band gap offiljgalitypuc-Si:H is around
1.1 eV. Thuspc-Si:H is able to absorb light in a much larger spectral ratngs &-
Si:H. However, due to the indirect band gap, its absorptigtiower in comparison
with a-Si:H. For this reason, thec-Si:H absorber layer in a tandem thin-film silicon
solar cell must be much thicker than th&i:H absorber layer.

Sputtered ZnO:Al Interlayer and Ag Back Layer The back contact of a thin-
film silicon solar cell consists of an 80 nm thick ZnO:Al intgrer prepared by radio
frequency magnetron sputtering and an optically thick Agkdayer. The Ag layer
can be either deposited by dc-sputtering or physical vapposition.
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2.1.3 Characterization of Solar Cells and Materials

Current Density - Voltage Characteristic The energy conversion efficiency is
the ultimate figure of merit for all solar cells. It is derivé@m the current dens-
ity - voltage characteristic/-V' characteristic) of the solar cell under illumination
with the sun spectrum. There is an obvious dependency of thiecharacteristic
on the illuminated sun spectrum. The reference spectrum gy to determine
the conversion efficiency of solar cells is the AM1.5G173sp8ctrum [63, 64]. This
spectrum, which is shown in Figure 2.3 (a), represents tha svadiance (diffuse
and specular components) onto & 3fted surface on earth which corresponds to an
air mass of 1.5 times the atmosphere.

In Figure 2.3 (b), a typical/-V characteristic of a tandem thin film silicon solar
cell, as introduced in the previous section, is shown. Thegomant quantities are
illustrated: the open-circuit voltag&/(.), the short-circuit current density/{(.), the
voltage at the maximum power point:f,,), the current density at the maximum
power point (,pp) and the maximum powet,.x = Jmpp © Vinpp)- Another im-
portant quantity is the fill factor{F = Ppya/(Voe-Jsc)) Which denotes the ratio
of the power at the maximum power point and a hypotheticalgravalculated by
multiplying the J;. and theV,.. Then, the conversion efficieneyof the solar cell is
given as function of the irradiated powEs by:

Pmar_Jsc"/oc'FF
Py Py '

n= (2.1)

External Quantum Efficiency Particularly for the analysis of light trapping in
solar cells, the spectral response of a solar cell on theemtilight is an important
characteristic of the device. Usually, the spectral respaf a solar cell is given by
the external quantum efficiencf(QF). The EQFE describes the probability of an
incident photon of a given energy to generate an electrde{bair that contributes
to the J,.. The EQFE is measured by illuminating the solar cell with monochramat
light of in the investigated spectral range. TH& F is given by:

EQE()) = Ton(N) (2.2)

e ¢p(A)’

where )\ is the wavelengthe is the elementary charge?ph(A) is the photo-current
induced by illuminating the solar cells with photon flg()). The measurements of
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Figure 2.3: (a) Spectral irradiance of the AM1.5G173-0X#pen [63,64]. (b) Rep-
resentative illuminated current density - voltage chanastic of a tandem thin-film
silicon solar cell [65]. Indicated are the short-circuiti@nt density {;.), the open-
circuit voltage {5.), the current density at maximum powek.{,;,), the maximum
power (Pnax) and the voltage at maximum powear,(,,).

the EQFE are usually conducted at a voltage of 0 V. In this case, thean be cal-
culated as an integral of the product of th§) £ and the solar spectrum. The typical
spectral resolution of th&Q £ measurements is around 10 nm in wavelengths.

In Figure 2.4, a typicaEFQE of a tandem thin-film silicon solar cell is shown. The
EQF of each single junction solar cells is given as well as the 6 E. It is shown
that only light of wavelengths shorter than 780 nm is absbibe-Si:H top cell with
the high band gap. In turn, for wavelengths longer than 500 thmincident light
passes at least partly through #&i:H top solar cell and can be absorbed in iice
Si:H bottom solar cell. It shall be noted, that due to theeseconnection, th& QF
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Figure 2.4: External quantum efficienciZQ F) of a tandem thin-film silicon solar
cell [65]. Indicated are th&QFE of the a-Si:H top solar cell, thquc-Si:H bottom
solar cell as well as th&Q E of the total tandem thin-film silicon solar cell.

of the top and bottom solar cell must be measured separatetylaias illumination
of light in a spectral range which is solely absorbed by onthefsolar cells. The
total EQF is then calculated by summing up th&) E of the a-Si:H andpcSi:H
solar cells.

Reflectance Measurements  Reflectance measurements of thin-film silicon solar
cells as well as layer stacks are carried out with a LAMBDAS8B@ctrophotometer
(Perkin Elmer, Waltham, USA) [66]. This spectrophotometses a monochromator
that allows the spectral analysis of the light reflected atransmitted through a
sample for wavelengths between 175 nm and 3300 nm. The imtciam of the
light source is split into a probe beam and a reference bedmm piobe beam enters
an integrating Ulbrich sphere and impinges on the sample. tbthe highly reflect-
ive surface, the integrating Ulbrich sphere collects ghiireflected in any direction
at the sample. This way, the total reflectanBg,() is measured. In addition, the dif-
fuse reflectanceH ;) can be measured by excluding the light reflected specuisrly
the sample. The experimental setup encloses an anglefof 8pecular reflection.
The uncertainty in the reflectance spectra presented thoautghis work is below
2%. The absorptancel] of a non-transparent solar cell or non-transparent dietec
layer stack is calculated by substracting the reflectarma fmity.
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Scanning Electron Microscopy Scanning electron microscopy (SEM) is an ex-
perimental imaging method that images the surface of a sabypbcanning it with a
beam of electrons [67,68]. The electrons are emitted frofamént or field emission
tip. They are accelerated and confined via an electron levertts the surface of the
sample. The focused spot of the electron beam scans acmsartiple surface. By
evaluating the amount of secondary electrons, a brightvedsg can be assigned to
each surface position. As the signals primarily result fiataractions of the elec-
tron beam with atoms near the surface of the sample, thetireslirightness im-
age provides a two-dimensional surface topography. Intbik, the measurements
were conducted with the scanning electron microscope Sf)® Smart-SEM (Carl
Zeiss, Oberkochen, Germany). The images were taken underga of 45 and 60
with respect to the surface normal.

Atomic Force Microscopy Another method to determine the surface topo-
graphy of a sample is the atomic force microscopy (AFM) [89, This method uses
a fine tip with a curvature radius of around 10 nm and openimgeanf 3¢°. The tip

is positioned at the end of a resonantly oscillating caveile As the tip approaches
the surface of the sample, its resonance frequency is chatgreto attractive van
der Waals forces between the tip and the surface. The mgultiange in the amp-
litude of the oscillating cantilever is detected. A feedblmp and a piezo-electric
height control allow the distance between tip and surfadeettiept constant as the
tip scans across the surface (non-contact tapping mode)eBacting the position
of the tip normal to the surface, a three-dimensional serfapography is mapped.
The AFM measurements conducted in this work utilized a NA&tiSh 300 (S.1.S
GmbH, Herzogenrath, Germany). Due to the tild and a drifhefAFM tip, a plane-
fitted background was substracted from the measured sudpographies with the
software SPIP, version 5.1.6 (Image Metrology A/S, Horshdbenmark) [71].

Optical Data The optical data of the materials employed in this work are de
scribed via the complex refractive index)( The complex refractive indices of in-
trinsic, p-doped and n-dopeget-Si:H anda-Si:H as well as front and back ZnO:Al
layers are taken from a reference set of experimental datseldata are taken from
measurements of state-of-the-art materials which areeapl thin-film silicon solar
cells. The experimental methods applied are phototheref@dation spectroscopy,
transmission and reflection measurements and ellipsometwy optical data of Ag
are taken from ellipsometry measurements performed omasgrgplanar and optic-
ally thick Ag layers. The data agree, within the reportedighedependent variations,
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with reference data from literature [72,73]. The data ispreed in Appendix A. For
details on the measurements see [74,75].

2.2 Electrodynamics, Photonics and Optics

This section provides a brief introduction to classicat#ledynamics which forms
the theoretical basis of the light-matter interaction imfiim silicon solar cells as
well as for light-matter interaction of metal nanostruesiwhich exhibit plasmons.

2.2.1 Excursion into Classical Electrodynamics

The theory of classical electrodynamics was condensedq b James Clerk Max-
well into a set of partial differential equations [76, 77}. accurately describes the
temporal and spatial evolution of electromagnetic fields.Igkg as quantum effects
can be neglected, a combination of classical electrodycsgand solid state theory
provides a complete description of classical optics.

Maxwell's Equations The central component in the theory of classical elec-
trodynamics is a pair of vector fields, the electric fiel(X, ¢)) and the magnetic
field (H(x,t)), wherex = (z, y, z) determines the position in space and the time.

In addition, the dielectric displacemer® (¥, t)), the magnetic inductionB(X, t)),

the external electric current density.{;(x,¢)) and the scalar free charge density
(pext (X, t)) are needed for the formulation of Maxwell's equations fia 81 system

of units):

V DX, t) = pext(Xt), (Gauss’ law) (2.3)

V-B(x,t) = 0, (Gauss’ law for magnetism) (2.4)
V xE(Xt) = - 882;’ 2 , (Faraday'’s law of induction)  (2.5)
VxHXt) = Jex(Xt)+ GDg;,t) (Ampére’s circuital law)  (2.6)

This formulation of Maxwell’s equations represents a macopic average over the
microscopic fields. The microscopic response of matterseady the fundamental
interactions between charged particles in matter and thetreimagnetic fields, is
averaged macroscopically. The resulting interrelatioagé&ven in the material equa-
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tions also known as constitutive relations. The generattitfapendent formulation
of the constitutive relations is complex. In this work, spleroblems in steady state
with harmonic excitation are investigated where the etentrgnetic field is of har-
monic time-dependence thatBsx,t) = Re(E(w,t)e~'“!) and accordingly foH,
D, B, Joxs @ndpeyt- IN the case of isotropic materials with a linear responséi¢o
external fields, the constitutive relations can be written a

D(X,w) = e€pe(X,w)E(X,w), (2.7)
B(x,w) = pop(X,w)H(X,w), (2.8)
Jext (X, = o(X,w)E(X,w). (2.9)

The dielectric constant(x, w)), the relative permeability.{(x, w)) and the conduct-
ivity (o(x,w)) describe the macroscopic optical, magnetic and eletipiciperties
of the material. The vacuum permittivityy) and vacuum permeability.() are uni-
versal constant. Via a Fourier transformation, the dieleconstant and the con-
ductivity are linked bye(x,w) = 1 + io(X,w)/(eow). €(X,w) and u(X,w) are fun-
damental material properties which can be either derivenh fiirst principle calcu-
lations of solid state theory or taken from experiments. his work, experimental
data is applied to specify the dielectric constant of theemials under study (see Ap-
pendix A). Instead ot(x, w), in optics conventionally the complex refractive index
n(w) = n(w)+ik(w) = y/€(w) is used. Often, the real part of the complex refractive
index (n(w)) is simply called the refractive index and the imaginaryt pathe com-
plex refractive index#£(w)) is called extinction coefficient. Furthermore, in a good
approximationu(x,w) =~ 1 for electromagnetic problems as the variatior (g, w)

is dominant.

Helmholtz Equations and Electromagnetic Waves In the absence of free
charges and currents the constitutive relations and Mdswajuations can be re-
formulated in a simplified form calledelmholtz equations

2

VXxVxEXw) = —uou(x,w)eoe(x,w)%, (2.10)
2

VXxVxHXw) = —uou(x,w)eoe(x,w)%txz’w, (2.11)

The general time harmonic solution of the Helmholtz equetican be expressed as
a superposition of plain electromagnetic waves of variowgiar frequencies which
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are given by:
E,(x,t) = Ege!®™™Y  and  B,(x,t) = Boe!*t), (2.12)

where the direction of the electromagnetic waves is givethbywavevectork) with
|k| = w|n|/c. The local speed of light in a certain material is givenchy|n|, where
co is the speed of light in the vacuum.

2.2.2 Optics and Photonics

This section introduces relevant basic concepts, termgafiditions in the field of
optics which are essential to follow this work.

Geometrical Optics and Wave Optics Geometrical optics only applies if the
wavelength of the considered electromagnetic wave is vastlsn comparison with
any geometrical dimension of the system under study. In systems, the propaga-
tion of light can be studied in terms of light rays. For thegétirays, the refraction,
reflection and transmission at the interface between twdareddlifferent refractive
indices is described by Fresnel’s equations [78]. Fromaleegiations, basic optical
formulas like Snell’s law of diffraction and the conditiofi total internal reflection
can be derived. Also, the attunation of the intensity oftligliven by the Lambert-
Beer law, can be studied with geometrical optics. Promifietds of application are
crystalline silicon solar cells with a silicon absorberdayhickness above 150 pum.
However, in thin-film solar cells, the light-trapping terts as well as the layer thick-
nesses are in the range of the wavelength of light iretis&H anduc-Si:H absorber
layers. Thus, geometrical optics provide a very limitedyrie when studying the pro-
pagation of light within a thin-film silicon solar cell. Hower, for some arguments
and discussions presented in this work, geometrical ojstigsed as it is intuitive and
encompassed by wave optics.

In wave optics, the propagation of light is described by tetenagnetic waves which
are solutions of the Helmholtz equations. These electromiag waves exhibit a
time-harmonic dependence and a wavelengdh (Wave optics encompass the field
of geometrical optics but can, additionally, explain theeiaction of light with ob-
jects of dimensions close to the wavelength of light. Pr@nirphenomena which
are explained by wave optics are the interference of ele@gmetic waves or the
diffraction of light at a grating.
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Nearfield and Farfield The nearfield and the farfield denote two regions of con-
ceptually different characteristics of the electromagn¢lds induced by any ob-
ject which interacts with electromagnetic waves [79, 80.pérticular, for objects
of dimensions in the order of the wavelength and below, bgbed of electromag-
netic fields are present. The fundamental reason for theseharacteristics is that
those electric fields which are induced by changes in chagjgldition of the ob-
ject exhibit a much different character than those eleéiglds induced by changing
magnetic fields (c.f. Eq. (2.3) and Eq. (2.5), respectiveR)e nearfield consists of
those electromagnetic fields which are associated with areigiate electromagnetic
response to local changes in the charge distribution inbfect It can induce strong
amplitudes of the electromagnetic fields in the vicinityluf bbject [80]. The farfield
dominates at larger distances from the object. At this degathe electromagnetic
fields are radiative and can be expressed as a superpoditmopagating electro-
magnetic waves.

The boundary between the nearfield region and farfield regisague and its defin-
ition varies between different fields of application [81lrfhermore, there is a broad
transition region, wherein nearfields and farfields coexiBbr an antenna shorter
than half the size of the investigated wavelength, the mgratiag electromagnetic
fields, belonging to the farfield region, dominate for diseslarger than twice the
wavelength. For distances smaller than the wavelengtheléxtromagnetic fields
associated with the nearfield typically dominate.

In thin-film solar cells, both new light-trapping concepts &ell the state-of-the-
art light-trapping concept make use of surface texturesimiedsions below the
wavelength of light inuc-Si:H ora-Si:H. Thus, the electromagnetic nearfield and far-
field need to be considered when investigating optics intilimsilicon solar cells.

Evanescent Electromagnetic Fields  Evanescent fields are formed when light
waves are reflected totally at the interface of two materikd$al internal reflection is
an optical phenomenon that appears if an electromagnetie iwgpinges on a planar
boundary of two materials at an angle larger than a partiauritical angle. If the
refractive index of the first materiah() is larger than the refractive index of the
second materialy,), the critical angle{.) for total internal reflection is given by:

0. = arcsin 2, for ni > na. (2.13)
ni

In the case of total internal reflection, evanescent fieltesrekinto the material of low
refractive index. The evanescent fields decay expongntalll their time-averaged
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Poynting vector, which describes the energy flows acrosbdhadary, vanishes.
With regard to thin-film silicon solar cells, the existendessanescent fields above
the front interface of the solar cells indicates the totediinal reflection of light within
the solar cell absorber layers, which is associated witit tigipping. With a scanning
near field microscope these evanescent fields can be detdlawihg for an unique
experimental analysis of light propagating in thin-filmadin solar cells [82, 83].

Optical Diffraction Gratings Optical diffraction gratings are dispersive devices
which redirect incident light into discrete diffractiondars. The integral parts are
periodically arranged elements which transmit, reflecf@amngtatter an incident elec-
tromagnetic wave. Due to the periodic arrangement, theepbagelation of the
transmitted, reflected and/or scattered electromagnetie\at all periodic elements
is preserved. For certain angles, called diffraction qrtter transmitted, reflected
and/or scattered electromagnetic wave superimposesraotigtly. Thus, incident
light is redirected into these diffraction orders. The wiftion orders are numbered
for each dimension, starting with the zero- order which desspecular reflection or
transmission. The diffraction angles of the diffractiodens are given by the grating
equation. They depend on the incident angle, the refractdex, the period, the unit
cell, the wavelengths and the diffraction order. In this kydwo-dimensional reflec-
tion gratings are of particular interest. The correspogdjrating equation is given in
Section 5.3.

Optical Planar Waveguide An optical waveguide is a structure that guides elec-
tromagnetic waves. In a waveguide, propagating electroetagwaves are confined
in a dielectric material by total reflection at the outer bdames. For this purpose,
the adjacent materials must be either highly reflective dowkr refractive index
than the inner material. Figure 2.5 shows a planar waveguideh consists of a
dielectric layer ¢ > 1) in between a highly reflective mirror at the lower side and
air at the top side. Light which propagates at large anglélsinvthe waveguide is
completely reflected at the highly reflective rear side amdftbnt side due to total
internal reflection. For certain angles, the electromdgmetve that is twice reflected
reproduces itself. Eventually, in this condition, any riphit reflected electromag-
netic wave reproduces itself, leading to a periodic eledield pattern of regions of
multiple constructive interference and destructive if@iemce.

As this self-reproducibility of the electromagnetic wawennot be fulfilled at any
angle, the number of waveguide modes for a certain wavegiditirite thickness is
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Figure 2.5: lllustration of the condition of self-consisty for the occurence of wave-
guide modes. The exemplary system under study is a higictisgandex dielectric
(n > 1) which exhibits a highly reflective mirror at the rear sichela@n air ambient.

discrete. In explicite, the following condition must beisted:

2% ‘n-2dcos(f) + o+ 7 = 2Tm with m=20,1,2,.., (2.14)
whered is the thickness and is the complex refractive index of the dielectric (see
Figure 2.5).p, is the phase shift of the reflected electromagnetic waveeanhtbrface
between the dielectric and air. This phase shift is depanolethe anglé and the
polarization. For this reason, the dispersion relatiorarfisversal electric (TE) and
transversal magnetic (TM) waveguide modes differs.

The above described waveguide modes are confined to thetdielaveguide. No
coupling to propagating electromagnetic waves in the ambigepossible. In order
to allow incident light to couple into the waveguide mode hanar geometry needs
to be perturbed, for example, by a grating coupler. In thisecancident light can
couple to the waveguide mode and vice versa. The resultirderisocalled a leaky
waveguide mode.

2.3 Plasmonics

A plasmon is a quantized collective oscillation of the fréectron gas density [84—
86]. Under certain conditions, these oscillations can totp an electromagnetic
wave. In the case of coupling, the electric field of an inctd#actromagnetic wave
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causes a displacement of the free electron gas density @gfiect to the ion lattice.
Charged regions are induced in phase with the excitingreleetgnetic fields. The
resulting Coulomb interaction provides a restoring fordgclh causes an oscillation
of the free electron gas density. Depending on the boundamglitons, the spatial
oscillation of the free electron gas density and in turn #snance conditions differ.
At planar metal surfaces, propagating surface plasmomitmwia (SPP) appear and at
the surface of metal nanostructures, localized surfacea polaritons (LSPP) are
formed. In the field of nanophotonics, due to the possibl@liog to electromagnetic
waves, plasmonic effects are extensively studied to guiddacalize light with metal
nanostructures within dielectric layer stacks [22, 87].isT¢ection provides a brief
introduction. For a thorough understanding the interestedler is directed to the
references [84-86].

2.3.1 Propagating Surface Plasmon Polaritons

Surface plasmon polaritons are electromagnetic modeswgnapagate along an in-
terface of a metal and a dielectric (see Figure 2.6 (a)). Toegist of an oscillation

of the free electron gas density in the metal and an elecgoeta wave which are

coupled in phase to each other. The former aspect reflecggldsmonic character
of the SPP and the latter aspect reflects the polaritoniactarof the SPP modes.
The SPP resonances are eigenmodes and the electric fieH(s€215)) as well as

the dispersion relation (see Eq. (2.16)) can be derived Maxwell's equations (see
Eq. (2.3)-Eq. (2.6)) under consideration of the contineifyations at the interface of
the metal and the dielectric [85, 86]:

E(Xv t) = EJ (XL)ei(kHXH_wt)7 (215)

€m (w)€D (w)

= en(@) + ep (@)’

o€

(2.16)

whereep ande,, denote the dielectric function of the dielectric and the ahate-
spectively. The electric field of the SPP mode representsagiating eletrodynamic
eigenmode wherg ; describes an exponential decay of the electric field peiipend
ular to the interface into the dielectric as well as into thetah E; decays tol/e
within approximately 10 nm and 100 nm for noble metals anddikéectric media,
respectively [88,89]. The SPP mode propagates along thal/dietectric interface
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Figure 2.6: (a) lllustration of a propagating SPP at an fat® between a planar Ag
layer and air. (b) Dispersion relation of the SPP modes attaAffasurface in air
calculated with Eq. (2.16).

with the wavevectok|,. For Ag surfaces, propagation lengths on the order of tenths
of micrometres have been reported for wavelengths in thiblgispectrum [89].

SPP Resonance In Figure 2.6 (b), the dispersion relation of the SPP eigateao
at an interface of Ag and air, calculated according to EdLGR.is shown. The op-
tical constants for Ag are taken from Appendix A. At the freqaywspp, the corres-
pondingAspp is marked in Figure 2.6 (b), the density of states per enargieases
strongly. In fact, in the case of a perfect conductor €)EQ0) and no losses in the
dielectric (Imgp)=0) atwspp the density of states per energy interval approaches in-
finity andeaq (w) + €air (w) = 0 is fulfilled. Due to the increased number of states per
energy interval abspp, the excitation probability of SPP eigenmodes at that gnerg
is dominant in comparison with other frequencies. In thiskyave refer tawspp as

the resonance frequency of the propagating SPP modes diculzametal/dielectric
interface.\spp is the corresponding wavelength.

Coupling of SPP Modes to Incident Light In addition to the dispersion relation
of the SPP modes, in Figure 2.6 (b), the dispersion relatidigiat at 25° incidence,
45° incidence and in the limit of parallel incidence (9@o the interface are shown. It
is shown that the dispersion relations of incident lightavf langle of incidence does
not intersect with the dispersion relation of the SPP moiihais observation is valid
for all dielectrics [85]. Therefore, SPP modes cannot betedat a perfectly flat
metal interface. In order to couple to incident electronsignwaves, special tech-
nigues are required to provide the missing momentum at afgpfrequency. The
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most common optical methods for the coupling of incidentetamagnetic waves to
propagating SPP modes are prism couplers, grating cowgaldrhe near-field effects
in the vicinity of sub-wavelength nanostructures [85, &j; 8

» Prism couplers:For this technique, the light impinges on an additionalatiel
tric/air interface above the metal surface, typically vigiam, and is totally in-
ternally reflected. If the metal surface is positioned cleseugh to the dielec-
tric/air interface, such that the evanescent wave can edopthe metal surface,
SPP modes on the metal surface can be excited.

 Grating couplers:Due to the diffraction of light at the periodically structar
metal surfaces, the wavevector of the SPP modes parallleétgrating vector
is varied byAk) = n - 2r/l wherel is the lattice constant of the grating and
n € N. As a result, in the first Brillouin zone, the momentum of tHePS
modes and the incident electromagnetic wave intersectwitoresponds to a
conservation of momentum. Therefore, the SPP modes cartectmuincident
light.

» Near-field effects:In the vicinity of sub-wavelength nanostructures, such as
metal nanostructures and scanning nearfield optical ndomstips, the scat-
tered light cannot be described by single propagating relezgnetic waves.
Instead, the local nearfields exhibit all wavevectors ahdstallow a coup-
ling to SPP modes. Interestingly, near-field optical teghas allow the local
excitation of SPP modes and can act as a point source for SBesr{8, 90].

In this work, the latter two concepts of coupling light to SfaBdes are of particular

interest as they are relevant for randomly nanotexturddses of Ag back contacts in

thin-film silicon solar cells [84]. Randomly textured Ag énfaces can be described,
on the one hand, as a stochastic distribution of local suelgagth nanostructures.
On the other hand, randomly textured interfaces can be ibesicas a superposition
of periodic gratings of various reciprocal lattice congsan

2.3.2 Localized Surface Plasmon Polaritons
Localized surface plasmon polaritons describe resonaniitai®ns of the free elec-

tron gas density in a nanostructure. Similar to SPP modegdtillation of the elec-
tron gas density is in phase with oscillating electromaigriiglds (see Figure 2.7 (a)).
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Figure 2.7: (a) Illustration of the oscillation of the elext gas density in a spherical
Ag nanopatrticle corresponding to a dipolar LSPP resongbd€alculated scattering
efficiency Qsc.) of spherical Ag nanoparticles embedded in non-absorbimg:&l

of various radii. (c) Calculate@s., of spherical Ag nanoparticles of 20 nm radius
embedded in non-absorbing SiIZnO:Al anduc-Si:H with refractive index: at the
resonance wavelengths of approximately 1.45, 1.9 and &spectively.

The spatial confinement of the oscillation of the electros density affects the res-
onance condition as well as the coupling to electromagmedices. In contrast to
SPP resonances, LSPP resonances can be excited by in@tienf arbitrary incid-
ent angle [84]. For this reason, LSPP resonances in metaktractures induce an
optical response that differs significantly from that ofr@a metal interfaces. The
rich spectroscopic behavior of metal nanoparticles hagdairemendous interest in
their application in nanooptical devices [90, 91].

The optical response of a single metallic nanostructuresiglly described by the
scattering efficiency@,.,) and the absorption efficienc¥)(s). These dimension-
less quantities are calculated by:

Pabs Psca

and Qsca =

_—abs _tsea 2.17
IO 'ANP PO 'ANP ( )

Qabs =

where I, is the intensity of the incident electromagnetic wavip is the cross-
section of the nanoparticle normal to the propagation tdoecof the incident elec-
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tromagnetic waveP,,s and P, are the powers absorbed and scattered by the nano-
particle, respectively.

Mie Theory For spherical nanoparticles which are embedded in nonrbinsp
materials, an exact solution of the interaction betweerdent light and the nano-
particle was first described by Gustav Mie [92]. Applying spbtal coordinates and
multipole expansions of the irradiated electric and maigrfeglds, a complete ex-
pression was derived for the electrodynamic response darigath nanoparticles to
a plane incident electromagnetic wave. In the derivatioaxWell’'s equations are
solved rigorously. Thus, the Mie theory is universal to allwelengths of incident
light, sizes of the nanoparticle, non-absorbing embeddiatgrials and materials of
the nanostructure. In several experimental studies, thdityeof Mie theory, within
the above described limitations, has been verified [91,43,Burthermore, numer-
ous expansions of the Mie theory are presented for other gem® in the literature
such as other shapes of nanoparticles or interactions dfpteuhanoparticles [84].
A thorough description and derivation of the Mie theory igegi by [95]. In this
work, the Mie theory serves as an analytical reference tluatathe accuracy of the
three-dimensional electromagnetic simulations of mietathnostructures. The Mie
theory was calculated with the program code published ih [95

Factors Influencing LSPP Resonances  Several factors influence the spectral
position and damping of LSPP resonances in nobel metal tractbges. The most
relevant factors for this work are described in the follogvin

* Size of the nanostructurdzor metallic nanostructures of small size compared
with the wavelength of the incident electromagnetic walre ghase of the lat-
ter can be approximated to be constant over the total voldrttemanostruc-
ture. Then, the problem under study can be simplified in actr@static field
which, in turn, yields a dipolar LSPP resonances in spheniaaoparticles.
The resonance frequency of this dipolar LSPP resonanceeapgroximated
in the quasi-static approximation. With increasing sizehaf nanostructure,
the spatial variation of the phase extends over the volumthehanostruc-
ture. This is equivalent to a retardation of the electronetigrfields inside
the particle. Deviations from the quasi-static dipolar PSf@sonance arise:
the dipolar LSPP resonance shifts to longer wavelengthstlamavidths of
the resonance increases due to ratiation damping. In additn large nan-
oparticles, higher multipole modes can be excited by imtie¢ectromagnetic
waves. These multipolar resonances appear as additicsmharces in the
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Qans andQg., Of the nanostructure. In Figure 2.7 (b), the size-depensisst-
tral response of a spherical Ag nanoparticle embedded in&n®©shown.

Shape of the nanostructurén addition to the size of the nanostructure, the
shape of the nanostructure influences the oscillation aéléngtron gas density.
Thus, the LSPP resonances depend strongly on the shaperafrtbstructure.

A nice experimental illustration of the impact of the outbape of a nano-
particle on the LSPP resonances is given by Mock et al. [96] oBlate ellips-
oidal nanopatrticles, two LSPP modes appear due to two diffrsized axes.
These modes can be excited independently by an electrotiagmee which

is polarized along the respective axis [91]. In addition t@dation of the outer
shape of the nanostructure, core-shell metal nanopaticid nanorings allow
additional ways to manipulate the LSPP resonances [97, 98].

Embedding material:A LSPP resonance induces strongly enhanced electric
fields in the surroundings of the nanostructure. As a coresarp the embed-
ding dielectric close to the nanostructure is polarizedargéd regions appear
in the dielectric which screen the electric field of the LSBBonance inside
the nanoparticle. As a result, the polarizability of the echting dielectric in-
creases the LSPP resonance wavelength [84]. ThereforeSPE resonance
wavelength increases with increasing refractive indekefdambedding mater-
ial. This effect is shown for spherical Ag nanopatrticles igute 2.7 (c). For
inhomogeneous embedding materials, such as nanostrsi@oeedded in a
dielectric layer stack or nanostructures on substratedntpact of the embed-
ding medium on the LSPP resonance is much more complex [99].

Interaction of LSPP resonances of multiple nanostructukéswo or more

metallic nanostructures are located adjacent to each,dtieet SPP-induced
enhanced electric fields enable a coupling. This resultssimang change of
the LSPP resonances [91, 98]. In fact, for well-defined systeuch as di-
mers of Ag nanopatrticles, a hybridization of LSPP resonsutas been ob-
served [100-102]. For very complex arrangements of namdsires of vari-
ous shapes, the interaction of multiple LSPP resonances&sd hot-spots’
of highly enhanced electric fields. These hot-spots arendatén surface en-
hanced Raman spectroscopy [103, 104].
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2.4 Optical Simulations

There are several numerical methods to simulate the prtipagef light in con-
densed matter. For solar cell applications, the adequatieelnf method depends
mostly on the spatial dimensions of the textures and strestunder study. For
very large dimensions of these textures in comparison wi¢hlocal wavelength,
the raytracing method is sufficiently accurate and predi®é]. For textures or layer
thicknesses of geometrical dimensions close to or belowadhsidered wavelength,
Maxwell's equations have to be solved rigorously to acalyasimulate the propa-
gation of light in the solar cell. For three-dimensional ideg, the finite difference
time-domain method [106], the finite element method (FEM)7109], the Fourier
modal method [110] or the finite integration technique [1449 commonly applied.
By using these techniques, the influence of the texturedfémes on the light trap-
ping has been sucessfully investigated for thin-film silicmlar cells [112-116] as
well as other types of solar cells [117-119].

In this work, the interaction of electromagnetic waves wigtmostructured plasmonic
Ag back contacts is studied with a three-dimensional edetagnetic solver of Max-
well’s equations based on the FEM method. For the accunatglaiion of plasmonic
effects, the FEM methods holds particular advantages atowsathe application
of an adaptive mesh of triangular or prismatic shape. Sudheseare essential on
the curved metal/dielectric interface, where strong eledteld enhancements ap-
pear [98,120,121]. The simulations were carried out withdbmmercially available
program JCMsuite (JCMWave GmbH, Berlin, Germany) [122]123

2.4.1 Finite Element Method for Maxwell’'s Equations

JCMsuite solves numerically Maxwell's equations in theistaary case with the fi-
nite element method.

Maxwell's Equations in the Stationary Case In the stationary case, the time-
dependent behavior of the electromagnetic fields can baaepafrom the spatial
behavior by using a time-harmonic ansatz:

E(x,t) = Re(E(X,w)e ™) and H(x,t) = Re(H(x,w)e ).  (2.18)

Maxwell’s equations in combination with the constitutivedations can be rewritten
and split into two separate sets of second order differdeetjaations for the electric
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field and the magnetic field, respectively. Furthermore,hia time-harmonic an-
satz, the magnetic field can be simply derived from the atefigld via the relation
iwege(X,w)E(X,w) = V x H(x,w). Thus, in the time-harmonic ansatz, Maxwell’s
equations can be condensed into the following two seconelr grartial differential
equations for the electric field [123,124]:

V X (pop(X,w)) 71V x E(X, w) — w?epe(X, w)E(X,w) = —iwd(X,w), (2.19)
V - epe(X, w)E(X,w) = 0. (2.20)

Finite Element Method The FEM method provides a general approach to solve
numerically a set of partial differential equations sucltEgs (2.19) and Eg. (2.20)
with the given boundary conditions [108]. It applies a vhoiaal formulation to
solve Eqg. (2.19) and Eq. (2.20). A complete description iwhd the scope of this
thesis. Nevertheless, the integral steps shall be sumedarirst, an appropriate test
function, typically a polynomial, is multiplied to the peattdifferential equation (see
Eq. (2.19)), which is integrated over the total simulatiaméin. Then, by applying
a partial integration, the variational formulation of theiplem is obtained. In this
formulation, a discretization of the simulation domairoiat mesh of finite elements
is introduced. This discretization allows the original lpleam to be represented by a
large but finite dimensional linear problem whose numerscdiition approximates
the solution of the original problem. Furthermore, thisusioh converges numeric-
ally stably towards the exact solution by either increasirggnumber of mesh points
used for the discretization of the calculation domain orrmyréasing the polynomial
order of the test function. However, both numbers are ptigrmal to the dimension
of the linear problem, which determines the random accessaneconsumption of
a computational treatment.

2.4.2 Optical Simulations with JCMsuite

In this work, three-dimensional electromagnetic simolagi of thin-film silicon solar

cells as well as plasmonic nanostructures have been cadiuidte simulations were
conducted with the software JCMsuite which applies the FEdhwod. In this sec-

tion, a brief description of the practical procedure of theenulations is given.

Setup of the Problem First, the geometry of the solar cell and the simulation
domain must be assigned. To provide an example, the catmulddmain of a typ-
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(@) 1ayout (b) mesh (c) absolute electric field

Figure 2.8: (a) Calculation domain and (b) the three-dirimerad mesh of a typical
flat pc-Si:H thin-film solar cell in n-i-p configuration. (c) The allate electric field
is shown for an incident plane electromagnetic wave with ealength of 1000 nm.

ical flat pc-Si:H thin-film solar cell in n-i-p configuration is shown indure 2.8 (a).
For each material specified in the geometrical setup, theptoarefractive index
needs to be specified (see Appendix A). To study the intenadtiincident light with
the sample structure, a planar electromagnetic wave isfigzewhich penetrates the
geometry under study. If not explicitly mentioned, the plaslectromagnetic wave
impinges at normal angle of incidence. The boundaries gahal to this incidence
are assumed to be either periodic boundaries or open baaad#m the latter case,
perfectly matched layers are introduced at the boundarpetalculation domain,
which create non-reflecting interfaces [125].

A prismatic mesh is generated to discretize the three-dsinaal space (see Fig-
ure 2.8). For non-periodic geometries of cylindrical synmyelCMsuite provides a
particular setting of the FEM method which solves, undersaeration of the cyl-
indrical symmetry, the problem in two dimensions [123]. Doehe highly reduced
computational time and reduced consumption of random aaoesnory, this two-
dimensional cylindrical FEM method is applied wheneverlapple. For any geo-
metry, JCMsuite can generate a mesh with predefined uppis liar the maximal
side length of the mesh cells. The mesh and the polynomi&rafithe test func-
tion are the most critical figures for the accuracy of the FEkthmd. By applying
convergence studies, these quantities have been optisimedssively for each geo-
metry in terms of accuracy as well as computational time amgemption of random
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access memory. The latter was limited to 64 Gigabyte for tmepters used in this
work. A maximal relative error of 2% of the targeted physigahntities, such as the
absorptance or the reflectance, was accepted. This was ausnauhieved for poly-
nomial order of the test function larger than or equal toghfeor dielectric material,
the maximal side length of any mesh cell was set to be 10% ofvtnelength of
the incident electromagnetic wave. For the interface ofigidayers and within Ag
nanostructures, a much denser mesh was required. As a rtilarob, in Ag nano-
structures, the maximal side length of the mesh cells wa® ¢be minimum of 10%
of the wavelength and 25% of the dimension of the nanostrectu

Post Processing The above described FEM method numerically solves
Eq. (2.19) and Eq. (2.20) on the three-dimensional meshclwiields a three-
dimensional complex electric field. In Figure 2.8 (c), thesalbte electric field at

a wavelength of 1000 nm is shown. Within the post procesghgsical quantities
are derived from the three-dimensional complex electrid fie

» Absorptance: A very important quantity throughout this work is the ab-
sorptance 4v) of a subdomain of volumé/) of the calculation domain such
as a specific layer or object of the solar cell. It is calcuais a ratio of the
power absorbedH, ) to the total power B;.;) which is irradiated on the cal-
culation domain by the plane wave:

Pabs

Ay = . 2.21
v P (2.21)

For time-harmonic electromagnetic fielfs,, and P, are given by [76]:

€€
Pt = /22 B (2.22)
Ho
E)-E
Pys = 4w/]m(we)dV and wez%, (2.23)
v

whereeg is the dielectric constant of the background material, Whdécusu-
ally air, we (x) is the local electrical field energy density afglis the vector of
the electric field of the incident electromagnetic wave.

« Scattering angle distribution, reflection and transmissid’he derivation of
the angular scattering intensity distribution, the traission and reflection de-
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pends on the applied boundary conditions. For periodic daries, which are
applied for the simulation of solar cells and plasmonic mitm gratings, a
Fourier transform is conducted on the complex electric figldhe flat bound-
aries at the top or bottom of the calculation domain [123]isTHourier trans-
form gives the wavevectors of the evanescent as well as gatipg Fourier
modes. By evaluating the direction of the propagating Fsuriodes, which
correspond to propagating electromagnetic waves, ddtailgular scattering
distributions as well as the total and the diffuse reflectian be calculated.

In the case of open boundaries at the calculation domainatfielfl expan-
sion of the electric fields at the boundaries of the calcolatiomain is con-
ducted [123]. This allows the farfield vectors to be evaldatich gives the
scattering intensity into a certain direction.

External quantum efficiencyFor a given charge carrier collection efficiency,
the EQE of a simulated thin-film silicon solar cell can be calculabydmul-
tiplying this collection efficiency and the absorptance lu# silicon absorber
layers. For the intrinsic absorber layer, it is commonlyuassd that the charge
carrier collection efficiency is 100%. For the n-doped andbped layers, to
the knowledge of the author, the charge carrier collectifiniencies should
be much smaller. However, exact values are not known. Invibik, a good
agreement between simulated simulafé@ E and experimentaEQFE of a
pe-Si:H thin-film solar cell in n-i-p configuration was obtaahéor collection
efficiencies of 0%, 100% and 50% in the p-doped, intrinsic arabpeduc-
Si:H layer, respectively (see Chapter 8.2.1). For a gikép~, the J,. can be
calculated as an integral of the product of #i@ £ and the solar spectrum.

2.4.3 Simulations of Localized Surface Plasmon Polaritons

In this work, numerical studies on plasmonic back contacttdin-film silicon solar
cells have been conducted. The accurate simulation of pleneifects in metal
nanostructures is numerically challenging and requiregrg dense mesh at the
metal/dielectric interface [120]. In order to evaluate #fueuracy of the applied op-
tical simulations for plasmonic effects, a Ag sphericalayarticle embedded in non-
absorbing ZnO:Al was simulated and compared with an amalyteference, the Mie
theory. In Figure 2.9 (b) and Figure 2.9 (c), simulated ara\dital values ofQ s
andQs., are shown. For this simulation, the maximal side length efrtiresh cells
was set to the minimum of 10% of the wavelength and 25% of theedsion of
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Figure 2.9: Comparison of simulated (filled squares) andytinally derived (black
line) scattering efficiency(ds..) and absorption efficiency).,s) of isolated spher-
ical Ag nanoparticles embedded in non-absorbing ZnO:Al.

the nanostructure. For radii ranging over three orders afgnagude from 10 nm to
1000 nm, a very good agreement between the simulated data@adalytical refer-
ence is demonstrated. In fact, over the total wavelengttispe, the relative error of
Q.bs 1S below 1.2%. FoQ)..., the relative error is larger but still below 1.5%. This
result is representative of all other radii of the nanopbatirom 10 nm to 1 pm and
of all refractive indices of the embedding material.



Chapter 3

Light Trapping

Light trapping in solar cells is achieved when the absomptiincident light is higher
than the absorption of a single light pass through the absorhaterial. Thus, for
optically thin solar cells the light-trapping effect enteas theJ,.. Alternatively,
light trapping in optically thick solar cells allows the radtion of the absorber ma-
terial thickness, which reduces the material consumptérhances thé/,. in low
mobility solar cells and reduces the requirements on theemeltsuch as the stability
of a&Si:H with regard to light-induced degradation [29, 126-8]2 In consequence,
light trapping increases the solar cell efficiencies anduegk the costs of electricity
generation with solar cells. In this chapter, fundamentspects and limits to light
trapping in solar cells as well as the state-of-the-art liglapping in silicon solar
cells are introduced. In the last section, a review on therging field of plasmonic
light trapping is presented.

3.1 Fundamentals and Limits

Essential for all research on light trapping is the undediteg of the maximum
achievable absorption enhancement in solar cells. Iiitidle limits to light trapping
were studied for optically thick solar cells, typically neaof crystalline silicon where
the absorber layer is many wavelengths thick. Light tragpmthese solar cells is
achieved by the scattering of incident light at a texture@rfiace in combination
with a highly reflective back contact. Due to internal reflect the average length



34 Light Trapping

isotropic illumination ) )
air ambient

/\/\/\/\/\/\/\

idealized solar cell

idealized reflector

Figure 3.1: lllustration of light trapping in an opticalllgitk idealized solar cell.

of the light path and in turn the absorption in the absorbeten®l is enhanced. A
schematic cross-section of a solar cell with a texturedtfierface is shown in Fig-
ure 3.1. In the case of perfect randomization of the scatt@ght, called Lambertian
light scattering, the absorption enhancement can be etézlibased on geometrical
optics [129,130].

Lambertian Light Trapping For a single light pass through the absorber layer
of a solar cell, the fraction of absorbed light is simply gi\®y the Beer-Lambert law:

AN) =1 — e oL (3.1)

wherea(A) is the absorption coefficient of the absorber material oftilar cell and

is the length of a single light pass through the solar celsuhsing a perfect mirror at
the back side and a Lambertian scatterer at the front iterfae length of one light
path in the absorber materiallis= 2d/ cos(#), whered is the thickness of the solar
cell andd is the scattering angle. Considering the isotropic distidn of scattering
angles induced by the Lambertian scatterer, the absomptgh¢ for all incoupled
and scattered light rays which travel once from the froné ¢sitough the solar cell
and back to the front side is given by [130]:

2a(N\)d

<o) cos()dS2
J cos(0)d2

Ayad, ) =1 - L° (3.2)
An analytical solution of the integral on the right side of.K§.2) can be found
in [129]. In order to calculate the overall absorption of &éasaell with Lambertian
light trapping, multiple reflections at the front interfaneed to be considered. If
Rp()\) depicts the reflection at the Lambertian scatterer at thet fragerface, the
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total absorptance for the Lambertian light trapping is gitsg the series:
Aled,N) = > Ai(ad, VRr(\)? (1 - Ay (ad, 1), (3.3)

B Ay (ad, )
~ 1-(1- A (ad, \))Rr(\) (3-4)

Although the Lambertian light trapping in Eqg. (3.4) is notumdamental limit, due
to its simple derivation, it often serves in the literatuseaareference scenario. In the
limit of weak absorption¢(\) ~ 0) the Lambertian light trapping fullfills the more
fundamental limit for light trapping which was derived bybfanovitch [131,132].

Yablonovitch Limit The Yablonovitch limit states that under isotropic illumin
ation, the maximal average length of light pagh at a certain wavelength is given

by:
Imax = 4n’d, (3.5)

wheren is the refractive index of the solar cell absorber matenia &is the thick-
ness of the solar cell. A fact@n? of the maximal light path enhancement comes
from the maximal internal reflection of the light in the alserlayer. An additional
factor of 2 comes from the reflection at the back contact. Th&imal absorptance
(Amax), according to the Yablonovitch limit, is then given By \) .. = 4n?da()).
Assuming that all absorbed photons in the solar cell indi@ge carriers which
contribute to the/. of the solar cell A,,., provides an upper limit for th& QF. A
detailed derivation of the Yablonovitch limit can be found26,131,132]. Here, the
assumptions and idealizations of the Yablonovitch limitvad as their implications
are discussed:

» Angular confinemenfor the derivation of Eq. (3.5), isotropic illumination of
the solar cell is assumed. However, as Yablonovitch alrgeilyts out in the
original manuscript, the angular confinement of the incidig/t allows the
limit presented in Eq. (3.5) to be exceeded. For an angletadfilter, the
maximum average light path enhancement changesd/ sin(6,.)?, with 6,
being the acceptance angle [133,134]. Thus, the Yablactoviinit can be
overcome at the cost of a reduced acceptance angle of thecslaA detailed
analysis on the potential of angular selective filters ftican solar cells in
terms of the annual yield can be found in [135].
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» Optical lossesThe solar cell structure considered for the derivation @& th

Yablonovitch limit exhibits no optical losses, which arata@ly present in

realistic solar cells. In order to consider these losses,(E§) has been de-
veloped further for less idealized solar cell structure®legkman et al. [136].

In their model, optical losses at the front and back contactansidered. As a
result, a more realistic limit for th&Q FE can be calculated [54, 136].

Limit of weak absorptioThe Yablonovitch limit is derived under the assump-
tion of very weak absorption in the absorber layer of therszd#l. This means
that the absorption of a single light pass is negligible. His tase, the rel-
evant figure of merit for the absorption is the enhancemeantofaf the light
path rather than the absorption coefficient of the absodgar] It has been
shown in the literature that the factor of maximal averaghtlpath enhance-
ment decreases if the single light pass absorption of therbbslayer is rel-
evant [129, 132]. In particular for thin-film silicon solaglts, the assumption
of weak absorption is not applicable. To provide an example,absorption
coefficient of uc-Si:H varies from 16 cm=! to 10~! cm™! for wavelengths
between 600 nm and 1100 nm, while the thicknessi®@8&i:H solar cells is
typically below 2 pm.

Thickness of solar cell absorb&undamental for the derivation of Eq. (3.5) is
that the thickness of the absorber layer is much larger thamavelength of
incident light. Under this assumption, the propagationigtitiwas studied in
terms of geometrical optics. Particularly for thin-film aotells, this assump-
tion is not valid.

Isotropic distribution of propagating light inside the solcell Essential for
the derivation of the Yablonovitch limit is the statemeratthight trapping is
maximal if the light propagation inside the solar cell devig isotropically dis-
tributed. This statement is valid for ergodic systems whieeepropagation of
light inside the solar cell can be approximated in terms aingetrical optics.
Misleadingly, the assumed isotropic light distributiosiote the solar cell is of-
ten put equal to Lambertian light scattering at a randomdiured interface. In
fact, the Yablonovitch limit is also applicable to ligh&pping concepts which
make use of directional selective light scattering suchrasrgys of periodicity
significantly larger than the wavelength of incident ligh82, 133, 137].
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The last two assumptions are applicable if the wave natuigldfcan be disregarded.
Thus, wave optical effects like diffraction, interferescand local electromagnetic
field enhancements are not considered. As a result, the ialitoh limit is not ap-
plicable if the local wave nature of light becomes relevdiis occurs, for example,
in thin-film solar cells or solar cells with diffraction gragjs of period below the
wavelength of incident light. Especially for thin-film sitn solar cells, understand-
ing the limits to light trapping in solar cells which applywaabsorber thicknesses
or diffraction gratings is very crucial. Several recent kohave studied light trap-
ping in such solar cells numerically as well as experiménfail4, 115, 138-150].
In the recently work of Z. Yu, A. Raman and S. Fan [151, 152]pamialism was
developed that allows the maximum light absorption enhauece to be calculated
under rigorous consideration of the electromagnetic ppetsge.

Electromagnetic Limit on Light Trapping by Z. Yu, A. Raman and S. Fan
Yu et al. apply a rigorous electromagnetic leaky mode foisnalthat allows the
maximum absorption enhancement to be calculated for selEr with wavelength-
scale thickness or wavelength-scale gratings. In thein&dism, the propagation of
light inside the solar cell is represented by leaky waveguitbdes. For a certain
light-trapping concept, such as a square lattice gratirigsedod p, these modes
couple to propagating waves in the ambient (see Figure Bti&) case of random tex-
ture for light trapping is considered as the limit of the pdit system with a period
of the grating which approaches infinity. Similarly to theb¥anovitch limit, their
formalism is based upon the assumption of weak absorptigharsolar cell, but
considers optically thin absorber layers as well as waggtescale grating couplers.
In the case of low absorption, all light propagation inside solar cell is described
well with leaky waveguide modes. For a single leaky waveguitbde, the spectral
absorption can be calculated from the temporal coupledentivebry [152]. By sum-
ming up the maximal absorption of all leaky waveguide modethe solar cell in
the limit of strong coupling of the modes to incident light) ¥t al. derived an upper
limit for the absorptancd,,,.. in the solar cell:

271"}/2' M

il (3.6)

Amax = )
Aw N

whereM is the number of coupling modes in the solar cell ands the number of
plane waves in the ambient of the solar cell that can coupéedertain leaky mode.
~; is the intrinsic loss rate of the leaky modes, which is com®d to be equal for
all modes. Equation 3.6 is valid for a frequency range of badth (Aw) which is
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Figure 3.2: lllustration of light trapping in an opticallitib solar cell with a period
grating on the back contact.

larger than the bandwidth of the single leaky waveguide modgue to the broad

solar spectrum, this condition is fulfilled for all bulk soleells and thin-film solar

cells.

In conclusion, the formalism developed by Yu et al. allows thaximum possible

absorptance to be calculated for a certain solar cell déwvased on the number of
waveguide modes, the absorption rate of the waveguide memtkshe number of

propagating waves in the ambient which couple to the wawuiddes. Depend-
ing on the considered geometry, these figures and their depeies differ strongly.

Thus, A ... differs in bulk solar cells, solar cells with wavelengtrekesquare lattice

gratings and thin solar cells:

* Solar sells with thicknesses and period of many wavelerigihsolar cells of
thicknessd and a periodb much larger than the local wavelength, the leaky
waveguide modes in the solar cell can be approximated byagaimg waves.
Then, the total numbe¥! of leaky modes in a unit cell of the solar cell is simply
given by multiplying the local photon density with the voland” = p?d).
Furthermore, the decay rate of each guided mode is given byac/n. The
number of acessible planar waves in the ambient is detedhtipehe grating-
coupling of the guided modes to the planar waves. The reguitiaximal
absorption enhancement, which is derived from Eq. (3.8xesponds to the
Yablonovitch limit (A(\) max = 4n2da(N)).

 Solar cells with a wavelength-scale two-dimensional gigtf the periodicity
p of the solar cells is comparable to the wavelength, the numiygropagating
waves which can couple via the grating to a leaky mode is hidiscretized, as
illustrated in Figure 3.3 (a). The accessible propagatiages in the ambient
are shown in the parallel wavevector spage Due to the square lattice grat-
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Figure 3.3: Light trapping with two-dimensional gratingupders in optically thick

solar

cells (a) Propagating waves in the ambient (blue dotd)e two-dimensional

k|| space. Propagating waves within the red circle are able upleao a guided
mode of propagation constalt|. (b) Theoretical maximum absorptancé,(..) of
the solar cell with two-dimensional gratings of periodiciiose to the wavelength

[151].

The gray area indicates the wavelength range whetgig is larger than the

Yablonovitch limit.

ing, the density of accessible propagating planar waves/@ndy (p/27)?.

For those waves whetig|| < |ko| = w/c is fulfilled, a coupling is possible.
For large period® >> A = 27/k, N can be approximated by multiplying
the density of accessible propagating waves and the coesidgeea £|ko|?)

of the k)| space. However, for smallthe discretization of the accessible pro-
pagation waves in thk space becomes relevant. In fact, with decreasing
period, the number of accessible propagating waves vasesitinuously and

in turn the A,,.x o 1/N varies discontinuously. In Figure 3.3 (b), the max-
imal aborptance is shown as a functionsof= p/\ [152]. It is shown that
the largest enhancement.ty, .., which corresponds to the lowest valueN

is at hand if the periog is slightly smaller than the wavelength &1). In

this case, thel ., exceeds the Yablonovitch limit significantly by a factor of
7 and 27 /+/3 for a square lattice and a triangular lattice, respectij&82].
Furthermore, as shown in Figure 3.3 (b), for the two-dimemai square lat-
tice grating, there is a broad wavelength range at a fixedgeavherein the
maximumA,,.x exceeds the Yablonovitch limit. It shall be noted that these
considerations are valid for normal incidence. In fact, diescribed possible
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enhancement ofi,,.. beyond the Yablonovitch limit comes at the cost of a
strong angular dependence and cannot outperform the dieedraangular se-
lective Yablonovitch limit [152].

* Solar cells of wavelength-scale thicknéthe thickness {) of the solar cells
is in the order of the wavelength of incident light, the numbkleaky modes
which are supported by the solar cell changes discontinyauith d (see Sec-
tion 2.2.2). In fact, if the thicknesd is smaller than half the wavelength a
single leaky mode exists [151]. As a result, similar to theecaf wavelength-
scale periodicity, this discretization allows,,.« to be increased beyond the
Yablonovitch limit. However, the maximum enhancement aeisestrongly on
the solar cell layer stack and the layer thicknesses redjaire very small. A
detailed derivation is presented by Yu et al. [151].

3.2 State-of-the-Art Light Trapping

The first light-trapping concepts for crystalline silicoola cells were proposed in
the 1970s [153]. Since then, this field of research has raissttong interest. Ini-

tially, the research focused on crystalline silicon sotdisc Today, for state-of-the-art
light trapping in crystalline silicon solar cells, invedter upright pyramids of typical

feature size of around 10 pm are induced at the front interfa87, 154]. In mass
production of high efficiency crystalline silicon solarlselupright pyramids are usu-
ally prepared by an anisotropic etch of the silicon surfa@éss etching yields square
based pyramids which are defined by intersecting crystafdgc planes [155]. In-

verted pyramids were used in the famous PERL-cell which liglslsd up to date

the highest efficiency for monocrystalline silicon solalisef 24.7% under AM1.5

illumination [154, 156]. In this solar cell, light path enf@ement factors of up to 40
have been reported, indicating a very good light trappirfig]1

State-of-the-Art Light Trapping in Thin-Film Silicon Sola r Cells Due to very
long process times and a reduction of the light-inducedatiggfon ofa-Si:H, in prin-
ciple, thea-Si:H anduc-Si:H absorber layers in thin-film silicon solar cells shibbke
as thin as possible [58, 59, 127,157]. As a consequences tedls require partic-
ularly good light trapping to gain high efficiencies. Quatiitely, this is illustrated
in Figure 3.4, where the absorptance is given as a functidgheofvavelength for a
single light pass through amSi:H layer and auc-Si:H layer of typical thin-film sil-
icon solar cell device thicknesses (250 nm d&®i:H and 1.0 um fopc-Si:H) [44].
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For both materials below the corresponding band gap, therptasce is strongly
reduced. Despite the afore described limited validity @& Wablonovitch limit for
thin-film silicon solar cells, it is used here as a first ordgpraximation to illustrate
the significant improvement potential for future thin-filiticon solar cells enabled
by applying improved light-trapping concepts. The cormgfing maximum short-
circuit current density enhancemer {;.), according to the Yablonovitch limit, is
around 10 mA/crh and 18 mA/cri for the a-Si:H and theuc-Si:H solar cell, re-
spectively. For light of energy slightly below the band gamyelengths of around
1000 nm), a maximum absorptance enhancement factor of 3&cessary to reach
the Yablonovitch limit of theic-Si:H solar cell. As shown by Yu et al., when applying
wavelength-scale structures for light trapping, one meyn increase this potential
at the cost of angular selectivity.

The state-of-the-art light trapping in thin-film siliconlap cells makes use of ran-
domly textured front contacts and reflective back contaot®rder to scatter and
diffract incident light multiple times within the-Si:H andpc-Si:H absorber layers.
Several types of substrates, materials and processes éenérivestigated in the past
to prepare these random textures on the transparent andatesedfront contacts.
Prominent examples are wet-chemically etched, sputtergat X layers [46-48],
as-deposited grown SnQayers [49, 50] or as-deposited grown ZnO:Al layers pre-
pared by low pressure chemical vapor deposition [51]. Ia wwork, wet-chemically
etched ZnO:Al front contacts are used for reference sththesart solar cells. These
ZnO:Al front contacts are rf-sputtered on a glass substiete ZnO:Al layers were
wet-chemically etched for around 40 s in 0.5 w/w% HCI [48],iethyields a random
texture. The resulting surface exhibits a texture of crhlkerfeatures of typical lat-
eral dimension of 1-2 um and depths of 200-400 nm. The typal mean square
roughness is around 140 nm (see Figure 3.5 (a)) [55].

In order to illustrate the light trapping induced by randgrtdxtured ZnO:Al front
contacts in thin-film silicon solar cells, thBQ Es of uc-Si:H thin-film solar cells
with and without light trapping are compared in Figure 3.h (bhe state-of-the-art
solar cell is deposited on a randomly textured ZnO:Al froohtact and applies a
highly reflective Ag back contact. Thex-Si:H solar cell with no light trapping was
prepared in the same way but uses a highly absorptive batckatanade of a 1 um
thick n-dopeduc-Si:H layer and a Pt back layer. In the latter solar cell,ualty all
light which reaches the rear side of the cell is absorbed aftgngle pass through
the solar cell device. For the solar cell with no light tragpithe EQFE is signific-
antly reduced for wavelengths between 480 nm and 1100 nm. cdtresponding



42 Light Trapping

-
o

| Yablonovitch
1.0 pm pc-Si:H |

Yatglonovitcr; b T yl
250 nm a-Si:H __(

< o[ ()
[0] L

O Ay, =101 mAem?

band gap |
1.1eV

band gap 1 a
1.7eV AJ_=18.2mAfcm”

absorptanc
o O
A~ O

0.2 _ single pass through __ single pass through

| 250 nm a-Si:H 1 1.0 ym pc-Si:H
OO 1 I 1 1 1 1 1 b
400 600 800 400 600 800 1000
wavelength A [nm] wavelength A [nm]

Figure 3.4: Potential for light trapping in (a) a 250 nm th&isi:H thin-film solar
cells and (b) a 1.0 pm thickc-Si:H thin-film solar cell. The single light pass ab-
sorption, the maximum absorption according to the Yabldobwimit as well as the
corresponding maximum enhancement of the short-circuieatidensity A J,.) are
given.

Jsc €nhancement for the reference solar cell is 10 mAlcr@omparing this with
the maximal potential of around 18 mA/éniderived from the Yablonovitch limit)
the current state-of-the-art light trapping exhibits ayéaroom for improvement. It
should be noted that the outcomes presented here on stite-aft light trapping are
valid in the same way for tandem thin-film silicon solar celiiere light trapping is
relevant for thquc-Si:H bottom solar cells. A similar light-trapping effect presen-
ted for thin-film silicon solar cells in p-i-n configurationas observed for solar cells
in n-i-p configuration [45,127,158].

In the past, several studies have investigated the lighgggation in thin-film silicon
solar cells with randomly textured transparent front cots§82,112,114,159-162].
One of the recent important outcomes is that the scatteffirigcalent light at the
textured front contact induces only small scattering amgielow importance for
light trapping [163]. Instead, large scattering angleshia|ic-Si:H absorber layer
of the solar cells are induced at the textured back contatttioffilm silicon solar
cells [160, 164]. In the past decade, several new approdohfesther increase the
light trapping in thin film silicon solar cells have been istigated. These approaches
span over a wide range from geometric light-trapping cotscepwave optic light-
trapping concepts. Prominent examples of geometric ligifgping concepts are
retroreflectors [165] or directionally selective filters6fl, 167]. Examples of light-
trapping concepts based on wave optics are photonic csyfdtdb, 149, 150, 168],
grating couplers [147,148,158,169-171] and plasmoni2sg?, 115,172] or com-
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Figure 3.5: State-of-the-art light trapping irue-Si:H thin-film solar cell. (a) Scan-
ning electron microscopy image of a wet-chemically etche@Z2\ surface for light
trapping. (b) Schematic cross-section of {leSi:H solar cell with reflection back
contact and highly absorptive back contact. (c) Externahtum efficiency EQFE)
of the solar cells.

binations thereof [139, 143, 173]. In this work, plasmoigtt trapping for thin-film
silicon solar cells has been researched.

3.3 Plasmonic Light-Trapping Concepts

At metal nanoparticles or nanostructured metal layerht lign couple efficiently to
plasmonic resonances (see Section 2.3). Due to this cgumlasmonic modes in
metal nanostructure are able to guide and localize inciliiginit in solar cells. The

most commonly used metals are Ag and Au as these materialseateand exhibit

strongly pronounced plasmonic resonances. However, Alandanoparticles also
exhibit plasmonic resonances in the ultraviolet and vésiiehions of the wavelength
spectrum [84]. Four fundamentally different approachegpfasmonic light trapping

are presented in the following.

Localized Plasmon Induced Light Scattering at Metal Nanostuctures A
dominant radiative decay of LSPP resonances induces Vicieaf scattering of in-
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cident light (c.f. Section 2.3.2). If this LSPP-inducedhligcattering is directed into
the absorber layer of a thin-film silicon solar cell, the nhe&@nostructures serve as
sub-wavelength scattering components that couple intjgle@pagating light into the
thin absorber layers of the solar cells. Depending on th&ipof the metal nano-
structures within the layer stack of the solar cell, différeoncepts have been sugges-
ted in the literature. For example, metal nanostructuresaal at the front interface of
solar cells have been proposed to reduce the initial reflecti the front interface of
the solar cell as well as enhancing the light path in the ddesdayer [87,174—-177]. In
between two component cells in a multijunction solar ceB8PP-induced light scat-
tering at Ag nanoparticles can be used in an intermediatectefl configuration to
match the short-circuit current density of the single congru solar cells [141,178].
At the rear side of the solar cell, non-ordered nanostrestan Ag back contacts
as well as Ag nanoparticles placed in front of the back cdrtace been applied to
scatter incident light such that the light is guided in theaber layers of the solar
cell [179-182].

Plasmon-Induced Coupling to Guided Modes In the case of a periodic ar-
rangement of plasmonic nanostructures in the solar calptasmon-induced scat-
tering is able to couple incident light into propagatingadgd modes within the thin
absorbing layer of the solar cell. These propagating guidedes can be either
leaky waveguide modes [115,139,143,173,179] or surfaagnpbn polariton (SPP)
modes [22,138,140,183] as well as combinations thereofhédse modes propagate
in plane with the solar cell layer stack, the power of the gdithodes is absorbed par-
tially in the semiconductor layer and thereby the is enhanced. In the recent stud-
ies by Ferry et al. [115,179] as well as a publication assediwith this work [173],
plasmonic light trapping making use of periodic arrangetsief Ag nanostructures
yielded for the first time/,. comparable to the state-of-the-art light trapping in thin-
film silicon solar cells.

Plasmon-Induced Nearfield Enhancement In particular for small metallic
nanostructures, the localized plasmon polariton res@sare accompanied by high
electric field intensities in the vicinity of the nanosthuiets. Since the optical absorp-
tion is proportional to the square of the electric fieldshhetectric field enhancements
lead to increased absorption. Within a semiconductor, tiaeced local absorption
will increase the optical thickness of an optically thin sesnductor layer [184,185].
This causes a possiblg. enhancement of a solar cell applying small metallic nano-
structures. However, LSPP-resonances in small nanogtascare also known to
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exhibit very strong parasitic thermal losses [84]. In fdot, thin-film silicon solar

cells it was shown that these parasitic losses are likelyetaddminant when com-
pared with potential positive effects due to near-field exdeanent in the vicinity of
the nanostructures [186].

Localized Plasmon Induced Photoelectron Emission for MetaNanostructures
Incident light which couples to a metal nanostructure, cetite a LSPP reson-
ance. Under certain conditions, this LSPP can decay intglesimot electrons which
can be injected over a potential barrier at the nanostredsemiconductor inter-
face [187-189]. As a result, a photocurrent is induced. kigkise of this effect,
Moulin et al. [189] showed that Ag nanoparticles embeddea@-Bi:H solar cell
devices generate a significait. for light of energy below the band gap afSi:H
(i.e., light of wavelengths longer than 750 nm). So far, fheenhancement achieved
with this effect is very small in comparison with thg. of a conventionah-Si:H
solar cell.
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Chapter 4

Nanoimprint Lithography -
Replication of Light-Trapping
Nanotextures

In this chapter, the development of the ultra violet nanaintgithography (UV-NIL)
as a technology platform for the replication of nanotextufer light trapping is de-
scribed. In the first section, the UV-NIL technology and theppration processes
are introduced. The replication of two exemplary types xtites is presented. First,
the replication of periodic gratings by UV-NIL is studieduch periodic textures
are in the focus of several novel light-trapping conceptstifin-film silicon solar
cells [115, 142, 146, 147, 173]. If covered with Ag, thesequitc grating textures
exhibit plasmonic resonances (see Chapter 5). Solar celidying such plasmonic
reflection gratings back contacts are investigated in Caapt Second, the replica-
tion of random textures applied for state-of-the-art ligtapping in thin-film silicon
solar cells is studied. pc-Si:H thin-film solar cells in priand n-i-p configuration
deposited on these randomly textured substrates are pgexheRarts of the results
presented in this chapter have previously been publish§tbig, 191].
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Figure 4.1: Process flow of the nanoimprint lithography veitbress based on the air
cushion principle.

4.1 Introduction to Nanoimprint Lithography

In the 90’s of the last century, the nanoimprint lithogragyL) as a technology to
replicate nanotextured surfaces was introduced [192]. tDuts ability to combine
high throughput and high transfer accuracies the nanoithf@chnology quickly be-
came a promising technology for the production of next gati@m integrated circuit
designs as well as nano-optical components [193-195]. Thewuds added to the
International Technology Roadmap for Semiconductors]li@&he literature, a rep-
lication of nanotextures down to the dimensions of 5 nm wasnted [197]. In the
Forschungszentrumiulich GmbH, the nanoimprint technology was established on a
laboratory scale through two pioneering works of S. Gilled B. Meier [198, 199].
The first steps in the adaption of the nanoimprint technotoggpplications in thin-
film silicon solar cells are a part of this work. Other groupsdrecently developed
a comparable process. They presented promising resulke diiil_ technology for
photovoltaic applications [200, 201].

4.2 Nanoimprint Lithography Process

The concept of the nanoimprint process is based on the ngptifia stamp texture
into a liquid transfer layer on a substrate. The texturechpts pressed into the soft
transfer layer. Depending on the material of the transfgeralV light or temper-
ature effects are used for the hardening of the transfer kaysustain the inverted
texture of the stamp. For the nanoimprint processes applitids study, the com-
mercially available Nanonex NX2000 system was used. Thiinaprint press is
based on the air cushion principle. The maximum diametenefrhprint substrates
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is 10 cm. In Figure 4.1, the process flow is shown. First, taemptand the substrate
with the transfer layer are placed between two foils and thenae between the foils
is evacuated. Second, an air pressure of 40 bar is applietharstamp is molded
into the liquid transfer layer [198, 199]. Since the pressisrhomogeneously dis-
tributed in the process chamber, the influence of dirt padiand unevenness of the
stamp and the substrate of the transfer layer can be contpdnsghird, either by
UV-illumination of an UV-sensitive transfer layer or by theoling of a molded soft
polymer, the inverse texture of the stamp is sustained itrémsfer layer.

Ultra Violet Nanoimprint Lithography If the liquid transfer layer is a UV-
sensitive fused silica resist, the nanoimprint procesalied UV-nanoimprint litho-
graphy (UV-NIL). In this work, two different types of UV-ssitive resists are used.
The resist NXR2010 is supplied by Nanonex Cooperation. # developed for the
fabrication of nanoelectronic devices [195]. The resish@comp is supplied by Mi-
croresist Technology GmbH and was explicitly designed faioeelectronic devices
which require high transparencies [201]. Both resists wpie coated onto the glass
substrates (NXR2010 @ 200 rpm, Ormocomp @ 3000 rpm). In iaddiin order
to enhance the sticking of the resist on the glass substhet@dhesion promoter Ti-
Prime from MicroChemicals GmbH and Ormoprime from Miociisé Technology
GmbH were deposited on the glass substrate. In order to egtiacsticking between
the stamp and the replicated structure of the resist, aradhtsion layer is deposited
on the surface of the stamp. Therefore, the surface of timepsteas exposed to the
vapour of 1H,1H,2H,2H-perfluorodecyltrichlorsilane whicduces the surface free
energy. The silane molecules link covalently to surfacenseg silano groups. This
way, a self-assembled monolayer of hydrophobic silanerisidad at the surface of
the stamp [198, 199].

Hot Embossing of Polymers An alternative liquid transfer layer, used in this
work, is a soft, flexible and UV-transparent polymer (posfoi plastomer, POP)
[199]. During an hot embossing process, the polymer is kegebeyond its trans-
ition temperature to 90C. At this temperature, the polymer exhibits an enhanced
viscosity. For this reason, if pressed against the stangptiymer flows into the
textures of the stamp. When the textures of the stamp ardytfitidd, the polymer

is hardened again by cooling it below the transition temijpeea Afterwards, the tex-
tured polymer and original stamp are separated mechaniddie application of an
anti-adhesion layer is not necessary for the soft polymeabge it is a hydrophobic
material which guarantees itself an easy release aftentperit process.
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Figure 4.2: Process flows of the replication of light-traggphanotextures. In (a) the
master is made from sputter wet-chemically etched ZnO:Aliand) the master is
made from a structured fused silica substrate (d). A hardésist mold (b) and soft
polymer mold (e) are molded by ultra violet nanoimprint digmaphy into the UV
resist on the replica glass substrate in (c) and (f), rembet

Process Flow for the Replication of Nanotextures  In order to replicate any tex-
ture for light trapping, two subsequent nanoimprint stegesdto be applied. This can
be done, for example, in two subsequent UV-NIL processesKigrire 4.2 (a)-(c)). In
this case, in the first step, the inverted surface texturbefmaster is sustained in the
UV-resist on top of the mold substrate. Afterwards, theioagtexture is replicated
in the UV-resist of the replica. Under UV-illumination, tihesist hardens such that
the textures of the master mold are transferred onto théceefdee Figure 4.2 (c)).
As the mold in this process flow is of hard matter, this repiaraprocess is referred
to as the hard mold replication process. Alternatively,hia tase of a soft mold
replication process, the mold is a soft, flexible and UV-$garent polymer. In this
case, the inverse texture of the master is sustained vianhimb®sing in the polymer
mold (see Figure 4.2 (e)). In a subsequent UV-NIL step, thasparent polymer
mold is pressed onto the UV-resist on the glass substrateeafeplica. Again, un-
der UV-illumination, the resist hardens such that the tesgwf the master mold are
transferred onto the replica (see Figure 4.2 (d)-(f)).
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Figure 4.3: Three-dimensional AFM images and line scansubfccnanostructures
arranged in a square lattice. The lateral size of the namzistes is (a) 150 nm and
(b) 600 nm which are arranged square lattice with period06fim and 1000 nm,
respectively. The line scans compare the targeted texdashéd line) with the meas-
ured texture of the replicated structure (solid line).

4.3 Periodic Nanotextures for Light Trapping

Several novel light-trapping concepts in silicon phottaials with periodic textures
are currently discussed in the literature [139-141, 182JicMof the potential ad-
dressed in these studies has not been investigated expéaiipe/et. In order to

provide a technological platform for the cheap reprodurctib these textures, UV-
NIL for periodic nanostructures in photovoltaic applicais was developed in this
work. For the periodic nanotextures of large aspect ratie,spft mold replication

process proved to be suitable. Due to the flexibility of thi# swld, problems with

the seperation of master and mold as well as mold and replcavaided.

Replication Precision of Periodic Nanotextures  To evaluate the precision of
the UV-NIL technology of periodic nanotextures, atomicc@microscopy (AFM)
images of the targeted imprint nanostructures and theceeplie compared. The
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Figure 4.4: Three-dimensional AFM images of (a) the maététhe mold and (c) the
replica.

texture of the master consists of cubic nanostructuresi@ecin a square lattice.
The side length of the evaluated nanostructures in this wamges from 150 nm to
600 nm with a square lattice period between 400 nm and 1200InrRigure 4.3,
AFM images and line scans of cubic nanostructures withdhagirzes of 150 nm and
600 nm are shown. The nanostructures are arranged in a dgttaxe with a period
of 400 nm and 1000 nm in Figure 4.3 (a) and Figure 4.3 (b), wsm@dy. The line
scans compare the targeted and replicated texture. A vgyr@plication accuracy is
observed, in particular, for the width and periodicity of thanostructures. At the top
of the nanostructures, a small rounding of the cubic gegnigtobserved. A small
roughness of lateral dimensions of 20 nm to 30 nm is observégeireplica. Overall,
the accuracy of the replica prepared by UV-NIL in the replama process with the
soft mold is very good. This conclusion holds in particuldren considering the
large aspect ratio of the nanotexture.

4.4 Random Textures for Light Trapping

One of the major challenges associated with the statees&thlight trapping in thin-
film silicon solar cells is that this solar cell design demaadrery challenging com-
promise on the transparent front contact. Since the traesp&ont contact acts
simultaneously as the front electrode, the window layer thiedlight-scattering in-
terface in the solar cells device, the electrical conditgtithe transparency and the
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Figure 4.5: (a) Height distribution diagrams of the samdtmoson the master, the
mold and the replica. (b) Height distribution of three amdnily selected areas of the
master (7.5 pnmx 7.5 um).

light-scattering texture must be optimized (see Secti@riizand Section 3.2). All of
these properties strongly depend on the deposition teghgsjgleposition paramet-
ers and layer thickness of the front contact. In order to dpleothe preparation of
the light-scattering texture from the electro-opticalgedies of the front contact, the
UV-NIL process is applied in this section to texture the glagbstrate. The master
substrate exhibits the state-of-the-art random texturdight trapping which is ob-
tained by wet-chemical etched ZnO:Al layers (see Sectigh Jhese textures were
replicated, both with the soft mold replication process tredhard mold replication
process.

4.4.1 Replication Precision of Random Nanotextures

To evaluate the replication precision of UV-NIL for statktbe-art random textures,
atomic force microscopy (AFM) images at exactly the samatiposon the etched
ZnO:Al master, UV-NIL mold and UV-NIL replica are compare@oth, the UV-
nanoimprint of the hard replication mold as well as the Uvitainprint replica on
the glass substrate were performed with the NXR2010 reBigure 4.4 shows the
corresponding AFM images of the master, the mold and theceeplAs the mold
exhibits the inverse texture of the master, the calculateerse texture of the molds
surface is shown for better comparison. In addition, theuwated root mean square
values of the surface are given. It is shown that the ovezatlte of large and very
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small features is well replicated from the master to the ntolthe replica. In addi-

tion, the very similar root mean square values indicate tieeige replication of the
master texture in the replica. To analyse the replicatiecipion in detail, the height
distribution diagrams are shown in Figure 4.5 (a) and Figuge(b) for the master,
mold and replica as well as three different positions on thster, respectively. The
height distributions of the master, mold and replica matetywvell. This result is

supported by the significant differences in the height ithistions of three different
reference positions on the master. Therefore, it is corcldtat the replication pro-
cess of the original master textures is realised at very pighision (see Figure 4.4).

4.4.2 Prototype Thin-Film Silicon Solar Cells

In this section,uc-Si:H thin-film solar cells deposited on textured glass salbss
which exhibit the state-of-the-art surface texture fohtitrapping are studied. The
light trapping of these solar cells is compared with soldis@eposited on a ZnO:Al
substrate with the same texture. Solar cells in p-i-n angpreonfigurations were
prepared. For the solar cells in n-i-p configuration, the NIN-glass substrate in-
duces the texture at the rear side of the solar cell. For tle sells in the p-i-n
configuration, the UV-NIL glass substrate is located at thetfside. Thus, incident
light travels through the substrate and an additional difffcassociated with the light
incoupling arises.

replica substrate w. ZnO:Al thickness of etched ZnOjAl
250 nm 150 nm 60 nm substrate

Joe [IMAJIcM?] | 19.5 19.4 20.5 19,6

Voo [MV] 481 484 475 479

FF 63 55 40 68

Table 4.1: Short-circuit current density,(), fill factor (F'F') and open-circuit voltage
(Vo) of ue-Si:H solar cells in p-i-n configuration deposited on sutets prepared by
UV-NIL and for comparison on a reference etched ZnO:Al sabst

Thin-Film Silicon Solar Cells in p-i-n Configuration Thin-film solar cells in
p-i-n configuration were fabricated on textured substrptepared by UV-NIL and,
for comparison, on a reference substrate which exhibits@ Zhayer with state-of-
the-art random texture for light trapping. Schematic creesstions of the two solar
cell designs are shown in Figure 4.6 (a). For the solar cglbdited on the refer-
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Figure 4.6: (a) Schematic cross sectionuofSi:H solar cells in p-i-n configuration
deposited on a state-of-the-art random texture ZnO:Al tsatesand a replica sub-
strate. (b) External quantum efficiency @ F) and total reflectanceR)) of pc-Si:H
solar cells in p-i-n configuration deposited on a referertchexl ZnO:Al substrate

and three replica substrates with front ZnO:Al layer thiegses of 60 nm, 150 hm
and 250 nm.

ence substrate, the etched ZnO:Al layer acts as the froatretk. In contrast, the
replica substrates prepared by UV-NIL are non-conductiVeerefore, an additional
ZnO:Al layer was deposited as the front electrode. Front 2h@ayers of three
thicknesses were evaluated (60 nm, 150 nm and 250 nm). ETp& and the re-
flectance of theuc-Si:H thin-film solar cells are compared in Figure 4.6 (b) amd
Figure 4.6 (c), respectively. Independent of the thickradgke front ZnO:Al layer,
for wavelengths longer than 600 nm, all solar cells depdsitethe UV-NIL replica
substrates exhibit an increased) ' and an increased reflectance in comparison with
the reference solar cell. Thus, the solar cells depositeati@b/V-NIL substrates ex-
hibit lower parasitic absorption. The decreased paralgitises are attributed to the
decreased thickness of the ZnO:Al front contact which isvkmao induce strong
optical losses for wavelengths longer than 600 nm [161]. dntrast to the refer-
ence solar cell, the solar cells deposited on the texturessglubstrates prepared by
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UV-NIL show interferences in the reflectance for wavelesgthorter than 600 nm
(see Figure 4.6 (c)). These interferences are caused byttiermal layer stack of
resist/ZnO:Allic-Si:H at the front side of the solar cell. They reduce the amhafdi
light which is coupled into the solar cell which results in ectkasedEQFE. For
wavelengths between 400 nm and 600 nm, the maxima in refectne associated
with the decrease iIRQFE for the solar cells deposited on substrates prepared by UV-
NIL (e.g., at wavelengths of 450 nm and 550 nm for front ZnQajder thicknesses
of 250 nm and 150 nm, respectively). For thin front ZnO:Alday of 60 nm these
maxima shift to wavelengths below 400 nm, allowing for a gight-incoupling.

In Table 2.1, the/,., F'F andV, of the solar cells are presented. Thg is slightly
lower for front ZnO:Al layer thicknesses of 250 nm and 150 nimew compared
with the reference solar cell. This is attributed to the abexplained ZnO:Al layer
thickness dependent enhanced reflection at the front sitteecdolar cells which are
deposited on the substrates prepared by UV-NIL. For a fro@t:Al layer thicknesses
of 60 nm, however, an enhancét) £ and J. in comparison with the conventional
etched ZnO:Al substrate is shown for the replica substnaeared by UV-NIL. Since
the ZnO:Al layer thickness is strongly reduced in this soklt layer stack, the sheet
resistance is enhanced. As a result, e of the studied solar cells and in turn the
efficiency of the solar cell is decreased. Considering thi&@tians of the texture of
the substrate, thE,. is comparable. The small deviationslif. of around 10 mV are
associated with deviations in the material quality of iceSi:H absorber layer of the
solar cell. A substrate-dependent growth of tleSi:H material has been reported
by in the literature [202,203].

Thin-Film Silicon Solar Cells in n-i-p Configuration In this section, the light
trapping ofuc-Si:H solar cells in n-i-p configurations deposited on areitwd and an
original state-of-the-art random texture for light trappiare compared. The inver-
ted state-of-the-art random texture for light trappingrispared by a single UV-NIL
process of the original texture. In contrast to the p-i-nficpmation, for the n-i-p
configuration, theuc-Si:H layers are deposited on the textured ZnO:Al/Ag baak-co
tact. Thus, the textured substrates induce the randomréefau light trapping in
solar cells, but the light does not propagate through thieited resist. A schematic
cross-section of the complete solar cell layer stack is shiowFigure 4.7 (a). All
solar cells compared in this section were deposited in threes#eposition run.
Figure 4.7 (b) shows th&QF of the solar cells deposited on the reference substrate
and the substrate prepared by UV-NIL with the inverted textun the wavelength
range from 450 nm to 550 nm, the solar cell with the invertecklmntact textures
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Figure 4.7: External quantum efficiencyf @ £) of uc-Si:H solar cells in n-i-p config-
uration deposited on a master type etched ZnO:Al substrat@ gubstrate prepared
by UV-NIL, which exhibits the inverse texture.

shows a slightly increaseflQ E' in comparison with the solar cells with the original
back contact textures. In the wavelength range from 660 n88@&bnm, the solar
cell with the inverted back contact shows a slightly deceddsQ ' compared with
those cells with the original back contact textures. Dudés¢ differences IRQFE,
the J,. differs for the solar cell deposited on the inverted andingbtexture at the
back contact (see Table 2.2). This difference is ascribédadifferent in light trap-
ping by the original random texture and the inverted textttewever, for a detailed
understanding of the effect, future experimental studies @ptical simulations are
required. Considering the experimental variations,theand F'F' are comparable.
This indicates that the material properties of the depdsiteSi:H are comparable
and not affected significantly by an inversion of the surfepeure at the back con-
tact. The efficiencies of the solar cells are comparable @sliserved difference in
Jsc is small.

4.5 Conclusion and Discussion

Status of the UV-Nanoimprint In this chapter, it was demonstrated that the
UV-NIL technology is capable of replicating light-trapgimanotextures for thin-
film silicon solar cells at high precision. Two types of textwvere studied, randomly
textured ZnO:Al substrates and periodic nanotextures. Sttoeessful fabrication
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nanoimprint substrate  etched ZnO:Al substrate
(inverse texture) (original texture)
Jse [MA/CmM?] 20.38 21.02
Voe [MV] 506 505
FF 0.715 0.716

Table 4.2: Short-circuit current density,(), fill factor (' F') and open-circuit voltage
(Vo) of pe-Si:H thin-film solar cells in n-i-p configuration deposited a UV-NIL
substrate (inverse texture) and an etched ZnO:Al subgétgnal texture).

of pc-Si:H thin-film solar cells on replicas of randomly texturédO:Al surfaces
demonstrated that the UV-nanoimprint process can be mttegjinto the conventional
thin-film silicon solar cell preparation. Both, in n-i-p apéd-n configurationpc-Si:H
thin-film solar cells deposited on the substrates prepaydd\bNIL showed a good
light trapping in comparison with solar cells deposited ba original texture. For
the n-i-p configuration, very similaF' ' andV,,. data were found for the solar cells
grown on the original etched ZnO:Al substrate and the satesprepared by UV-NIL.
However, for the solar cells in p-i-n configuration, the nfmdition of the dielectric
layer stack at the front contact induces difficulties witke thcoupling of incident
light in the solar cell. An efficient incoupling was obsenamuly for a thin and low
conductive front contact. Due to the low conductivity, thé' of these solar cell
is decreased. For future work, there are two strategiesctdetahis problem: (i)
by decreasing the sheet resistance of the front contaat tfythickness of around
60 nm and (ii) by modifying the texture, such that the incingplof incident light
via the conformal resist/ZnO:Al6-Si:H front contact is enhanced even for ZnO:Al
films thicknesses with reasonable conductivity. For theetapproach, new random
textures should be used at the front contact which exhihitnalénation of small and
large features in comparison with the wavelength [204].

Relevance of UV-NIL for Photovoltaic Industries The first industrial imple-
mentation of the UV-NIL technology was realized in 2008 bientists of Hewlett-
Packard [205]. They demonstrated that NIL is, in principtampatible with commer-
cial integrated circuit fabrication process without chiagghe current infrastructure
in IC industry. In particular, so-called 'Roll-to-Roll’ maimprint is promising for in-
dustrial applications as it guarantees a high volume thrpugin industrial assembly
lines. However, for the photovoltaic industry, where NILu@b replace the current
ways to induce textures for light trapping, new challengésea On the one hand,
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for industrial application, the NIL must be adapted to muatgér areas. On the
other hand, the production costs must be competitive withdsird approaches. For
both aspects, a polymer mold as used in this chapter for filieaton of the peri-
odic textures would be the better choice. The material istflexand convenient for
the application in a high throughput roll-to-roll mass puotion on large substrates.
Additionally, the costs of a polymer mold are moderate camgavith many other
technologies for nanopatterning such as e-beam lithograpladdition, the polymer
mold has a long life time, due to its low fragility [206].

Prospects of UV-NIL for the Prototyping of Novel Textures fa Light Trapping
As described previously, light trapping remains one of the éhallenges which need
to be tackled to ensure the prospects of several emergingywitaic technologies.
In order to design and realize novel nanotextures for lighgging, UV-NIL is a very
useful technology. Examples of such textures are gratixiyites, two dimensional
photonic crystals and plasmonic devices [115,139, 173THapter 8, the application
of nanoimprint for the fabrication ofic-Si:H thin-film solar cells incorporating a
plasmonic light-trapping nanotexture is demonstrated.
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Chapter 5

Design of Plasmonic Back
Contacts for Light Trapping

In this chapter, the plasmon-induced light scattering anhostructured Ag back
contacts for light trapping in thin-film silicon solar celis investigated. The electro-
magnetic coupling of incident light, localized surfacegsteon polariton resonances
in nanostructured Ag back contacts and the scattered prafiag light were simu-
lated with a three-dimensional numerical solver of Maxigeduations. The design
of the nanostructures was optimized regarding their apilit scatter incident light at
low optical losses into large angles in the silicon absortasers of the thin-film sil-
icon solar cells. Geometrical parameters as well as the etding material of single
and periodic nanostructures on Ag layers were varied. Thipter is based on a
previous publication [173].

5.1 Light Trapping with Plasmonic Back Contacts

Incident light couples efficiently to LSPP resonances in Agaparticles or nano-
structures on Ag layers (see Section 2.3.2). For certaimgétes, a radiative decay
of these resonances causes a very efficient scattering ofdigkent light. This way,

Ag nanostructures which carry LSPP resonances serve asaddength scattering
components that couple incident light into the&i:H or pc-Si:H absorber layers of
a thin-film silicon solar cell. Depending on the position b&tAg nanostructures
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ZnO:Al

plasmonic
back contact

Figure 5.1: lllustration of the light path enhancement ighat scattering at plasmonic
back contacts of tandem thin-film silicon solar cells. Thitexion at the front inter-
face in the case of scattering angte {arger than the total internal reflection angle
(©11r) Of the front interfaces is illustrated.

inside the layer stack of the solar cell, different concéptsake use of the LSPP-
induced scattering have been suggested in the literateee §ection 3.3). In this
work, LSPP-induced light scattering by nanostructured Agkicontacts in thin-film
silicon solar cells is studied. There are some advantagébldgositioning of the Ag
nanostructures at the rear side of the solar cell. In cantoasanoparticles, which
are often researched, nanostructured Ag back contactenastigated as their pre-
paration and implementation into the rear side of the satlrie less complex. In
particular, the recent progress in hanoimprint techneegiffers exciting perspect-
ives to prepare nanostructured substrates [190,201].n8enanostructured Ag back
contacts are not in contact with the absorber layer. Thusduitional recombina-
tion losses are expected when comparing with the stathesétt random textures for
light trapping in thin-film silicon solar cells. Most impauttly, by locating the plas-
monic nanostructures at the rear side of the solar cell, flegating spectral range
of the plasmonic scattering nanostructures is limited tenaler wavelength range
of 500 nm< A < 1100 nm. In typical thin-film silicon solar cells, due to thigtn
absorption in th@-Si:H andpc-Si:H layers, only light of wavelengths above 500 nm
reaches the rear side (see Section 2.1). For wavelengtpsridiman 1100 nm and
750 nm, the absorption vanishes due to the band gaps of theiatafic-Si:H and
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a-Si:H, respectively. The reduction of the operational $f@cange of the plasmonic
back contact releases the requirements on the design oaitiestiuctures. In par-
ticular, potential plasmon-induced absorption lossesbeareduced by shifting them
out of the operational wavelength region.

Light Trapping via Light Scattering at Plasmonic Back Contacts For pc
Si:H thin-film solar cells as well as tandem thin-film silicealar cells with quc-Si:H
bottom solar cell, the intrinsigc-Si:H absorber layer is many wavelengths thick, such
that the front and rear interface of the-Si:H p-i-n diode are evanescently decoupled.
The introduction of Ag nanostructures on the back contaatutSi:H thin-film solar
modifies the light absorption profile for wavelengths lonthem 500 nm. First, due
to light scattering at the Ag nanostructures on the backaminthe light path is en-
hanced byl / cos(«), with « being the scattering angle (see Figure 5.1 (a)). Second,
for scattering angles larger than the total internal rafiecangle of a flajic-Si:H/air
interface the scattered light is totally reflected at itsdeace on the front interface.
Following Snell’s law of diffraction along presumably flatérfaces of the materials
in the solar cell, it is found that light which is scatteredts back contact beyond
the total internal reflection angle pt-Si:H/air will be totally reflected back into the
solar cell, at the latest, at the glass/air front interfas(Figure 5.1 (b)). As a result,
the light path of the light scattered at the back contact efdblar cells beyond the
total internal reflection angle of thec-Si:H/air interface is significantly enhanced.
The same argument applies for scattering anglé®yond the total internal reflec-
tion angle of thauc-Si:H/glass anqic-Si:H/ZnO:Al interface (see Figure 5.1 (c) and
Figure 5.1 (d), respectively). In the latter case, the soadt light does not propagate
in the front ZnO:Al layer, avoiding parasitic optical lossgue to absorption in the
front ZnO:Al layer. It should be noted that for solar cellgimiextured front contacts,
due to the variation of surface angles at the front intedatiee application of the
total internal reflection angle criteria is not exact (Fgérl (b)-(d)). However, as a
figure of merit to evaluate the scattering angles of a plasertmack contact, the total
internal reflection criteria of the flatc-Si:H/air interface and the flatc-Si:H/ZnO: Al
interface are very useful.

In conclusion, in order to achieve a good light trapping,theostructured Ag back
contacts need to show efficient scattering of incident light large angles in the
Me-Si:H layer of the thin-film silicon solar cell at low optickdsses. Of particular
relevance are those scattering angles beyond the totahahteeflection angle of a
flat pc-Si:H/air anduc-Si:H/ZnO:Al interface.



64 Design of Plasmonic Back Contacts for Light Trapping

5.2 Plasmonic Light Scattering of Nanostructures on
Ag Back Contacts

5.2.1 Ag Nanoparticles vs. Nanostructures on Ag Back Contast

Isolated Ag nanopatrticles are well-known for their stror§PP-induced light scat-
tering. For this reason, several authors have investigatesd for the application as
light-scattering components in solar cells [20, 22,174,180, 181, 207]. In order
to evaluate the LSPP-induced light scattering at nanasired Ag back contacts,
the Q.ps andQ,., Of isolated Ag nanostructures are compared with those leabmii
by the Mie theory for isolated Ag nanoparticles. The embegdnedium is set to
ZnO:Al as this dielectric material is commonly used at tharreide of a thin-film
silicon solar cell to separate the silicon absorber layadsthe Ag back layer. In
Figure 5.2, the).;,s and Q.. Of isolated Ag nanoparticles and isolated hemispher-
ical nanostructures of Ag interfaces are shown. The raditteeoAg nanostructure is
varied from 25 nm to 200 nm and the radius of the nanoparsclatied from 20 nm
to 100 nm. Values of).;,s and Q.. larger than unity express that the investigated
Ag nanostructures and Ag nanoparticles scatter and absord light intensity than
irradiated on their cross-section (Eq. (2.17)). ValueQgfs andQs.., above unity are
a clear indication for LSPP resonances, where incidentrelmagnetic energy from
the surrounding space couples to the coherent oscillafibimecfree electron gas in
the Ag nanostructure and Ag nanopatrticle [84, 86].

For Ag nanoparticles of small radii and nanostructures orsédaces of small radii,
the Q.ps IS dominant. With an increasing radius, thg.. increases and for radii
above 50 nm and 40 nm, thg,., is dominant for the Ag nanostructure and Ag
nanopatrticle, respectively. In addition, with an incregsiadius of the two geomet-
ries, the dominant LSPP resonance, which is associatedti@ttipolar resonance,
broadens spectrally and shifts to longer wavelengths. thafdil LSPP multipole
resonances appear at shorter wavelengths for both geemefius, the LSPP res-
onances in the nanoparticle and the LSPP resonances intnaitoses on Ag back
contacts have several similarities. However, when compgatie LSPP resonances
of hemispherical Ag nanostructures and Ag nanoparticléseo$ame radius, with in-
creasing radius, the LSPP resonance of Ag nanoparticledisantly shifts to longer
wavelengths. For this reason, the choice of radius whichitseesr a dominant light
scattering at low absorption in the operational wavelemgtige of the back contact
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Figure 5.2: Simulated absorption efficieny.{s) and scattering efficiencyl;..) of
(a)-(g) isolated hemispherical Ag nanostructures on Atases embedded in ZnO:Al
and (h)-(n) isolated spherical Ag nanoparticles embeddethO:Al. The radius of
the nanoparticles and nanostructures is varied.
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wavelength 4...s). The radius of the nanostructure is varied from 10 nm to 200 n

and the embedding material is set to §i@nO:Al anduc-Si:H. The gray region
indicates the operational spectral range of a plasmonik taatact.

(wavelengths between 500 nm and 1100 nm) differs betweefgimanoparticle and
Ag nanostructure. For the hemispherical Ag nanostrucanesfficient light scatter-
ing at low optical losses in this spectral range is found &afiirlarger than 100 nm.

5.2.2 Embedding Material of Nanostructures on Ag Back
Contacts

In addition to the size of the nanostructure, the shape amenthbedding material
influence the LSPP resonance. In order to simplify the iatgin, in Figure 5.3,
instead of full spectral information, only the maximum \eduwof the scattering effi-
ciency (naz. Qs..) at the dominant LSPP resonance of hemispherical Ag narmstr
tures embedded in different materials are plotted agdirestésonance wavelength.
The embedding material of the hemispherical Ag nanostradtuvaried from Si@
(nsio, = 1.45)to ZnO:Al (uzn0:a1 ~ 1.6-2.0) and tQuc-Si:H (n,¢.si ~ 3.5). With

an increasing refractive indexof the embedding material, a general increase of the
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dominant LSPP resonance wavelength is observed. If thedudfitgematerial is set
touc-Si:H, the LSPP resonances of hemispherical nanostrigcstiiét significantly to
longer wavelengths in comparison with ZnO:Al and &ith this case, only the LSPP
resonances of small nanostructures (raeiB0 nm) embedded ipc-Si:H are located
within the operating spectral range of the back contact (@90< A < 1100 nm).
However, for these sizes of nanostructures, the LSPP rases&how strong optical
losses (see Figure 5.2). Therefore, regarding the lightesaag at the back contact
of solar cells,uc-Si:H is not a favorable embedding material. Instead, anesimb
ding material of lower refractive index like ZnO:Ah§,,0.41 =~ 1.6-2.0) or SiQ
(nsio, =~ 1.45) is favorable for plasmonic light trapping with namastured Ag
back contacts. If embedded in a low refractive index matetha LSPP resonances
of large and efficiently scattering nanostructures (radid®0 nm) are located in the
operating spectral range of the back contact.

5.2.3 Shape of Nanostructures on Ag Back Contacts

In addition to the embedding material and the size of the Agpaaucture the shape
of the nanostructures influences the LSPP resonances [&#]this reason, isol-
ated conical, cylindrical and hemispherical nanostriggum Ag layers embedded in
ZnO:Al were studied. In Figure 5.4, theax. Qs and themaz. Qs values of
the dipolar LSPP resonance of these nanostructures arensimw function of the
resonance wavelengtih.(;). For all geometries, the height of the nanostructure is
set equal to the radius of the cross-section of the nandsteuiclt is shown that the
LSPP resonances of cylindrical nanostructures are shiftémhger wavelengths and
the LSPP resonance of conical nanostructures are shiftsddaiber wavelengths in
comparison with hemispherical Ag nanostructures. Reggrlifjht trapping in solar
cells, high scattering efficiencies at low optical lossesraquired in the operational
spectral range of the back contact. For conical nanostrestihe@,., values are
lowest. Thus, this shape is not a favorable geometry to effiyi scatter incident
light at the rear side of the solar cell. The highesiz. Q... but also the highest
max. Qaps are found for cylindrical nanostructures. For example,daadius of
80 nm, the investigated cylindrical nanostructures showaa. Q... at the dipolar
LSSP resonance of 13.8 andhaux. Q.1 Of 3.1. In order to identify nanostruc-
tures which scatter incident light at comparably low abgorplosses, the fraction
(mazx. Qans)(maz. Q) IS a suitable figure of merit. For the cylindrical nano-
structure of radius of 80 nm, anfaxz. Qaps)/(Mmazx. Qscn) Value of 22.2% is calcu-
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Figure 5.4: (a) Simulated maximum scattering efficieney:¢. Qsc..) and (b) simu-
lated maximum absorption efficiencyi@x. Q.1s) at the dominant LSPP resonance
of Ag nanostructures embedded in ZnO:Al as a function of #semance wavelength
Ares- The radius and shape of the nanostructure is varied. Therggion indicates
the operational spectral range of a plasmonic back contact.

lated. A quite similar relativerfaz. Qans)/(maz. Qsc,) Value of 22.3% is observed
for the hemispherical nanostructure of the same radius elatively largeQg.. of
8.1. Thus, hemispherical and cylindrical nanostructufeth® same radius scatter
incident light at similar radiative efficiencies. Howevin, hemispherical nanostruc-
tures, LSPP resonances of larger nanostructures (e.§.ofatound 150 nm) are
located in the operational wavelength range of the backaotntFor these nano-
structures, the ratiofax. Qaps)/(maz. Qsc,) is much smaller (for radius of 150 nm
(max. Qaps)(max. Qsca) = 7.6%) allowing a more efficient scattering of incident
light at comparably lower optical losses at the back cordhtiie solar cell.
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Figure 5.5: (a) Schematic cross-section and absoluteigléetd in the planes paral-
lel and perpendicular to the polarization of the incideetlomagnetic wave (radius
of 150 nm, ZnO:Al layer thickness of 180 nm, wavelength of 888). (b) Simu-
lated scattering efficiencys..) and (c) simulated absorption efficienag.{,s) of
Ag nanostructures (radius of 150 nm) embedded conformally ZnO:Aljuc-Si:H
layer stack. The thickness of the ZnO:Al layer is varied fr@@nm to 210 nm.

5.2.4 Light-Trapping with Plasmonic Light Scattering

Impact of the Thickness of the ZnO:Al Intermediate Layer on the LSPP Reson-
ance of Isolated Hemispherical Nanostructures on Ag Back Quacts In the
previous sections, solely isolated nanostructures on Afases embedded in dielec-
tric half-space were investigated. In thin-film siliconaotells, the Ag back contact
is covered conformally by a ZnO:Al&-Si:H layer stack (see Figure 5.5 (a)). In par-
ticular, when evaluating the angular information of théatigcattering of nanostruc-
tures on Ag back contacts, the Ag/ZnO:4dfSi:H layer stack needs to be considered.
In Figure 5.5 (b) and Figure 5.5 (c), tlig,;,s and Q... of an isolated hemispherical
Ag nanostructure (radius = 150 nm) on the Ag surface of th& baatact is shown.
The thickness of the ZnO:Al interlayer is varied from 60 nm2t® nm. Over the
total spectral range, th@,., values are larger than unity. This indicates an efficient
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Figure 5.6: Normalized intensity distribution of the seadd light of hemispherical
Ag nanostructures (radius of 150 nm) embedded conformaliniOo:Al anduc-Si:H.
The thickness of the ZnO:Al layer is 90 nm and 180 nm in (a) &dréspectively.

coupling of incident light to LSPP resonances in hemismla¢rAg nanostructures
on the back contact of thin-film silicon solar cells. Simi§ato the nanostructures
embedded in a dielectric half-space, the nanostructuréseoback contact are able
to scatter a multiple of the light intensity irradiated orithcross-section into the
uc-Si:H absorber layer. Yet, the spectral scattering charastic is strongly influ-
enced by the Ag/ZnO:Allc-Si:H layer stack. By introducing the ZnO:4u¢-Si:H
interface, the system induces additional interferencestwdre superimposed on the
LSPP resonances of the isolated hemispherical nanosteuetubedded in a ZnO:Al
half-space (c.f. Figure 5.2). Depending on the spatialtjppsof these interferences,
the LSPP resonances observed in a ZnO:Al half-space areesthar attenuated.
For example, for ZnO:Al thicknesses smaller than 120 nmgdipelar LSPP reson-
ance around 870 nm is suppressed and for ZnO:Al layer thidasabove 120 nm,
the LSPP resonance around 630 nm is suppressed. Overdll,th@ndQs., spec-
tral characteristics are strongly modified in comparisothwai single nanostructure
embedded in a ZnO:Al half-space.

Scattering Characteristics of LSPP Resonances of Isolatddemispherical Nano-
structures on Ag Back Contacts In order to assess the scattering characteristics
of LSPP resonances in nanostructures on Ag back contaetsténsity distribution
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of the scattered light in the farfield is calculated from timagated three-dimensional
electromagnetic field. Therefore, a farfield expansion efatectric field was used to
calculate the intensity distribution of scattered lightadistance of 1 m away from
the nanostructure. In Figure 5.6, the normalized interdigyribution of the scat-
tered light is shown as a function of the scattering angl&ééut-Si:H layer and the
wavelength. The scattering angle is defined as the differenangle to the axis of
incidence (see the inset of Figure 5.6). For the shown examyphses, the radius of
the nanostructure is set to 150 nm and the thickness of tHercoal ZnO:Al layer
is 90 nm and 180 nm. The considered wavelength range is d&¢ taperating spec-
tral range of the back contact (500 ren A < 1100 nm). For both ZnO:Al layer
thicknesses, in the wavelength range between 550 nm andr@Q¢he maxima of
the scattering intensity are located at arountl THese scattering angles are located
below the angle of total reflection (red dashed line) of a fla®@ZAl/uc-Si:H inter-
face. Such scattering angles of the scattered light inuthsi:H layer are caused by
the coupling of the LSPP resonance to propagating modexiZniD:Al layer. At
the ZnO:Aljuc-Si:H interface, these propagating modes are then reftasteording
to geometrical optics. In addition, a substantial amounheflight is scattered bey-
ond the angle of total reflection at the ZnO4d/Si:H interface. For a ZnO:Al layer
thickness of 180 nm, a strongly pronounced maximum is lacatevavelengths of
around 1000 nm. Such scattering angles beyond the angléabfédiection at a flat
ZnO:Al/uc-Si:H interface would be prohibited in geometrical optiéss this effect
was identified also for perfectly flat ZnO:Alé-Si:H interfaces, it is explained by a
near-field coupling of the plasmonic resonance in the Ag staoture to propagat-
ing modes in thgic-Si:H layer. The effect disappears with increasing ZnOajldr
thickness which is an additional indication of a near-fieddling effect. In essence,
for thin ZnO:Al layers, near-field coupling of LSPP resonesmin the Ag nanostruc-
tures to propagating modes in the Si:H absorber layer allows the scattering of light
into large angles in thac-Si:H layer.

Evaluation of Light Scattering of Single Nanostructures onAg Back Contacts in
Terms of Light Trapping In Section 5.1, it was shown that an efficient plas-
monic light trapping requires the scattering of incideghtiat the back contact into
large angles in th@c-Si:H absorber layer. First, the light path in the-Si:H layer

is simply enhanced by the scattering angle (see Figure Sdgond, light scattered
to angles beyond the angle of total reflection of a fleiSi:H/ZnO:Al and/orpc
Si:H/air interface will more probably be guided in the silicabsorber layers (see
Figure 5.1 (a) and Figure 5.1 (c) for a flat-Si:H/air anduc-Si:H/ZnO:Al front inter-
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face, respectively). In order to compare the light-traggiotential of various ZnO:Al
layer thickness, the average absorption efficierigy,() and average scattering effi-
ciency Q«.a) Values averaged over the operating spectral range of ttiedmmtact
are shown for hemispherical nanostructures on Ag back ctmes a function of
the ZnO:Al layer thickness in Figure 5.7. The radius of thaosructures is set to
150 nm. In addition, two fractions @.., are presented which quantify the amount
of light scattered beyond the total internal reflection angfl theuc-Si:H/air inter-
face and beyond the total internal reflection angle oftb&i:H/ZnO:Al interface.
The thickness of the ZnO:Al layer was varied from 15 nm to 560 Devices with
ZnO:Al layer thickness larger than 500 nm suffer from eitheor conductivity or
large optical losses. Furthermore, ZnO:Al layers of thesses smaller than 15 nm
are difficult to deposit uniformly. For all thicknesses of #inO:Al layer investigated,
the LSPP-induced optical losses of the Ag nanostructurlateTheQ...,; is always
smaller than 10% of th@,.,. However, a significant variation of ti@,.., is observed
by changing the thickness of the ZnO:Al layer. The highest Q... values are ob-
served for large thicknesses of the ZnO:Al layer 00 nm) or small thicknesses
(< 45 nm). The smallest values of the tofal., of around 1.85 are observed for the
conventional thickness of the back ZnO:Al layer of arounch82 However, in this
configuration, the relative amount of light scattered tgdaangles beyond the angle
of total reflection at theic-Si:H/ZnO:Al interface (50%) as well as thes-Si:H/air
interface (70%) are highest. With increasing thickness tthal Q... increases, but
the relative amount of light scattered to large angles dasg® For the application of
LSPP-induced light scattering at nanostructured Ag backams, both aspects are
important: Larger values d,.. allow a smaller surface coverage of nanostructures
at high diffuse reflectance and large scattering anglesnaperitant for an enhanced
light-trapping effect in the solar cells. A reasonable coonise is found for ZnO:Al
thicknesses of around 180 nm, wher@a, value of 2.7 is found and 43% and 60%
of all incident light is scattered to angles larger than ttaltinternal reflection angle
of uc-Si:H/ZnO:Al andpuc-Si:H/air, respectively.

Outlook on Light Trapping with Nanostructured Ag Back Conta cts In this
section, it was demonstrated that incident light coupley efficiently to LSPP res-
onances in Ag nanostructures on the back contact of thinsiiioon solar cells. Due
to LSPP resonances, nanostructures on Ag back contactsuaré fo scatter a mul-
tiple of the light irradiated on their cross-section at Igptioal losses into thac-Si:H
layer of the solar cell. Even if averaged over the operatpegsal range, depending
on the ZnO:Al thickness, between 1.8 and 4 times of the lightliated on the cross-
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Figure 5.7: Averaged scattering efficiena9,(,) and absorption efficiencyJuus)
of isolated hemispherical nanostructures on Ag back ctst@adius = 150 nm).
The data is averaged over the operational wavelength rahgieedback contact
(500 nm< A < 1100 nm). Two subdivisions af),.. are given for such light
scattered beyond the total internal reflection angle at auft&i:H/ZnO:Al interface
and a flauc-Si:H/air interface.

section of the nanostructures can be scattered. For ani@ptir@nO:Al thickness,
up to 70% of the light scattered can be scattered to angigsrldran the total internal
reflection angle of th@e-Si:H/air interface and is, in turn, reflected at the frowfesi
Up to 50% of the scattered light is scattered to angles latgar the total internal re-
flection angle of theic-Si:H/ZnO:Al interface. This light is very likely reflectdshck
into the solar cell. As a result, the absorption of the inotdeght in the absorber
layer of the solar cell is enhanced. Thus, nanostructuresgaback contacts which
carry LSPP resonances offer a great potential for lightpiragin thin-film silicon
solar cells. If the interaction between the nanostructise®glected, the presented
findings on isolated nanostructures on the Ag back contatttieffilm silicon solar
cells can be used to calculate, in first approximation, thizalparameters like haze,
absorptancen and scattering angle distribution of stdictersangements of Ag nano-
structures (see Chapter 7). It is important to note that 8RR resonances are found
to scatter a multiple of the irradiated light on the nanagtrces cross-section. Thus,
realistic stochastic surface coverages below 50% are isuffitco scatter almost all
incident light at the rear side of the solar cell.
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5.3 Light Scattering at Plasmonic Reflection Grating
Back Contacts

Periodically arranged nanostructures on Ag back contacts fwo-dimensional re-
flection gratings (see Figure 5.8). The scattering angléisesfe gratings are determ-
ined by discrete diffraction orders. The scattering certéthe reflection gratings are
the plasmonic Ag nanostructures. For this reason, in thikwhis device is called
a plasmonic reflection grating back contadh Figure 5.8 (a), the electric field of a
plasmonic reflection grating back contact in the planeslighand perpendicular to
the polarization of the incident electromagnetic wave e&spnted. For the plane par-
allel to the polarization of the incident electromagnetiave, strong enhancements
of the electric field in the vicinity of the nanostructurediirate the plasmonic reson-
ances at the hemispherical nanostructures of radius of @b0rlhe existence of the
plasmonic resonances for these nanostructures has bessigrty discussed in the
previous sections.

In the case of a square lattice of the nanostructure arraynandal incidence of
the impinging light, the diffraction angles of the plasmonéflection grating back
contact are given by [78]:

sin(a) = M with Ny, = y/m2Z +m2 and m,,m, =0,£1,+2,...(5.1)
where) is the wavelength in aip is the grating periody:,, andm,, are the diffraction
orders,« is the diffraction angle relative to the surface normal cli@n andrn,c.si+

is the refractive index ofic-Si:H. Equation 5.1 indicates that, by varying the period
of a grating, the scattering angle is changed, thus allowhegscattering angles at
nanostructured Ag back contacts to be controlled. FiguB€l)-(e) shows the sim-
ulated absorptance, the specular reflectance and nonlapegflectance as well as
normalized intensity distribution of scattered lightia Si:H of square lattice Ag re-
flection gratings on the back contact of a thin-film silicofeseell. The radius of the
periodically arranged Ag nanostructures is 150 nm and tHeges set to 400 nm and
600 nm. The nanostructured Ag back contacts are coveredroally by a 180 nm
thick ZnO:Al layer and quc-Si:H half-space. In Figure 5.8 (d) and Figure 5.8 (e), it
is shown that the plasmonic reflection grating back contactier study scatter the
incident light into the corresponding diffraction ordesdidwing Eq. (5.1). With in-
creasing period, the scattering angles of the diffractiaies decrease and additional
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Figure 5.8: (a) Schematic cross-section of the plasmoffliecteon grating back con-
tact. The absolute electric field in the planes parallel amgb@ndicular to the po-
larization of the incident electromagnetic wave is showadins of hemispherical
nanostructure 150 nm, ZnO:Al layer thickness of 180 nm, vemgth of 850 nm).
Simulated absorptancel], specular reflectanceé(,..) and non-specular reflectance
(Rnon—spec) Of plasmonic reflection grating back contacts of squartetaperiod of
(b) 400 nm and (c) 600 nm. (d) and (e) Corresponding normalizensity distribu-
tion of scattered light at the plasmonic reflection gratiagkbcontacts. For compar-
ison, the total internal reflection angle at a fletSi:H/ZnO:Al front interface (red
dashed dotted line) and a flat-Si:H/air front interface (blue dotted line) are shown.
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Figure 5.9: Simulated absorptanct) (specular reflectancé(,..) and non-specular
reflectance Rnon—spec) Of plasmonic reflection grating back contacts (radius of
150 nm; ZnO:Al thickness of 180 nm). The data is averaged thermoperational
wavelength range of the back contact. The period of the magmreflection grating
back contact is varied from 350 nm to 1100 nm.

diffraction orders appear at shorter wavelengths. Thus, regard to the application
in solar cells, the advantage of smaller periods is the targe@imum scattering angle.
For both periods studied in Figure 5.8, light scatteringrigles below 11 is prohib-
ited. However, only for a period of 400 nm, even scatteringrigles smaller than the
total internal reflection angle of thes-Si:H/air interface (blue dotted line) is prohib-
ited in the operating spectral range of the back contactwamelengths longer than
750 nm, even scattering to angles smaller than the totainakeeflection angle of
the uc-Si:H/ZnO:Al interface (red dashed line) is prohibited.addition, the specu-
lar reflectance, which induces no light trapping, is reducedhe reflection grating
with a period of 400 nm in comparison with a period of 600 nm.ug;hfollowing
the arguments on the scattering anglegdssi:H presented in Section 5.1, all light
scattered at the back contact with a lattice period of 400qafficiently trapped in
thepc-Si:H absorber layer of the solar cell.

Variation of the Period of the Plasmonic Reflection Grating Back Contacts
In Figure 5.9, the simulated absorptance, specular refleetand non-specular re-
flectance of various square lattice reflection gratings lhogva. The values are aver-
aged over the operating spectral range of the back contagqtdsi:H thin-film solar
cell. The optimal light-trapping texture is expected toibkithe lowest losses, low-
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est specular reflection and highest non-specular refletditarge angles (i.e., above
the total internal reflection angle at the-Si:H/ZnO:Al interface). For the studied
geometry, this is fulfilled for periods of around 450 nm. Hoege periods, up to
63% and 50% of the incident light is scattered at the nancstred Ag back con-
tact to angles larger than the total internal reflection andithepc-Si:H/air and the
MC-Si:H/ZnO:Al interface, respectively. Only 20% of the ligh reflected specularly.
For an isolated Ag nanostructure on the back contact of aingiéometry (radius =
150 nm, ZnO:Al thickness = 180 nm), we find that 63% and 42% efitiht is scat-
tered to angles larger than the total internal reflectioneanf the pc-Si:H/air and
the pc-Si:H/ZnO:Al interface, respectively. Thus, comparing lolated and peri-
odic case, it is shown that the grating arrangement of the agstructures on the
back contact increases the relative amount of light seattar larger angles. This is
particularly interesting, as one might expect that the demsangement of the nano-
structures in the periodic case disturbs or attenuates$fRPLresonances.

5.4 Conclusion

In this chapter, LSPP-induced light scattering at nancsitred Ag back contacts of
thin-film silicon solar cells was investigated numericaljth a three-dimensional
numerical solver of Maxwell’s equations. Both, single nstnactures and reflection
gratings formed by the arrangements of plasmonic Ag namcsires in a square lat-
tice on the back contact of a thin-film silicon solar cell wévend to carry LSPP
resonances. For both configurations, a large fraction afiémt light is scattered at
low optical losses. The calculated angular intensity itistions of the light scattered
at nanostructured Ag back contacts show that a significaouatof the incident
light is scattered into large angles in the-Si:H absorber layer of the solar cell.
Thus, nanostructured Ag back contacts carrying LSPP resesaare very prom-
ising for improving the light trapping in thin-film siliconogar cells. Very critical
for the LSPP-induced scattering, and consequently the figpping, are the geo-
metrical parameters of the Ag nanostructures and the envigediklectric materials.
Throughout this study, various geometrical parameteiiseffnostructures were var-
ied and optimized with regard to the ability of the nanodutes to scatter incident
light into large angles in the silicon absorber layers at ¢gpical losses. Implement-
ations of optimized Ag nanostructures are presented inali@xfing chapters.
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Chapter 6

Plasmon-Induced Optical
Losses at Textured Ag Back
Contacts

In order to trap incident light, state-of-the-art thin-filsilicon solar cells employ ran-
dom textures at their reflective back contacts and theirdpament front contacts (see
Section 3.2). Textured back contacts made of Ag yield aquaatily good light scat-
tering with regard to light trapping [160]. However, plasménduced optical losses
at the surface of these back contacts are known to decreasad¢fiectance. Of par-
ticular interest are LSPP-induced optical losses whichegpin nanostructures of
the randomly textured surface of the Ag back contact. Th&Ptinduced optical
losses have not been considered in previous contributmtigg problem [208—-210].
In the first section, measured absorptance spectra of tedtdg back contacts em-
bedded in various dielectrics are shown. The contributiboyical losses induced by
either SPPs or LSPPs to the absorptance spectra of thesecbaticts is discussed.
In the second section, the impact of the plasmon-inducesg$osn the performance of
thin-film silicon solar cells is studied. The importance &rO:Al interlayer of low
refractive index between the silicon layers and the Ag backact is demonstrated.
Furthermore, the potential for increasing the reflectiortta back contact by apply-
ing dielectric interlayers of refractive index lower than@:Al is evaluated. Parts of
the results presented in this chapter have been publishedaqrsly [211-213].
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6.1 Optical Losses at Textured Ag Surfaces

In order to study the plasmon-induced absorption of inditight at textured surfaces
of Ag back contacts, the absorptance of optically thick Agela in contact with air
or covered by Si@ and ZnO:Al are studied. The investigated Ag surfaces ekhibi
textures ranging from perfectly flat to the state-of-therandom texture for light
trapping in thin-film silicon solar cells.

6.1.1 Preparation of Textured Ag Surfaces

Four types of textured Ag surfaces were investigated (sger€i6.1). The texture
Type D is the reference texture of state-of-the-art thim-fililicon solar cells. It is
prepared by depositing a 250 nm thick Ag layer on top of a Zri@ubstrate which
was wet-chemical etched for 40 s in a 0.5 (w/w)% HCI solutidb, [157]. After
the etching, the surface texture is covered by crater-glgures which induce a root
means square roughness of 130 nm. The texture Type C is ptejpathe same way,
applying a shorter etching time of 5 s. Due to the shorteriegctime, smaller and
less surface features are formed, resulting in a smallémean square roughness of
around 80 nm. The texture Type B is prepared by depositin@anbthick Ag layer
on top of a glass substrate. Due to the irregular growth ofliséwacrystallites, the
surface texture exhibits shallow features with a heighbhéten nanometer range and
lateral sizes up to around 100 nm [73]. These unintenticretiufes lead to a small
root mean square roughness of a few nanometers. The fourtluace, Type A, is
almost perfectly flat. It was prepared by template strip@r2p0 nm thick Ag layer
from a silicon wafer substrate. Due to the very conformalaghoof the Ag at the
silicon interface, the stripped Ag surface shows almosturfase roughness [73].

6.1.2 Discussion of Plasmon-Induced Optical Losses

In Figure 6.1 (b), Figure 6.1 (c) and Figure 6.1 (d), the aptorce spectra of Ag
surfaces in contact with air or covered with Si@nd ZnO:Al are shown, respect-
ively. The SiQG layer was prepared by thermal evaporation and the ZnO:&rlesas
rf-sputtered. For all surface textures, except the flat Afase of Type A, distinct
maxima in the absorptance are found at wavelengths of 3437A@nm and 430 nm
for the Ag surface in direct contact with air and for the Agfaae covered with Si©
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Figure 6.1: (a) Scanning electron microscopy images of dne Ag textures. Total

absorptance4) measured at Ag surfaces in air (b) and covered by 60 nm of QD
and 80 nm of ZnO:Al (d).
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and ZnO:Al, respectively. These maxima are accompaniedtapbaorption tail that
extends to longer wavelengths. For those Ag surfaces otrtexgure (Type C and
Type D) which are covered by ZnO:Al and SiCthe absorption tails extend signi-
ficantly into the operational wavelength range of the backact of thin-film silicon
solar cells (500 nmx A < 1100 nm), where a high reflectance is required. More
general, a very strong dependence of the absorptance axthest of the Ag surfaces

is shown in Figure 6.1. In the following paragraphs the origi this dependence is
investigated. Optical losses induced by dissipative SPBemat the dielectric/Ag
interface and dissipative LSPP resonances at Ag hanastescare discussed.

Propagating Surface Plasmon Polariton Resonance Propagating SPPs are
electromagnetic eigenmodes which are bound to the ineedfba metal and a dielec-
tric (see Section 2.3). As illustrated in Figure 6.2 (a),8RP modes propagate along
the metal/dielectric interface with a wavevectéy X parallel to the interface. The
impact of dissipative SPP modes at the randomly textured ukfases on the ab-
sorptance is discussed in this section on the basis of tipemi®n relations of the
SPP eigenmodes at flat air/Ag, SiBg, ZnO:Al/Ag anduc-Si:H/Ag interfaces. The
dispersion relations were calculated according to Eq6(2.1

As light at normal incidence exhibits no component of the evactor parallel to
the Ag surface, the dispersion relation of incident lighd &PP eigenmodes do not
intersect (see Figure 6.2 (b)). For this reason, in ordeiltavaa coupling of in-
cident light and SPP modes at the Ag surface, an additionatwegtor component
(Akj)) must be provided by diffraction at the grating componeritthe randomly
textured Ag surface [84,85]. As shown in Figure 6.2 (b), atidsonance wavelength
(Aspp), the density of suitable wavevector componeuk () per wavelength inter-
val is strongly enhanced. Thus, the excitation of propagaBPP modes is much
more probable. Due to the damping of the SPP modes, the eztha&mxcitation of
SPP modes leads to an enhanced absorptance of incideratigdiridomly textured
Ag surfaces afgpp [85, 86]. From Eq. (2.16), thagpp is determined to 340 nm,
364 nm and 415 nm for Ag surfaces in direct contact with air fmdhe Ag/SiG
and Ag/ZnO:Al layer stacks, respectively. Consideringegkpental variations in the
optical data, the calculatetkpp correspond very well to the measured absorptance
maxima at 345 nm, 370 nm and 430 nm for the Ag surface in direttact with air
and for the Ag surface covered with Si@nd ZnO:Al, respectively (see Figure 6.1).
Thus, the spectral position of the maxima in absorptanceeofandomly textured Ag
surfaces can be explained by coupling of light to SPP modéeaandomly textured
Ag surfaces.
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Figure 6.2: (a) lllustration of a SPP mode propagation akofigt Ag surface. (b) Cal-
culated SPP dispersion relations of a flat Ag surface covieyeair, ZnO:Al orpc
Si:H. The energy of the SPP modes is shown as a function of the real part of the
wavevector parallel to the surfade,{.

From Figure 6.2 (b), the required maximumk at Aspp for the coupling of SPP
modes to light at normal incidence can be derived. As fottlegimormal incidencd;,

is zero, the required maximum ikk|| at Aspp for the coupling is around 30" m!
and 7-10” m~! for the Ag surface in contact with air and embedded in ZnO:Al,
respectively. Considering in first approximation a domiraupling by light diffrac-
tion in the first order of grating components of the roughuest this maximumik,

can be converted into a lateral feature size of around 20080 nm at the Ag
surface in contact with air and embedded in ZnO:Al, respebti Since such features
are present for the texture Type B, Type C and Type D an enbasizsorption due
to the excitation of SPP modes is possible (see Figure 6@)the flat Ag surface
of Type A, almost no surface texture is present and almostnhareced absorption
at \spp was measured (c.f. Figure 6.1 (b) to Figure 6.1 (d)). Thusddition to
the spectral position of the measured absorption maxinsepted in Figure 6.1, the
dependence of these absorption maxima on the type of teatthe Ag surface can
be explained well by light coupling to dissipative SPP modes

The absorption maxima in Figure 6.1 are accompanied by aorptizn tail
that extends, for Ag surfaces embedded by ZnO:Al or Siartly into the op-
erational wavelength range of the back contact of thin-filtican solar cells
(500 nm< A\ < 1100 nm). As discussed above, an excitation of SPP modes can
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explain the enhanced parasitic absorption of lightgtp. In the same way, for
wavelengths of the absorption tail, a coupling of incidégit to SPP modes is pos-
sible. However, due to the decreaseK; for the coupling of light and SPP modes
at wavelengths longer thakspp (see Figure 6.2 (b)), the maximum lateral size of
the surface features required for the first-order light ¢diogpincreases to around
200 nm to 800 nm. Such large features are present for the Tyaedype D Ag
surface which show also the largest absorptance for theeathescribed absorption
tails. As the density of suitable wavevectors per waveleingerval is decreased at
the wavelengths of the absorption tail, a coupling to SPPa®adsl less probable in
comparison to\ .

In conclusion, the excitation of dissipative SPP modesradoanly textured Ag sur-
faces can explain well the enhanced absoprtion presentgdune 6.1 for the various
Ag textures in air, covered by Siand covered by ZnO:Al.

Localized Surface Plasmon Polaritons  An alternative explanation for the de-
creased absorptance of the randomly textured Ag surfaessipted in Figure 6.1 are
LSPP-induced optical losses at small Ag nanostructurethelprevious Section 5.2,
it was shown that LSPP resonances in small isolated Ag narmbgtes induce a
very strong absorption. In Figure 6.3, the simulated maxmnvalues of the absorp-
tion efficiency (nazx. Q.ps) at the dominant LSPP resonance of hemispherical Ag
nanostructures embedded in air, $i@nO:Al anduc-Si:H are shown. Values of
max. Q.ps above unity indicate that the absorbed power of small Ag staotures
of radius below 80 nm can be a multiple of the power irradiatethe nanostructures
cross-section. A similar strong absorption at a variatibthe resonance wavelength
was observed also for other geometries of the nanostriscasrevell as coupled nano-
structures [211, 214]. For this reason, considering thaddistribution of shapes,
sizes and arrangements of Ag nanostructures at the randertiyred Ag surfaces
shown in Figure 6.1 (a), LSPP-induced optical losses arectgg to enhance sig-
nificantly the absorptance at these Ag surfaces. Even fompambly low surface
coverage of Ag nanostructures the LSPP-induced opticaébresult in an enhanced
absorptance as the absorbed power by the nanostructurexceedethe power irra-
diated on its cross-section (see Figure 6.3). In particidathe wavelength regions
where an enhanced absorption tail was measured for themdpndextured Ag sur-
faces in direct contact with air or covered with Si@nd ZnO:Al, a particularly high
LSPP-induced absorption for hemispherical Ag nanostrastwas identified in Fig-
ure 6.3. It is important to note that the position of the LSBBonances shifts to
longer wavelengths with increasing refractive index of diedectric in contact with
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Figure 6.3: (a) lllustration of a LSPP mode in an hemisplan@nostructure on
a flat Ag surface. (b) Maxima in simulated absorption efficiefimaz. Q,ps) Of
LSPP resonances in hemispherical Ag nanostructures astdiumf the resonance
wavelength 4..s) covered by Si@, ZnO:Al or uc-Si:H. The radius of the hemispher-
ical nanostructure is varied form 10 nm to 200 nm.

Ag (from n,;, = 1 tongio, ~ 1.45 andnz,o.a1 ~ 1.6-2.0). In the case qfc-Si:H
as embedding material, the LSPP-induced decrease in aksoepis located in the
center of the operational wavelength range of the back coufathin-film silicon
solar cells (500 nm< A < 1100 nm).

Plasmonic Losses at Ag Back Contacts  In the previous paragraphs, it was dis-
cussed that both LSPP resonances and SPP resonances ceiteokbgpincident light
on randomly textured Ag surfaces such as the Ag back conb&dksn-film silicon
solar cells with the state-of-the-art random texture fohtitrapping. The agreement
of the calculated\gpp with the spectral position of the absorptance maxima of the
randomly textured Ag surfaces indicates that these akmwmrptmaxima are likely
caused by SPP-induced optical losses. However, the enthahserption at longer
wavelengths at the surface of Ag back contacts with the-stiatke-art random tex-
ture (Type D) can be explained both by LSPP-induced as w&Pa#sinduced optical
losses. For future studies it is suggested that the effdc8BP and SPP-induced op-
tical losses at the Ag surfaces can be separated by congeltag angular dependent
absorptance of the surfaces to the dispersion relatiotme@PP and LSPP modes. At
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this stage, it is concluded that for incident light of wavejths longer than 500 nm,
both types of plasmonic effects can be responsible for tihamred absorptance of
strongly textured Ag back contacts (Type C and Type D) cavaii¢h Si0,, ZnO:Al
anduc-Si:H. It was shown that, both, the SPP-induced opticaldessd the LSPP-
induced optical losses shift to shorter wavelengths wittrekesing refractive index
of the embedding material. Therefore, the highest reflacibtextured Ag back
contacts in thin-film silicon solar cells is expected for theest refractive index of
the dielectric interlayer. In the following section thisgothesis will be tested in
thin-film silicon solar cell devices.

6.2 Avoiding Plasmon-Induced Optical Losses at Ag
Back Contacts

Relevance of the Dielectric Interlayers at Ag Back Contacts  For thin-film
silicon solar cells, highly reflective Ag back contacts assemtial for good light trap-
ping. An additional ZnO:Al interlayer between the thin-fisiticon absorber layers
and the Ag back contact is generally applied, as it strongtyeases the reflectance
for wavelengths longer than 500 nm where incident lightlheadhe back contact. In
Figure 6.4, this effect is shown for a 1 um thigk-Si:H solar cell in p-i-n configura-
tion. The EQE of a solar cell under variation of the back contact is showar. the
first EQE, the solar cell was prepared with a 700 nm thick Ag back cantafter-
wards, the Ag back contact was removed by template stripgidga ZnO:Al/Ag back
contact was deposited on exactly the same position. TheAnQerlayer thickness
is 80 nm. For wavelengths longer than 550 nm, jik&Si:H solar cell prepared with
the ZnO/Ag back contact shows a strongly enhanEé? when compared with the
EQFE measured on the same solar cell applying a Ag back contads eftect is
associated with an additional reflection at {heSi:H/ZnO:Al interface as well as
reduced plasmon-induced optical losses at textured Zn@®gAdurfaces in compar-
ison with uc-Si:H/Ag surfaces (c.f. previous Section). In the case pE&i:H/Ag
interface, both the SPP and LSPP-induced optical lossdshwetist at textured Ag
surfaces of Type D, are located in the operational waveteragige of the back con-
tact (500 nm< A < 1100 nm). For th@ic-Si:H/ZnO/Ag back contact layer stack, the
SPP and LSPP-induced optical losses are shifted signifijcdaghorter wavelengths
where less incident light reaches the back contact. Therdifice INEQFE corres-
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Figure 6.4: (a) Schematic cross-section @fceSi:H thin-film solar cell in p-i-n con-
figuration with Ag back contact as well as ZnO:Al/Ag back amit (b) External
quantum efficiency £ Q FE) of the samauc-Si:H solar cell measured first with the Ag
back contact and afterwards with the ZnO:Al/Ag back conédier stripping off the
Ag back contact.

ponds to 2.0 mA/crhin J,. which is around 10% of the totdl.. Thus, the dielectric
interlayer between the silicon absorber layer of the safirand the Ag back contact
is of high relevance.

Potential of Dielectric Interlayers of Low Refractive Index In Section 6.1.2,

it was demonstrated that the SPP-induced and LSPP-indystezhlolosses at ran-
domly textured Ag surfaces shift to shorter wavelength$ wigcreasing refractive
index of the covering dielectric. In addition, the refleatiat thepc-Si:H/dielectric
interface at the rear side increases with decreasing teeandex. In order to assess
the resulting potential for thin-film silicon solar cellsgtF Q E of uc-Si:H solar cells
prepared with SiQ (ngi0, ~ 1.45) and air ¢.;; = 1.0) as interlayers between
the Ag back contact and thes-Si:H absorber layers are compared with co-deposited
solar cells which apply a ZnO:Al interlayer (Figure 6.5). drder to allow the use

of non-conductive dielectric interlayers such as $S#hd air, an n-dopedc-Si:H
layer is applied in combination with local Ag contacts seped from each other by

a few millimeters. Although thé"F' of these devices decreases strongly due to a
reduced conductivity at the rear side of the solar cell,gfgevices allow a detailed
optical analysis by measuring tHeQ E and the reflectance. In Figure 6.5 (a) and
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Figure 6.5: (a) Schematic cross-section @fceSi:H thin-film solar cell in p-i-n con-
figuration with ZnO:Al/Ag back contact, Si0Ag back contact and air/Ag back con-
tact. (b) Absorptanced) and (c) external quantum efficienci Q F) of the uc-Si:H
solar cell with the three types of back contact.

Figure 6.5 (b), it is shown that the absorptance of the s@Hs decreases strongly
with decreasing refractive index of the interlayer. At theng time, the£Q F of the
solar cells prepared with a SjOnterlayer and an air interlayer is slightly increased
when compared with the reference solar cell prepared with@/&g back contact
layer stack. The overall,. enhancement is 0.3 mA/érand 0.5 mA/cm for the
solar cell applying the SiQinterlayer and the air interlayer, respectively. In compar
ison with the totalJ,. of 22.7 mA/cn? of the solar cell with the ZnO:Al interlayer,
this increase is small and cannot compensate for the significlower electrical per-
formance of the devices. Due to comparably low absorptich@fic-Si:H material,
for wavelengths longer than 550 nm, a significant portiomeféased reflection of
light at the back contact simply induced an enhanced refieetaf the total solar cell
(see decreased absorptance in Figure 6.5 (b)).
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6.3 Conclusion

In this chapter, the impact of plasmon-induced opticaldessn the reflectance of
textured Ag back contacts in thin-film silicon solar cellsswavestigated. First,
the absorptance spectra of textured and flat Ag back corntageyed with various
dielectrics were studied. Both, propagating SPPs as wels&Ps were identified as
possible sources for the optical losses at these texturdahalg contacts.

A particular focus was set on the discussion of LSPP-indopidal losses in nano-
structures on the Ag back contact. These losses have notdmesidered in the
literature to this problem. In this chapter, it is shown thaén for a comparably
low surface coverage of small hemispherical Ag nanostrast@radius< 100 nm),
the LSPP-induced optical losses can decrease stronglyefleetance of textured
Ag back contacts. Furthermore, the simulated wavelengtbeaf LSPP-induced
enhanced absorption matches the wavelength range of esthabsorptance of the
textured Ag back contacts covered with ZnO:Al, SiQr air.

Most relevant for solar cells is the dependence of the LSBrrances and SPP-
resonances at the textured Ag back contact on the refraictilex of the embed-
ding dielectric. It is shown that both resonances shift torhr wavelengths with
decreasing refractive index of the embedding dielectrar. this reason, in state-of-
the-art solar cells, the plasmon-induced optical losseshifted out of the relevant
wavelength range by incorporating a ZnO:Al interlayer af Ieefractive between the
silicon layers and the Ag back contact. The effect was detnates! in this chapter
for uc-Si:H thin-film solar cell. Furthermore, the additional mmall potential for
increasing the reflection at the back contact with dielediterlayers of even lower
refractive index, such as Sj@nd air, was demonstrated in solar cell devices.
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Chapter 7

Plasmonic Back Contacts with
Non-Ordered Ag
Nanostructures

In this chapter, the light trapping in thin-film silicon saelaells which apply plas-
monic back contacts with non-ordered Ag nanostructuresviestigated. In the first
section, the preparation, geometrical characterizatieweell as the reflectance spec-
tra of Ag back contacts with various distributions of nomlered Ag nanostructures
are presented. In the second section, the measured reftectpectra of the plas-
monic back contacts in air are compared with reflectance spealculated from op-
tical simulations of LSPP resonances in isolated nanostimes on Ag back contacts.
Furthermore, based on optical simulations, the light sexitig at plasmonic Ag back
contacts into the pc-Si:H layer of a thin-film silicon solallds evaluated with regard
to light trapping. In the third section, the light trappind pc-Si:H solar cell proto-
types in n-i-p configuration deposited on one of the most fsiog type of Ag back
contact with non-ordered nanostructures is studied. Pafthe results, presented in
this chapter, have previously been published in [215].
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Figure 7.1: (a)-(d) lllustration of the preparation stepshe Ag back contacts with
non-ordered nanostructures. (e) Schematic cross-segtepc-Si:H solar cell in n-
i-p configuration deposited on a plasmonic back contact nath-ordered Ag nano-
structures.

7.1 Preparation of Back Contacts with Non-Ordered
Ag Nanostructures

In this section, the preparation of Ag back contacts with-nodtered Ag nanostruc-
tures is presented. The nanostructures on the Ag back ¢omeae prepared by
coating the Ag nanoparticles with a 200 nm thick dc-sputteéyg layer and an 80 nm
thick rf-sputtered ZnO:Al layer. The preparation stepsrfrihe Ag nanoparticles to
the Ag back contacts with non-ordered nanostructures anersin Figure 7.1 (a)-
(d). The Ag back contacts are prepared for the subsequensitiep of apc-Si:H
thin-film solar cell in n-i-p configuration (see Figure 7.})(e

Nanoparticle Formation by the Annealing of Thin Ag Films Ag nanoparticle
arrangements on silicon wafer substrates were preparduelannealing of thermally
evaporated Ag films (see Figure 7.1 (a)-(b)). The Ag films wareealed at a tem-
perature of 500C for six hours in a nitrogen atmosphere. Due to the surfatsda,
the Ag films agglomerated into non-ordered arrangementsiobdparticles. In Fig-
ure 7.2, SEM images of Ag nanopatrticle distributions areansho The initial Ag
film thickness is varied from 5 nm to 30 nm. It is observed thatdverage size of
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Figure 7.2: SEM images of Ag nanoparticles prepared by tmeaing of thin Ag
films. The thickness of the initial Ag film was 5 nm, 10 nm, 15 r#8,nm, 25 nm
and 30 nm in (a)-(f), respectively.

the Ag nanoparticles increases gradually with increadinckbess of the initial Ag
layer [216]. For initial Ag layer thicknesses larger thanri2b, nanoparticles of radii
above 100 nm are observed. Such radii are particularly itapbrThe optical simu-
lations of hemispherical nanostructures on Ag back costacesented in Chapter 5,
point out that radii above 100 nm are needed for an efficieRR-81duced light
scattering at the back contact of thin-film silicon solatsel

Ag Back Contacts with Non-Ordered Nanostructures For the back contact
preparation, the silicon wafer substrates with the Ag nantigles were covered with
a 200 nm thick dc-sputtered Ag layer and a 80 nm thick rf-gpatt ZnO:Al layer (see
Figure 7.1 (c)-(d)). In Figure 7.3 (a)-(e), AFM images of thgback contact surface
prior to the ZnO:Al deposition are shown for five types of nstnacture distribu-
tions on Ag back contacts. The five back contacts are reféorad Type A, Type B,
Type C, Type D and Type E, respectively. They were preparatborordered nano-
particle arrangements which were obtained by the anneafiAg films of thickness
of 10 nm, 15 nm, 20 nm, 30 nm and 40 nm. The AFM images show teatulface
texture of the Ag back contacts prior to the ZnO:Al depositieveals non-ordered
nanostructures. These nanostructures are created byrif@roal deposition of the



94 Plasmonic Back Contacts with Non-Ordered Ag Nanostrastu

Ag layer onto the Ag nanoparticles. The average size of tm@stauctures on the
Ag back contact correlates to the average size of the Ag ratiolgs which, in turn,
correlate with the initial thickness of the thin Ag film pritr the annealing step.

In Figure 7.3 ()-(j), the measured diffuse and total rel@ce spectra of the five types
of back contacts in air are shown. With increasing averazgeafithe nanostructures,
the diffuse reflectance increases from the Type A back coiwaihie Type E back
contact. In addition, the wavelength range of enhanceds#fireflectance shifts to
longer wavelengths. For example, the maximum in diffuseectdince is 45% at a
wavelength of 586 nm for the back contacts of Type B and 55%ved\eelength of
765 nm for the back contacts of Type D.

7.2 Optical Simulation of the Back Contacts

In the previous section it was shown that non-ordered namdsites on Ag back
contacts in air induce a size-dependent diffuse reflectapeetrum. A similar size-
dependent increase of scattering efficiency as well as adegendent increase of
the LSPP resonance wavelength was described in the presention 5.2 for LSPP-
induced light scattering at isolated hemispherical Ag s#ctures. In this section,
this correlation is investigated in more detail. The ligbatsering of five types of
plasmonic back contacts with non-ordered Ag nanostrustisrstudied with three-
dimensional electromagnetic simulations. In the first,panmulated diffuse and total
reflectance spectra calculated from optical simulationsaéted nanostructures on
Ag back contacts in air are compared with measured refleetgpectra. In the second
part, the simulated reflectance spectra of the Ag back ctsntath non-ordered nano-
structures withinuc-Si:H thin-film solar cells are presented. Furthermore, fihe
types of back contacts are evaluated regarding their whdiscatter incident light
at low optical losses into large angles in foeSi:H absorber layers of the thin-film
silicon solar cells.

7.2.1 Reflectance of the Back Contacts in Air

The measured diffuse and total reflectance spectra of trestractured back contacts
with non-ordered Ag nanostructures are compared with sitadlreflectance spectra.
The optical simulations were performed with the three-digi@nal electromagnetic
solver introduced in Section 2.4.3. Due to the required hégolution of the simula-
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tion grid at metal surfaces, it is not possible to simulate@esentative surface area
of the plasmonic Ag back contacts with non-regular Ag namstires in a single
simulation. Instead, the simulated reflectance spectiasgplasmonic back contacts
with Ag surfaces were calculated as an area weighted sugiquoof the simulated
reflectance spectra of isolated nanostructures on Ag badkcis.

Shape and Size Distribution of the Nanostructures on the BdcContact In
order to allow an in-depth analysis of the LSPP-induced kghttering at the various
distributions of nanostructures on the five types of backaxs, a detailed analysis
of the shape and size distribution of the nanostructurepedermed. The AFM im-
ages of the five back contacts were analyzed with the Advankesshold Algorithm
of the Particle and Pore Analysis module of the SPIP softwagesion 5.1.6 (Image
Metrology A/S, Horsholm, Denmark) [71]. The detection lefiee the algorithm was
set to the mean level of plane-fitted AFM data. It is importamote that the choice
of detected level is a sensitive setting. For this reas@rdhults and trends presented
in this chapter, which are based on the detected nanosteutditribution, have been
verified for other detection levels of the nanostructurérilistion. From the detec-
ted nanostructure distribution, the area-weighted badieisand the corresponding
height of the nanostructures was derived for each of the yped of the plasmonic
back contacts. Additionally, in order to stabilize the @¢ten algorithm and to avoid
the inclusion of very small and shallow nanostructuressé¢hmanostructures with an
height to radius aspect ratio below 0.5 and a radius below Bawa been excluded.
In Figure 7.4 (a), the detected area-weighted base raditrfaditions of the five types
of back contact are shown. A continuous increase of the laabes of the nanostruc-
tures is presented for increasing average radius of therlaiyttey Ag nanoparticles
which corresponds to an increasing initial thickness oftttie Ag film prior to the
annealing step. A very broad range of nanostructure digtoibs exists for the vari-
ous types of back contacts. For the Type A back contact, wiih deposited on
the smallest Ag nanoparticles, the maximum of the base satiatribution is located
around 30 nm. For the Type E back contact, which is depositethe largest Ag
nanoparticles, the maximum in base radius distributiondated around 530 nm.

In addition, Figure 7.4 (b) shows the height of each nanogire plotted against the
base radius for the nanostructures detected from the AFMeésaFor all types of
back contact, the height to radius aspect ratio of the namngistes is located around
0.75 (indicated by the dashed line). Thus, for future anslysis reasonable to ap-
proximate the nanostructures by half-ellipsoids of hetghbase radius aspect ratio
of 0.75.
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Figure 7.4: (a) Area-weighted base radius distributiorm(@area) and (b) height
as a function of the radius of each nanostructure derived fiee AFM images of
five types of Ag back contacts with non-ordered nanostrestipresented in Fig-
ure 7.3 (a)-(e)).

Plasmonic Light Scattering of Isolated Half-Ellipsoidal Nanostructures on Ag
Back Contacts Covered by 80 nm of ZnO:Al in Air In the previous section,
it was shown that the five types of Ag back contacts with nateted Ag nanostruc-
tures exhibit half-ellipsoidal nanostructures of varitase radius distributions (see
Figure 7.4). In order to represent these nanostructurésabpimulations of isolated
half-ellipsoidal nanostructures on Ag back contacts wemfgomed under variation
of the base radius from 10 nm to 700 nm. The half-ellipsoidaiastructures are
covered by ZnO:Al and the height to base radius ratio wasosefn5. A schematic
cross-section of the structure is shown in the inset in Egub. In Figure 7.5 (a)
and Figure 7.5 (b), the scattering efficiency and absormféoiency are shown for
wavelengths from 300 nm to 1100 nm. Values@f., and Q.,s above unity in-
dicate the appearance of LSPP resonances. For small ratiiaodipolar LSPP
resonance is exhibited, which shifts to longer wavelengtitls increasing base ra-
dius of the nanostructures. For radii smaller than 50 nm¢thg dominates and for
wavelengths larger than 50 nm, thg., clearly dominates. For radii from 10 nm
to 100 nm, the maximum i), increases and for larger radii, it decreases gradu-
ally while additional multipolar LSPP resonances appeahatter wavelengths. In
addition, with increasing radius, the LSPP resonances ghibnger wavelengths.
Overall, the identified radius-dependent trends of the kited Q.. and Q.5 are
similar to the trends of hemispherical Ag hanostructurebemided in a ZnO:Al half-
space (see Section 5.2).
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Figure 7.5: (a) Simulated scattering efficiency.{.) and (b) absorption efficiency
(Q.ps) Of isolated ellipsoidal Ag nanostructures on Ag surfacegeced by an 80 nm
thick ZnO:Al layer. The radius of the nanostructure is vdfie®m 20 nm to 300 nm
and the height is set to 75% of the corresponding radius.

Simulated Reflectance Spectra vs. Measured Reflectance Specbf Back
Contacts with Non-Ordered Plasmonic Nanostructures in Air In order to
derive the diffuse reflectance and the total reflectancetigpfom the above presen-
ted simulations, the simulated spectrathf., andQ..s of the half-ellipsoidal nano-
structures were weighted with an area-weighted base rdditrébution of each type
of plasmonic back contact (c.f. Figure 7.3 and Figure 7.3)e fesulting simulated
diffuse reflectance spectra are shown for wavelengths f@msn to 1100 nm in Fig-
ure 7.6 (a). For comparison, the measured diffuse refleetspectra of the five types
of Ag back contacts are replotted in Figure 7.6 (c). It is shdwat both the simulated
and measured diffuse reflectance spectra increase gnaduatithe total wavelength
range with increasing average base radius of the nanastesabn the back contacts
(indicated by the arrow). The shift of the maxima of the meeguliffuse reflectance
to longer wavelengths with increasing base radius of thestamctures is reproduced
in the simulated data. Since the simulated diffuse reflegtapectra are calculated
from spectra of LSPP resonances, the enhanced diffusetegftecof the Ag back
contact is attributed to an enhanced LSPP-induced scagtefiincident light at the
nanostructures. Furthermore, the simulated shift of theR-8hduced light scattering
with increasing radius of the Ag nanostructure correlateff with the shift of the
measured diffuse reflectance maxima to longer wavelengtes Figure 7.5). The
deviation in the total values of the measured and simulafégsd reflectance as well
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Figure 7.6: (a) Simulated diffuse reflectance, (b) simalab¢al reflectance, (c) meas-
ured diffuse reflectance and (d) measured total reflectahfieectypes of Ag back
contacts with various distributions of non-ordered nanmstires.

as the redshift of the simulated spectra are attributedestttong simplifications ap-
plied to derive the simulated diffuse reflectance spectrpaticular relevance in
this regard are the strong assumptions regarding the slidpe panostructures and
the neglected coupling between adjacent nanostructures.

The simulated and measured total reflectance of the five typAg back contacts
with non-ordered nanostructures are shown in Figure 7.@rd)Figure 7.6 (d), re-
spectively. For all measured total reflectance spectrayraipent minimum is located
at wavelengths around 500 nm. In addition, these minimabéxéin absorption tail
that ranges into the long wavelength range. With increamiegage base radius of the
nanostructures of the five types of back contact (from Type Aype E) the minimum
at wavelengths around 500 nm decreases in the measuredrdathe simulated total
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reflectance spectra, this minimum is only weakly pronourioethe Type A, Type B
and Type C back contact where it is shifted to longer wavelengrhe correspond-
ing deviation between simulated and measured total refleetis attributed to the fact
that the SPP-induced optical losses are underrated innideged total reflectance
spectra. In fact, the simulated total reflectance spectaearived from simulations
of isolated half-ellipsoidal Ag nanostructures. For isethAg nanostructures, a very
efficient coupling of light to LSPPs was shown (see Figure. H®wever, the coup-
ling of incident light to SPPs is not efficient. Thus, the SR&Jced optical losses for
textured Ag surfaces covered by ZnO:Al at wavelengths betw0 nm and 550 nm
(see Section 6.1.2) are not considered in the simulatetr&ftectance spectra.

7.2.2 Light Scattering into thepuc-Si:H Absorber Layer

The diffuse reflectance spectra and angular scatteringsityedistributions of Ag
back contacts with non-ordered nanostructures witlii:H thin-film solar cells are
to be determined for the understanding of the light-traggifiect. Since it is not pos-
sible to measure the scattering angles or scattering ityesfsscattered light within
theuc-Si:H absorber layer itself, three-dimensional electrgnwic simulations were
applied. Due to the reasonable agreement between measwtesihaulated diffuse
reflectance of the plasmonic back contacts in air, it is etqubthat the simulations
of Ag back contacts within thec-Si:H absorber layer provide realistic scattering and
diffuse reflectance.

Similar to the previous section, the simulat@g.. and the angular scattering intens-
ity distributions of isolated Ag nanostructures on Ag backtacts are weighted with
the area-weighted base radius distribution of each typdasinmonic back contact
(presented in Figure 7.4 (a)). The simulated half-ellidabiAg nanostructures are
covered with an 80 nm thick ZnO:Al layer anquea-Si:H half-space, representing the
layer stack at the rear side ofua-Si:H thin-film solar cell (c.f. Figure 7.1 (e)). The
height to radius aspect ratio of the nanostructure is 0.75.

Simulated Diffuse Reflectance Spectra of Back Contacts withon-Ordered Plas-
monic Nanostructures Covered with 80 nm ZnO:Al in uc-Si:H In Figure 7.7,
the simulated diffuse reflectance spectra of the five typeplagmonic Ag back
contacts with non-ordered plasmonic nanostructures angrsfor wavelengths from
300 nm to 1100 nm. It is observed that the diffuse reflectamceeases over the total
wavelength range with increasing average base radius efathestructures. The av-
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Figure 7.7: Simulated diffuse reflectance of the five typeAagback contacts at the
rear side of a thin-film silicon solar cell.

erage base radius is smallest for the Type A back contacteagddt for the Type E
back contact (see Figure 7.4 (a)). Aside from the Type A bacitact, incident light
is scattered within the total operational wavelength raofgthe back contact of a
pe-Si:H thin-film solar cell (500 nm< A < 1100 nm). The Type A back contact and
the Type B back contact exhibit Ag nanostructures of radaléenthan 150 nm (c.f.
Figure 7.4). For these radii, the LSPP-induced light scatjeat half-ellipsoidal Ag
nanostructures covered by ZnO:Al exists only for wavelbagimaller than 900 nm
(c.f. Figure 7.5 (a)).

Similar to the diffuse reflectance spectra of the plasmorgchack contacts in air
(c.f. Section 7.2.1), the highest diffuse reflectance isébfor the Type D back con-
tact and the Type E back contact. However, the absolute yaisimulated diffuse
reflectance of the plasmonic back contacts covered byts®i:H layer are much
smaller than those in air. In Section 5.2.4, it was shown thatdielectric layer
stack at the rear side of the-Si:H solar cell, i.e. the thickness of the ZnO:Al layer,
strongly influences th€,., of half-spherical nanostructures on Ag back contacts. In
particular, for ZnO:Al thicknesses of around 80 nm, thg, was strongly reduced
for wavelengths between 700 nm and 1100 nm in comparison laiger ZnO:Al
thicknesses. It shall be noted that the evaluation of tHes#freflectance of plas-
monic Ag back contacts in air can be very misleading. Theuddfreflectance and
scattering angle distribution, which are determined by BS$fluced light scatter-
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ing, strongly depend on the dielectric material in the vtgiof the nanostructures
(see Section 5.2). As a result, the simulated diffuse reftet of the back contacts
in a thin-film silicon solar cell is strongly reduced when qumamed with the diffuse
reflectance simulated for the back contacts in air (c.f. gu6 (a) and Figure 7.7).

Simulated Angular Scattering Intensity Distribution of Ag Back Contacts with
Non-Ordered Nanostructures In Section 5.1, it was shown that an efficient
light trapping via plasmonic back contacts requires th&asdag of incident light into
large angles in thecSi:H absorber layer gfic-Si:H thin-film solar cells. From the
simulated data, the angular scattering intensity distidiouof the Ag back contacts
with non-ordered Ag nanostructures is evaluated. To giveexample, in Fig-
ure 7.8 (a), the normalized scattering intensity distidubf light scattered at the
Type D back contact is shown as a function of the scatterigtean thepc-Si:H layer
and the wavelength. The considered wavelength range ie #at bperating spectral
range of the back contact (500 rmA < 1100 nm). Itis shown that the incident light
at the back contact is scattered into a broad angle diswibirt thepc-Si:H absorber
layer of the thin-film silicon solar cell (see Figure 7.8 (a®) substantial amount of
the scattered light is scattered to large angles. In ordesrtpare the light scattering
at the five types of plasmonic Ag back contacts with non-adexg nanostructures,
in Figure 7.8, the average absorption, diffuse reflectandespecular reflectance are
shown for the five types of back contacts with non-ordereastrnctures. The frac-
tions of the diffusively reflected light which are scattetmsl/ond the total internal
reflection angle of a flgic-Si:H/ZnO:Al interface and a flgic-Si:H/air interface are
given. The data was averaged over the operational wavéleagge of the back con-
tact in apc-Si:H thin-film solar cell (500 nm< A < 1100 nm). For all back contacts
investigated, a large amount of incident light is reflectpdcsilarly. This is an in-
dication for a low light trapping in solar cells with thesechacontacts. The amount
of diffusively reflected light at the back contacts increaf®m the Type A back
contact to the Type E back contact. Moreover, the amount@fémt light which
is scattered beyond the critical total internal reflectimiglas at a flajuc-Si:H/air
or uc-Si:H/ZnO:Al interface, increases from the Type A back emhto the Type E
back contact. Consequently, we expect the best light tngpfair the back contact
of Type E and Type D. To give an example, for the Type D backaxii?4% of the
incident light are reflected diffusively, whereof 15% andd0f the incident light
are scattered to angles beyond the total internal refleetigrhe of a flajuc-Si:H/air
anduc-Si:H/ZnO:Al interface, respectively. Thus, the relatasmount of diffusively
reflected light which is reflected to large angles is significadNevertheless, due to
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Figure 7.8: (a) Angular scattering intensity distributioto pc-Si:H of the Type D Ag
back contact with non-ordered nanostructures. (b) Siredldiffuse reflectance of
the Type D back contact. Total diffuse reflectance and thaiéma thereof indicating
the amount of the light scattered beyond the total interefiéction angle of a flat
HG-Si:H/ZnO:Al interface and a flgic-Si:H/air interface.

the low total diffuse reflectance, it is shown that the ovdigiht trapping of the solar
cells with the five back contacts with non-ordered Ag nanmstires is low.

Simulated Absorptance of Ag Back Contacts with Non-OrderedNanostructures

In addition to the specular and diffuse reflection, the ayer@bsorptance of incident
light in the five types of plasmonic Ag back contacts with ravdered Ag nanostruc-
tures is shown in Figure 7.8 (b). While the fraction of difftediy reflected light is
smallest for the Type A back contact, the average absorpteEnmaximal for this
back contact. Due to the small radius of the Ag nanostrustateéhe Type A back
contact, the LSPP resonances in these nanostructuregisttong absorption losses
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as explained in Section 5.2. For nanostructures of radillemian around 80 nm
which are mostly existent for the Type A back contact, thehbg values of).1,¢
are shown in Figure 7.6 (b). With increasing radius of theosémictures on the back
contacts, the absoprtance decreases from the Type A batdcttmthe Type C back
contact. As the radius of the nanostructures on these tyfffiEsck contacts increases,
the Qs Of these nanostructures decreases (see Section 5.2). ddype D and
Type E back contacts, the absorptance increases with taspgbe Type C back con-
tact. These back contacts are most promising for light irapps they exhibit the
highest diffuse reflection. The increase in absorption effype D and Type E back
contact is attributed to the increase in surface coveragenbstructures on these
back contacts as well as the appearance of absorptive wialtigsonances for radii
larger than 150 nm at wavelengths larger than 500 nm.

7.3 Prototypepc-Si:H Thin-Film Solar Cell

The light trapping ofuc-Si:H solar cells in n-i-p configuration deposited on the
Type D Ag back contact with non-ordered nanostructuresudistl. The Type D
back contact exhibits an average nanostructure base rafdarsund 300 nm and a
strongly enhanced diffuse reflectance for wavelengthsdptigan 500 nm. For these
wavelengths incident light reaches the rear side of a thimilicon solar cell (see
Figure 7.7). An approximately 1.1 um thigic-Si:H solar cell in n-i-p configuration
was deposited by plasma enhanced chemical vapor depasititre Type D Ag back
contact and, for comparison, on a flat back contact and a nalydextured Ag back
contact. For details on the preparation of the solar cellstha randomly textured
back contact, see Section 2.1.1 and [45]. A schematic esien of the complete
solar cell design is shown in Figure 7.1 (e). All solar celiswn here were deposited
in the same deposition run.

In Figure 7.9 (a), the measurdd) £’ spectra of the threpc-Si:H solar cells depos-
ited on the flat back contact, the random texture back cgraadtthe Type D Ag back
contact with non-ordered nanostructures are shown. Foeleragths from 520 nm
to 1100 nm, theQ E of the solar cell deposited on the Type D back contact is sig-
nificantly enhanced in comparison with th&) £ of the solar cell deposited on the
flat back contact. This enhancement shows that due to LSiRR:éd light scattering
at the Ag back contact with non-ordered nanostructureshstantial amount of in-
cident light is guided inside thec-Si:H absorber layer of the solar cell. This leads to
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Figure 7.9: External quantum efficienck @ E) of threepcSi:H solar cells in n-i-p

configuration codeposited on the flat back contact, the nanéature back contact,
and the Type D back contact with non-ordered Ag nanostrastur

an enhanced generation of charge carriers and, in turn, lzaneament of/y. from
18.4 mA/cnt to 20.5 mA/cni. However, theEQE as well asJ,. of the solar cell
applying the state-of-the-art random texture for lighpprieg is even larger. Thus,
for the given nanostructure distributions at the Type D bamkact, the light trapping
is not competitive with the state-of-the-art texture fghli trapping. Similar results
have been reported in the literature for textured Ag backama [181, 216]. How-
ever, in this study very regular shapes of nanostructures xeen investigated which
allowed an in-depth analysis of the LSPP-induced lighttedaty. Most important,
for the first time, it was shown that the enhanced diffuse ctdlece of the Ag back
contacts in air correlates well to LSPP-induced light seaty at the non-ordered Ag
nanostructures. The low light-trapping effect of the salalts with Ag back contacts
with non-ordered nanostructures is attributed to the Idfusie reflectance of incident

light at the Type D back contact into tie-Si:H absorbver layer of the solar cell (c.f.
Section 7.2.2).
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7.4 Conclusion

In this chapter, the light trapping of plasmonic back cotgatith non-ordered Ag
nanostructures in @c-Si:H thin-film solar cell prototype was studied. A simple
way of fabricating non-ordered plasmonic nanostructureé\@ back contacts was
presented. Non-ordered Ag nanoparticles, which were peepsgia thermally-
induced agglomeration of Ag films, were coated with a Ag lagad an 80 nm
thick ZnO:Al layer. Back contacts with various Ag nanosture distributions were
prepared. Their Ag nanostructures exhibited half-elligabshape with base radii
between 10 nm and 700 nm.

Three-dimensional electromagnetic simulations wereia@pb study the reflectance
spectra of five types of Ag back contacts with non-orderedstinctures. Measured
reflectance spectra of the back contacts in air were compétkdeflectance spectra
calculated from optical simulations of LSPP resonancesatated nanostructures
on Ag back contacts. Due to a qualitatively good agreememtdsn the measured
and simulated reflectance spectra of the various types ofa&l bontacts with non-
ordered nanostructures, the enhanced diffuse reflectenite dack contacts was
attributed to LSPP-induced light scattering at the namesires on the back contact.
In addition, based on optical simulations, the light scattgat the plasmonic Ag
back contacts into thec-Si:H absorber layer of a thin-film silicon solar cell was
discussed. The diffuse reflectance of the plasmonic backactncovered with
pc-Si:H was below 35% for all types of realized back contacts.

A pc-Si:H solar cell in n-i-p configuration fabricated on one eypf plasmonic Ag
back contact showed a significantly enhande@FE for wavelengths longer than
500 nm when compared with a flat solar cell. The corresponéigig-trapping
effect was attributed to LSPP-induced light scatteringaatastructures on the back
contact. However, in comparison with the random textureklamtacts, the light
trapping produced by the Ag back contact with non-orderetsguctures was low.
Most probably due to the low diffuse reflection of light at thg back contacts with
non-ordered nanostructures, the overall light trapping We&v. Based on future
simulation-based optimizations of the shape, size as wedinabedding layer stack
of the Ag nanostructures, an additional improvement pa@eéof the light-trapping
effect should be researched.



Chapter 8

Plasmonic Reflection Grating
Back Contacts

This chapter reports on the prototyping and the optical s$ation of pc-Si:H thin-
film solar cells applying plasmonic reflection grating badatacts. The plasmonic
reflection grating back contacts are formed by Ag nanostmest which are arranged
in a square lattice at the back contact of the solar cell. la finst section, the elec-
trical and optical characteristics of prototype pc-Si:Hlaocells deposited on the
plasmonic reflection grating back contacts are comparedh waference solar cells
deposited on flat back contacts and on randomly textured backacts. Based on
the optical simulations of plasmonic reflection grating baontacts, the light trap-
ping is explained from the perspective of geometrical aptia the second section,
full three-dimensional electromagnetic simulations dfrersolar cell prototypes ap-
plying plasmonic reflection grating back contacts are préed. An excellent agree-
ment between simulated and measured spectral response pfdtotype solar cells
is presented. This agreement allowed a simulation basethizattion of the geomet-
ric parameters of the plasmonic reflection grating back egatt In the last section,
the light-trapping effect caused by the plasmonic reflectjicating back contact is
explained from the perspective of leaky waveguides. Péttseaesults presented in
this chapter have previously been published in [173,217].
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Figure 8.1: (a) Schematic cross-sectionuofSi:H type solar cells in n-i-p configura-
tion deposited on a plasmonic reflection grating back canfidte three-dimensional
layer stack of the front contact and reflection grating bamktact is shown schemat-
ically in (b) and (c), respectively.

8.1 Prototypeuc-Si:H Thin-Film Solar Cell

In order to demonstrate the light trapping caused by plagmefiection grating back
contactspc-Si:H solar cells in n-i-p configuration with an active cata of 0.25 cr

were fabricated (see Figure 8.1). The performance of ther sells deposited on a
flat reference substrate, a randomly textured substrateamolimprinted patterned
substrates with square lattice arranged nano-cubes angacech The flat solar cell
serves as a reference solar cell without light trapping. 3dlar cell deposited on
the randomly textured back contact is the best referenee sell which applies the
state-of-the-art random texture for light trapping (seeti®a 3.2 and [45, 158, 160]).

8.1.1 Back Contact and Solar Cell Preparation

Preparation of the Plasmonic Reflection Grating Back Contat The pat-
terned substrates with square lattice arranged nano-arbe®rmed by a nanoim-



8.1 Prototypeaic-Si:H Thin-Film Solar Cell 109

(@)

‘ imprinted substrate

period = 500 nm = period = 600 nm

P e S e

-~ e, ™ -

- A -

N

Figure 8.2: (a) Schematic figure of the nanoimprinted sabstwith square lattice
arranged cubic nanostructures as well as the Ag surfacecXicanning electron
microscopy image of the surfaces of the plasmonic reflegffatings of various peri-
ods.

print process using a soft polymer mold (see Section 4). @rofdhe substrates, a
200 nm thick Ag layer and a 80 nm(5 nm) thick ZnO:Al layer was deposited at
room temperature by rf-sputtering. Due to the nearly canfdrdeposition of Ag,
the Ag surface reveals half-ellipsoidal nanostructuresadii of around 110 nm and
height of around 80 nm, forming the plasmonic reflectioniggaback contact sur-
face. In Figure 8.2, the Ag surface of the plasmonic reflectjating back contacts
prior to the deposition of the ZnO:Al is shown for variousipds. For the reference
solar cells, a flat Ag/ZnO:Al back contact and a Ag/ZnO:Al baontact with the
state-of-the-art random texture for light trapping waspared. The reference sub-
strate with the randomly textured back contact was prepayeudet-chemical etching
of rf-sputtered ZnO:Al for 40 s in 0.5 w/w% HCI, resulting inraot mean square
roughness of 139 nm (see Section 3.2).

Preparation of pc-Si:H Thin Film Solar Cell On top of the three types of back
contacts, quc-Si:H thin-film solar cell in n-i-p configuration was depesitby plasma
enhanced chemical vapor deposition (for details see $e2tihl) The thicknesses
of the n-doped, intrinsic and p-dopeat-Si:H layer are around 15 nmt(5 nm),
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1100 nm & 20 nm) and 20 nm=« 5 nm), respectively. As front contact, an approx-
imately 60 nm to 70 nm thick ZnO:Al layer in combination witlgAinger electrodes
were deposited. A schematic cross-section of the compdéde sell is shown in Fig-
ure 8.1. The geometrical data therein is taken from scarelgwron microscopy im-
ages of the solar cell cross-section (prepared by focuseddam) as well as atomic
force microscopy measurements of the interfaces in betwééarent preparation
steps. Due to the non-conformal growth of fheSi:H layers, the nanostructure of
the substrate is leveled and broadened significantly atrtim §ide of the solar cell.
Thus, instead of protrusions of radius of 110 nm and heigl@0ohm, at the front
side of the solar cell the periodic half-ellipsoidal sturets have a radius of around
300 nm and height of around 35 nm.

8.1.2 Results of the Prototype Solar Cells

External Quantum Efficiency and Short-Circuit Current Density In Fig-
ure 8.3 (a), the measurdd@E spectra of the threpc-Si:H solar cells deposited
in the same conditions on a flat back contact, a back contéletthé state-of-the-art
random texture for light trapping, and a plasmonic reflecgpating back contact
with square lattice period of 500 nm are shown. For wavelenfiom 550 nm to
950 nm, theEQFE of the solar cell deposited on the plasmonic reflection geati
back contact is significantly enhanced in comparison withRlY E of the solar cell
deposited on the flat back contact. This enhancement shawshih plasmonic re-
flection grating back contact is capable of guiding a substbamount of incident
light inside theuc-Si:H absorber layer of the solar cell, leading to an enhdyen-
eration of charge carriers. This corresponds fg.@nhancement from 17.7 mA/ém
to 21.0 mA/cni. As a comparison, the highegl. measured at a reference solar cell
deposited on the randomly textured back contact is only @&A&m?. Particularly in
the wavelength range from 580 nm to 800 nm, the solar cellyapgpthe plasmonic
reflection grating back contact exhibits a strongly enhdreeeraged~@Q E which
indicates an enhanced light trapping in comparison withstblar cell applying the
state-of-the-art random texture.

A qualitatively similar enhancement ilQ E as described for the plasmonic reflec-
tion grating period of 500 nm was found for plasmonic refleetjrating back contact
of larger periods of 600 nm, 800 nm and 1000 nm. In Table 84 ctirresponding
Jsc are shown. The largest enhancemenygffor the given solar cell structures is
found for a period of 500 nm. Only for this period, an enhaneenof.J,. in compar-
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Figure 8.3: (a) External quantum efficiendy QF), (b) total reflectancekR;.;) and

(c) non-specular reflectanc®(on—spec) Of Hc-Si:H solar cells in n-i-p configuration
applying a flat back contact, a back contact with the statd@fart random texture
for light trapping and a plasmonic reflection grating bachkteet (period of 500 nm).

ison with the solar cells deposited in the same conditiortheack contact with the
state-of-the-art random texture for light trapping is aked. With increasing period,
the measured,. decreases. This decrease is attributed to two reasont.tR@sur-
face coverage of the scattering Ag nanostructures de®date increasing period.
Second, the angles of the diffraction orders of the plasmogflection grating de-
crease with increasing period, resulting in less efficigfttltrapping. This trend has
been described in detail in Section 5.3.

Reflectance In order to investigate the light trapping in the solar celépos-
ited on the plasmonic reflection grating back contact andahdomly textured back
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contact, the measured total and non-specular reflectanites @orresponding solar
cells are compared in Figure 8.3 (b) and Figure 8.3 (c), &s@dy. For the solar
cell deposited on the randomly textured back contact, mb#teoreflected light is
diffusively reflected. For this solar cell, the light trapgiis caused by light scatter-
ing at the randomly textured interfaces into broad angl&idigions in theuc-Si:H
absorber layer. Consequently, tBg) E' exhibits much less pronounced interference
fringes than the flat solar cell and the light reflected from sblar cell is mostly re-
flected diffusively (i.e., the light is reflected non-spexty). In contrast, the light
reflected at the solar cell deposited on the plasmonic reftegrating back con-
tact is mostly reflected specularly. Similar to the flat saell, the EQFE exhibits
well-pronounced interference for wavelengths larger t@@ nm. In conclusion,
the EQE and reflectance clearly show that the light trapping effeetsed by the
plasmonic reflection grating back contact differs concalpgirom the light trapping
effect caused by random textures.

Open-Circuit Voltage and Fill Factor Although the interest in plasmonic re-
flection grating back contact has arisen primarily from tlgétl trapping effect and
possible enhancement gf., it needs to be ensured that the other solar cell paramet-
ers are not affected. Other than the, the F'F' and theV/,. are directly proportional
to the efficiency of a solar cell. A substrate dependent chamghe growth of the
uc-Si:H material that affects in particular thiéF andV,. was reported in the literat-
ure [202,203]. In Table 8.1, all solar cell parameters fergblar cells investigated in
this section are shown. The flat reference solar cell anddafae sell deposited on the
plasmonic reflection grating back contact have been cosigab Due to the very
similar V. of these solar cells, it is evidenced that the electric atarsstics and,
in turn, the material properties of thes-Si:H absorber layer of these solar cells are
comparable. This has been confirmed additionally by Ramasurements which
showed very similar crystallinities for thec-Si:H materials. The differences in the
surfaces of the flat and plasmonic reflection grating backamis are small, as the
nanostructures are flat when compared with the randomlyredsttback contact. For
this reason, the growth and material quality of tkeSi:H layers is comparable in
the solar cell deposited on the flat back contact and plasmefiection grating back
contacts. However, for the reference solar cell depositethe randomly texture
back contact, th& is enhanced by around 15 mV. This enhancemeff,otan be
observed for all reference solar cells. It is expected thatgrowth of theuc-Si:H
material on the back contacts differs for the random texamebthe flat texture of the
back contact. This results in a changégf of the solar cell [202, 203].
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Several of the solar cells deposited on the plasmonic reftegrating back contact
suffer from shunts and, in turn, a decreased shunt resistaa result, for most of
the solar cells deposited on the plasmonic reflection gyddack contact, thé'F' is
decreased in comparison with the flat solar cell. Howevethe solar cell deposited
on the plasmonic reflection grating of a period of 500 nm, dlam# F' is observed
as measured for the flat reference solar cell. In conclusi@electrical properties of
the solar cells deposited on the plasmonic reflection gyatitid not deteriorate signi-
ficantly. uc-Si:H solar cells with enhanced,., high F'F' and highV,. on plasmonic
reflection grating back contacts were prepared.

Reproducibility of the Results All trends and outcomes of solar cell prototypes
presented in this subsection have been verified in two intigrg series ofic-Si:H
solar cells. In order to avoid an overestimation of the liyapping caused by the
plasmonic reflection grating back contact, #i@ E' and.J,. shown in this chapter are
compared with the best results measured for solar cellsavithck contact with the
state-of-the-art random texture for light trapping (defeakat the same conditions).

type of plasmonic reflection grating with period:  flat  randgm
back contact | 500 nm 600 nm 800 nm 1000 nm texture
Jse [MA/CmM2] 21.0 19.9 18.66 18.28 17.7 20.8
Voe [MV] 486 485 481 487 486 498
FF 0.715 0.658 0.661 0.639 0.714 0.69b

Table 8.1: Short-circuit current density,(), open-circuit voltagel(,.) and fill factor
(F'F) of pc-Si:H solar cells in n-i-p configuration with integrated gfaonic reflection
grating back contacts of various periods and for compangitin a flat back contact
and a back contact with the state-of-the-art random textturight trapping.

8.1.3 Geometrical Optics Perspective on the Light-Trapping
Effect

In Figure 8.4 (a) and in Figure 8.4 (b), SEM images of crossises of the two
solar cells deposited on a back contact with the stateefth random texture for
light trapping and a plasmonic reflection grating back cointd period of 500 nm
are shown, respectively. The cross-sections have beearnpwith a focused ion
beam. Due to the material dependent interaction of the @mtidlectron beam with
the specimen, the SEM images show a layer dependent mateniwhst. From the
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(a)

uc-Si:H layers

—front ZnO:Al
back ZnO:Al
Ag

textured substrate
—front ZnO:Al
‘ uc-Si:H layers
back ZnO:Al

—Ag
imprinted substrate

(b)

Figure 8.4: Scanning electron microscopy image of a cresfiem ofjuc-Si:H solar
cells in n-i-p configuration applying (a) a back contact wthie state-of-the-art ran-
dom texture for light trapping and (b) a plasmonic reflectgyating back contact
(period of 500 nm). The cross-section was prepared by facisebeam. In addi-
tion, the light propagation in the solar cell is illustrated

cross-section images, two-dimensional information ongtevth of the solar cell
layers on the different types of back contact is derived. garimg the solar cell de-
posited on the randomly textured back contact and the plasnmeflection grating
back contact, the difference in the geometrical structsi@biserved. The Ag nano-
structures of the plasmonic reflection grating back cordaetarranged periodically
and they are relatively small compared with the large stmest of the randomly tex-
tured back contact.

Light Propagation in the Prototype Solar Cells In Figure 8.4, the light pro-
pagation is illustrated by light rays for both types of salalis. Although near-field
effects are a constitutive element of light-scatteringiiféices in the solar cells under
study, it is possible to explain the fundamentals of thetlighpoping by light propa-
gation in the solar cell with geometrical optics. For theasaells deposited on the
randomly textured back contact, light trapping is causethbyscattering of incident
light off the randomly textured interfaces into broad argji&ributions in theuc-Si:H
absorber layer [160]. The light scattering occurs both aftbnt and back contact of
the solar cell resulting in a light path enhancement intb&i:H absorber layer of
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Figure 8.5: (a) Schematic cross-section of the simulatgef lstack representing the
plasmonic reflection grating back contact. (b) Non-speaeiectance B,,on—spec).
specular reflectanceR(,..) and absorptanced) calculated from three-dimensional
simulations of the plasmonic reflection grating back contéx) Scattering intensity
distribution of the diffracted light at the plasmonic refiea grating as a function
of the scattering angle and the wavelength. Light scattbesond the total internal
reflection angle ofuc-Si:H/air (red line) will be reflected totally at a perfectiat
front side of the solar cell.
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the solar cell. As aresult, theQ E and, in turn, theJ,. of the solar cell are enhanced.
For the solar cell deposited on the plasmonic reflectionmgabnly a small portion
of incident light is scattered at the front interface. Ligtatpping in these devices is
exhibited by the scattering of incident light at the plasinaeflection grating back
contact. In Section 5.3, it was shown that plasmonic refiecgiratings diffracts in-
cident light with high efficiency at the back contact of a tfilm silicon solar cell
into large angles in the silicon absorber layers. Theselatimas have been repeated
for the geometry realized in the prototype under study.

In Figure 8.5, the simulated absorptance, specular refieet@and non-specular
reflectance as well as the simulated scattering intensgtrilolition of the non-
specularly reflected light of the plasmonic reflection grathack contact in the above
investigated prototypes is shown. The period is set to 500Figure 8.5 (b) shows
that in the entire wavelength range of interest from 500 nrh1@0 nm, a substan-
tial amount of incident light at the back contact is reflectexh-specularly. This
non-specularly reflected light is diffracted into diffreet orders of the grating. In
particular, for wavelengths between 580 nm and 800 nm maue 3%% of incident
light is reflected non-specularly and the absorption at theklzontact is less than
12% for all wavelengths. In the same spectral range, the selbapplying the plas-
monic reflection grating back contact exhibits an enhar¢@d in comparison with
the solar cell applying the state-of-the-art random tex{gee Figure 8.3 (a)). Due
to the grating, the scattering angles of the back contaadefieed by the diffraction
orders. In Figure 8.5 (c), the normalized scattering intgsto these diffraction or-
ders is shown as a function of the wavelength and scatterigtpaFor wavelengths
longer than 500 nm, the minimum scattering angles of altalition orders are larger
than the total reflection angle of a flat¢-Si:H/air interface.

As a result, the light path of the light scattered into thérddtion orders in the in-
trinsic pc-Si:H layer of a thin-film silicon solar cell is enhanced tetaf. First, the
light path is simply enhanced by the scattering angle. Skamnsidering the nearly
flat front interface of the solar cell, incident light whichdiffracted at the plasmonic
reflection grating back contact to angles beyond the angtetaf reflection of the
uc-Si:H/air interface will be reflected totally at the frontlsi The resulting enhanced
light path leads to an enhancéd) £ and J.. Furthermore, due to the reciprocity of
all light paths, such light reflected totally at the frontesidill be either reflected or
diffracted antiparallel to normal incidence at its secamecidence on the plasmonic
reflection grating back contact (see Figure 8.4). For thésoa, the reflected and
reemitted light from the solar cell deposited on a plasmoeflection back contact
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must be specular. This finding correlates well with the messveflectance spectra
of both types of solar cells, shown in Figure 8.3. For the rsoldls deposited on

the plasmonic reflection grating back contact almost no specular reflectance is
found, which is in contrast to the state-of-the-art ligljpping.

8.2 Optical Simulations of the Solar Cells

In the previous section, prototypes jof-Si:H solar cells in n-i-p configuration ap-
plying plasmonic reflection grating back contacts were shafn introduction into

the simulation method was presented in Section 2.4.2. kidéction, full three-
dimensional electromagnetic simulations of entire sokll prototypes applying
plasmonic reflection grating back contacts are presentad.extellent agreement
between simulated and measured spectral response of ttaype solar cells is
presented. This agreement allowed a simulation based iaption of the geometric
parameters of the plasmonic reflection grating back contact

8.2.1 Optical Simulations of the Prototype Solar Cells

Two types ofuc-Si:H prototype solar cells in n-i-p configuration are siated: (i) flat
solar cells and (ii) solar cells applying plasmonic reflestgrating back contacts.
Cross-sections of these solar cell designs are shown inrd=ig6 (a) and Fig-
ure 8.6 (d), respectively. The geometrical data thereimken from the prototype
preparation, SEM images of the prototypes cross-sectiomged as AFM measure-
ments of the interfaces in between different preparatiepssof the solar cell. Within
the geometrical uncertainties described in Section 8thel Jayer thicknesses have
been set such that the simulate@) E fits best to the experiment& @ F of the flat
solar cell.

In order to illustrate the simulated electric field, the dbsoelectric field is given
in a cross-section of a solar cell applying a flat back contadtigure 8.6 (b)-(c)
and a plasmonic reflection grating back contact of 500 nnogdri Figure 8.6 (e)-
(f). For both solar cells, the absolute electric field is showa plane parallel and a
plane perpendicular to the polarization of the incidenttetenagnetic wave at nor-
mal incidence. This electromagnetic wave is polarizedlfgit® the grating vector
of the square lattice unit cell of the plasmonic reflectioatigng back contact. It has
a wavelength of 720 nm and an electric field strength of 1 V/or.tke flat solar cell
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Figure 8.6: Schematic cross-section of {leSi:H solar cell deposited on (a) a flat
back contact and (d) a plasmonic reflection grating backamtrdf 500 nm period.
Simulated absolute electric field in the plane perpendicaia the plane parallel
to the polarization of the incident electromagnetic wavébin(c) and (e),(f), respect-
ively. The incident electromagnetic wave has a wavelenfjfi20 nm and is polarized
parallel to the grating vector of the square lattice unit ckthe grating.

the electric field is identical in both planes. It is solelyatenined by the Fabry-Perot
interferences created by the dielectric layer stack of dharell and the highly re-
flecting Ag back contact. In contrast, for the solar cellsa#ed on the plasmonic
reflection grating back contact, the electric field exhihithree dimensional pattern
due to the diffraction of incident light at the grating. Itathbe noted that for the
plane parallel to the polarization of the incident lighte #nhanced electric-fields in
the vicinity of the nanostructure indicate the LSPP resoeasf the nanostructure
(see Section 5.3 and Section 5.1). As expected, for the gargendicular to the
polarization of the incident electromagnetic wave, thihacement of the electric
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Figure 8.7: Simulated (red or blue line, open squares) anasaored (black line)
external quantum efficiencyFIQF) of a uc-Si:H solar cell in n-i-p configuration
deposited on a flat substrate. (a) The simuld&gE is shown for a single solar cell
layer stack. (b) The simulateBQFE is shown for a simple moving average with a
final resolution of 10 nm of three solar cell layer stacks. Trgnsic uc-Si:H layer
thickness of 1082 nm is varied ki 25 nm.

field is not existing as the plasmonic resonance oscillatgdane with the exciting
electric field of the incident electromagnetic wave.

Simulated vs. MeasuredEQE of the Flat Solar Cell The external quantum
efficiency of the solar cells is calculated from the threm@hsional layer specific
absorption profiles assuming a perfect collection of theegated charge carriers in
the intrinsicuc-Si:H layer and collection efficiency of 50% in the n-dopsdSi:H
layer. In Figure 8.7 (a), the simulatdd) F data of a single flapc-Si:H solar cell

is compared with experimentalQ FE data. The data is shown for wavelengths from
300 nm to 1100 nm. A very good agreement between the expaiahé® £ and the
simulation of a single solar cell is shown for th&) E in the wavelength range from
300 nm to 550 nm. For longer wavelengths, due to the lowerrpbea in uc-Si:H,
incident light reaches the back contact and interferenppsax in theEQFE due to
the flat solar cell layer stack. In the simulated data, onéygpectral position of the
interferences is comparable with the experime®@l . The modulation depth of
the interferences in the simulatéd) £ data strongly exceeds the modulation depth
of the interferences in the experimentally measurégl. There are three reasons for
this deviation: Firstly, the spectral resolution of th&) F measurement setup used
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in this work is around 10 nm (see Section 2.1.3). Thus, thg stxep modulations
of bandwidth of similar size than the resolution of the measent setup can not
be resolved accurately. Secondly, the deposition of thiedtigc layers in thguc
Si:H solar cell layer stack is inhomogeneous. As the maxirnspot diameter of the
EQFE measurement setup is of around 3 mm, a modulation of the thijeknesses
over the spot size needs to be considered when comparintpséddy Q E data with
experimental values. Thirdly, due to a residual roughnétisedlat ZnO:Al substrate
and a growth-induced roughness of tleSi:H layer, the solar cell deposited on a flat
substrate is not perfectly flat. The residual roughnessdrithnm range reduces the
modulation depth of the interference fringes in ti@ . One way to compensate
for the deviation between the simulated and experimeB@IE is to average the
simulatedEQ F data of the flat solar cells of various layer thicknesses. thisr
reason, the simulateldlQ E' data of threeZQ E' spectra of flapic-Si:H solar cells with
i-layer thicknesses of 1082 nta 25 nm is averaged. In addition, a simple moving
average of 10 nm spectral width was applied to consider thalugon of theEQF
measurement setup. The resulting averaged simulafgf is in excellent agreement
with the measure@'Q E' over the entire wavelength range (see Figure 8.7 (b)).

Simulated vs. MeasuredEQE of the Prototype Solar Cell with Plasmonic Re-
flection Grating Back Contact In Figure 8.8, the simulatedQE data ofuc
Si:H solar cell in n-i-p configuration deposited on a plasinoeflection grating back
contact is compared with experimental data (schematicsesestion in Figure 8.6).
Except for the change in the surface texture the same geicaigtarameters and
optical data were applied as used for the flat solar cell. fuie 8.8 (a), thevQF
data of a single simulation at a fixed intringic-Si:H layer thickness of 1082 nm is
shown. Similarly to the simulateBQ E data of flat solar cells, a very good agreement
between simulated and experimented) £ data is shown for wavelengths smaller
than 550 nm. For longer wavelengths, the positions of therfietences are repro-
duced in the simulations. In contrast to the flat solar cb#, simulatedEQ E data

of the solar cell applying a plasmonic reflection gratingkaontact reveals very
sharp resonances. For these resonances, high enhancefmthet®lectric field are
observed in the intrinsipic-Si:H layer, which are attributed to the resonant coup-
ling of incident light into waveguide modes of the periodadas cell design. In the
case of a plasmonic reflection grating back contact, thengrait the back contact
allows the incident light to couple to the waveguide modeshef solar cell layer
stack. A detailed analysis of these modes is the subjecedbitowing Section 8.3.
As the bandwidth of these modes is very narrow (from 2 nm to §, tiney cannot
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Figure 8.8: Simulated (red or blue line, open squares) anasaored (black line)
external quantum efficiencyFIQF) of a uc-Si:H solar cell in n-i-p configuration
deposited on a plasmonic reflection grating back contaceabgd of 500 nm. (a)
The simulatedEQF is shown for a single solar cell layer stack. (b) The simulate
EQFE is shown for a simple moving average with a final resolutiod®@hm of three
solar cell layer stacks. The intringie-Si:H layer thickness of 1082 nm is varied by
+ 25 nm.

be resolved in the measurdd) E data. Thus, in order to compensate for the ex-
perimental imprecisions, similarly to the case of the fldasoell, a simple moving
average of averagellQ E' spectra of three simulated solar cells is applied. This way,
for the solar cell applying a plasmonic reflection gratingheontact, a very good fit
between simulations and experiment&) E is shown for the total wavelength range
of interest (see Figure 8.8 (b)).

In summary, the comparison of simulatéd) E data and measurdd( E data of the
prototype solar cells showed an excellent agreement wikamgtanto account exper-
imental variations such as the variation of the thicknegh@fayers in the solar cell.
Thus, the light trapping effect caused by the plasmonicetde grating is quantified
very well in the simulations. As a consequence, the simardatof solar cells depos-
ited on a plasmonic reflection grating back contact have digtiee power when
optimizing geometrical parameters of these solar cells.

Simulated and ExperimentalJs. of the Prototype Solar Cells with Plasmonic Re-
flection Grating Back Contacts In Figure 8.9, the simulated and experimental
Js. of ue-Si:H prototype solar cells deposited on plasmonic refbectirating back
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Figure 8.9: Comparison of the simulated and the measureattsincuit current dens-
ity (Js) of pc-Si:H solar cells in n-i-p configuration deposited on plasinoeflection
grating back contacts of periods ranging from 500 nm to 1000 ihe Ag nano-
structures are of half-ellipsoidal shape (radius of arolt@lnm and height ofaround
80 nm). They are arranged in square lattice.

contacts of square lattice periods between 500 nm and 100@rercompared. As

a comparison, thd,. of flat solar cells and randomly textured solar cells is shown
For all periods, qualitatively similafQQ E enhancements are found in the wavelength
range from 550 nm to 1000 nm (not shown). Both in the simulatetiexperimental
results, the largest enhancement/gf for the given solar cell structures is found for
a period of 500 nm. With increasing period, the measukgdiecreases. A similar
decrease iV, is calculated from the three-dimensional simulations. r@gfor all
periods, the simulated absolute values/gf agree well with the measured values,
allowing a future optimization of geometrical parametarshsas the size and shape
of the nanostructures.

Evaluation of the Parasitic Losses in the Prototype Solar Aes From the
electromagnetic simulations qfc-Si:H solar cells in n-i-p configuration, three-
dimensional absorption profiles were calculated allowigyar specific evaluation
of the absorption. It shall be noted that this informatiom@ accessible with ex-
perimental techniques. In Figure 8.10, this layer spectfisogption is shown for
wavelengths from 500 nm to 1100 nm. In this wavelength rabgéh solar cells
differ in their light trapping and consequently th&) E differs (c.f. Section 8.1). For
both solar cells, most of the absorbed light is absorbedanrttrinsicuc-Si:H layer
which contributes completely to thg. of the solar cell. For the n-doped and p-doped
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Figure 8.10: Simulated absorptance) differentiated for each layer of the flat solar
cell (a) and the solar cell deposited on a plasmonic reflegifating back contact (b).

layers the charge carrier collection efficiencies are noikm They were treated as
free parameters. A good agreement between simulated $eduld) F and experi-
mentalEQ E of theuc-Si:H thin-film solar cells in the previous sections was aied
for collection efficiencies of 0%, 100% and 50% in the p-dgpetlinsic and n-doped
pc-Si:H layer, respectively. Based on these estimates, ttesipia losses in the solar
cells can be identified. For wavelengths up to 550 nm, mosteoparasitic absorption
losses appear in the p-dopedSi:H layer of the solar cells. For longer wavelengths,
the absorption in the ZnO:Al front contact, the n-dopexlSi:H layer and the back
contact, consisting of the Ag layer, and the back ZnO:Al tayans relevance.

As reported in the previous section, the light trapping fbdor the solar cells de-
posited on the plasmonic reflection grating back contacteoés the absorption in
the intrinsicuc-Si:H layer. This enhancement results in an increasgdrof around
3.3 mA/cnt. The parasitic losses in the back contact and the n-dpp&i:H layer
increase strongly as shown in Figure 8.10 (b). For waveleniginger than 750 nm,
33% of the light absorbed in the solar cell is absorbed byeeithe n-dopedic-Si:H
layer or the back contact. By comparing th&) E data of the solar cells presented
in Figure 8.10 (a) and Figure 8.10 (b), an increase in thesitardosses in Ag by a
factor of 4.3 is identified. Thus, the enhanced light traggund for the solar cells
deposited on the plasmonic reflection grating comes at teeafaan enhanced ab-



124 Plasmonic Reflection Grating Back Contacts

sorption in the Ag layer. The LSPP resonances in the naratsted Ag layer scatter
incident light but also induce losses, leading to an enthabsorption. In addition,
due to the light trapping, light is guided in the solar ceyldastack and will interact
more often with the plasmonic reflection grating back conteading to a further

increase of the absorption in the Ag layer. Consequentlyrder to improve the per-
formance of the plasmonic reflection grating back contaet,important to increase
the diffraction-induced light trapping and to decreasedptcal losses in the back
contact. For further optimizations, the enhanced absmgti the Ag layer might

become a limiting factor.

8.2.2 Optimization of the Light-Trapping Effect

A very good agreement between simulat8é@ F and measured’QE of the pro-
totype solar cell applying a plasmonic reflection gratingkbaontact was demon-
strated in the previous Section 8.2.1. This agreement allwealistic simulation
based optimization of the geometrical parameters of thenpdaic reflection grating
back contact. In order to identify the potential of the plasi reflection grating
back contact for light trapping ipc-Si:H solar cells, three-dimensional electromag-
netic simulations are applied in this section. The simatatiare based on the same
solar cell layer thicknesses and the same optical data apsty applied for the
simulation of the solar cell prototypes.

Optimization of Jgc In Figure 8.11 (a), a schematic cross-section of the solar
cell design under study is shown. In this optimization, lbtradius and the period
of plasmonic reflection grating back contacts are variedr drmplification, half-
spherical Ag nanostructures are investigated. The soldiager stack configuration
is assumed to be perfectly conformal. In Figure 8.11 (b)stmulatedJ,. of the solar
cells applying plasmonic reflection gratings of radii rarggfrom 50 nm to 500 nm
and periods ranging from 150 nm to 1400 nm is shown. Only tiptessmonic reflec-
tion grating back contacts are considered where the diarakthe nanostructure is
smaller than the period of the grating. It is shown that iredefently of the period of
the Ag nanostructure, for radii smaller than the thickné¢iseZnO:Al layer (80 nm),
the J,. remains below 18.0 mA/ct This value is close to thd,. of the flat solar
cell (17.7 mA/cn?). Therefore, there is no significant light-trapping effacthese
solar cells.

As described in Section 5.2, the plasmonic resonances 6&phérical Ag nano-
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Figure 8.11: (a) Schematic cross-section pbesi:H solar cell in n-i-p configuration

applying a plasmonic reflection grating back contact. (bpMéthe simulated short-

circuit current density J[s.) of uc-Si:H solar cells in n-i-p configuration applying a
plasmonic reflection grating back contact as a function eftiriod of the plasmonic

reflection grating and the radius of the half-spherical Agosdructures.

structures of radii of 50 nm embedded in ZnO:Al are locatedatelengths smaller
than 600 nm, where only a small fraction of the incident liggaches the back con-
tact. The plasmon-induced absorption is much higher forlstgpnanostructures.
With increasing radius of the nanostructures, the LSPPnaesmes shifts to longer
wavelengths and the relative plasmon-induced light séatféncreases. This in-
creased light scattering into large angles injileeSi:H layer allows a better coupling

of incident light into the solar cell (see Section 5.3). Asault, with an increasing
radius of the Ag nanostructures, the plasmonic reflectiatingy back contact induces

a larger light trapping in the solar cell and thig increases (see Figure 8.11). For a
fixed radius, highesf,. values are found for the small periods. In these configura-
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tions, the surface coverage of the nanostructures is laigethat the fraction of the

incident light which is diffracted into the diffraction ceds at the plasmonic reflec-
tion grating back contact is enhanced (c.f. Section 5.2)th\&4h increasing period,

the surface coverage of the scattering Ag nanostructureeases. As a result, the
amount of incident light that is diffracted by the plasmorgflection grating back

contact decreases and the light trapping in the solar cafxiuced.

Maximum Jsc Enhancement For radii larger than 200 nm, highest values of
J.. above 24 mA/crh and in some cases close to 25 mAfcare found. Consider-
ing the J. of 17.7 mA/cn? for a flat solar cell, the maximum identified potential in
Jsc enhancement of the plasmonic reflection grating back cofdathe given solar
cell layer stack thicknesses is of around 7 mAZcnfihis is significantly larger than
the experimental,. enhancement of 3.3 mA/chfior a non-optimized plasmonic re-
flection grating back contact (c.f. Section 8.1). Furthemmthe simulated potential
presented here is a lower limit. Other geometries of the Awatuctures, unit cells
of the plasmonic reflection grating or embedding materighefplasmonic reflection
grating back contact might lead to a larger light trappinguéSi:H thin-film solar
cells. For other solar cell configurations, such as tanddar sells or p-i-n configur-
ations, the potential will be different and needs to be etaid in detail.

From an experimental point of view, it is expected that it isam more challenging
to deposit a high qualityc-Si:H material on a very corrugated plasmonic reflection
grating back contact substrate. The growth of leeSi:H material depends strongly
on the texture of the substrate [202, 203]. Thus, plasmafleation grating back
contacts which have lower modulation depth at high&stare preferred. For the
solar cells investigated in this section, plasmonic refdecgratings with nanostruc-
ture radii from 200 nm to 250 nm and periods from 600 nm to 800anenmost
promising (see Figure 8.11).

8.3 Leaky Waveguide Perspective on the Light-
Trapping Effect

The light trapping effect ofic-Si:H thin-film solar cells applying plasmonic reflec-
tion grating back contacts was explained in Section 8.1.8rbgnhancement of the
lengths of the light path in thec-Si:H absorber material. This enhancementis caused
by the diffraction of incident light at the back contact begldhe total internal reflec-
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tion angle of thauc-Si:H/air interface which is relevant for the total intekneflection
at the front interface. The explanation is correct withie perspective of geometrical
optics. However, it neglects the wave nature of propagdtgig within the solar
cell as well as near-field effects. For this reason, the ewgtian is incomplete and
several aspects like the appearance of vary narrow resesam¢he £QQFE cannot
be explained in this persepctive (see Section 8.2.1). Tétian provides a more
fundamental analysis on the light trapping in thin-filmin solar cells with plas-
monic reflection grating back contacts. The light trappia@iplained on the basis
of leaky waveguide modes in the dielectric layer stack ofsthlar cell which couple
to incident light.

Electric Field in the pc-Si:H Solar Cells In Figure 8.12 (a), the simulated
EQEs of ue-Si:H solar cells applying a flat back contact and a plasmmeflection
grating back contact are compared for the wavelength raelggant for the light
trapping (same&ZQE's as shown in Figure 8.7 (a) and Figure 8.8 (a)). In addition,
the relative enhancement of t&) F is shown in Figure 8.12 (b). For wavelengths
longer than 650 nm, several resonances of enhafi¢gH are shown for the solar cell
applying the plasmonic reflection grating back contact.seh@sonances have a full
width half maximum value of only a few nanometers. For fougtidct wavelengths
of such resonances, the absolute electric field in a cragzmeef the solar cell with
the plasmonic reflection grating back contact is compareh thie absolute electric
field of the flat solar cell (see Figure 8.12 (c)). The eledigtd in the flat solar cell
is dominated by the Fabry-Perot interferences of the diétdayer stack of the solar
cell and the highly reflecting Ag back contact. For the FaPeyeot interferences, the
local electric field strength is maximal 2 V/m, which is twittee incident electric
field strength of 1 V/m. In contrast, for the solar cell wittethlasmonic reflection
grating back contact, the electric field exhibits a thremeatisional pattern. Some
of these patterns exhibit regions of strongly enhancedridield strength above 4
V/m. Considering that the absorption is proportional togheare of the electric field
strength these patterns result in significantly enhait@d. The patterns are created
by the superposition of electroamgentic waves which afeadifed at the plasmonic
reflection grating back contact such that they are reflecteitipte times within the
solar cell (see Section 8.1.3). Due to local superpositifesectromagnetic waves of
multiple reflections, the local electric field strength candbmultiple of the incident
electric field strength. In addition, it shall be noted tlinet €lectric field in the vicinity
of the Ag nanostructure in Figure 8.12 (c) is strongly enleaind his enhancement is



128 Plasmonic Reflection Grating Back Contacts

wavelength A [nm]

(a) 600 700 800 900 1000 1100
1.0 _ I ' I T I T I T I T

B
08F
EQEpIasmomc reflection grating
06 back contact (period 500nm)

EQE,

flat solar cell

LQU' 041
Woo2r
(b) | 00—,
'-ng 6 B EQEE\askmonit: retf:ecl\p%%rggng) E |
Frel EQE = ack contact (perio nm ;
8 4 _re @ o EQEﬂalsmmceH
® i
-
2
0 : . L — . 1 . 1 X
() .
|
[Vim]

- =
> &
» -
- -
[ |

rFr
MAR A

Figure 8.12: (a) Simulated external quantum efficiene@) of puc-Si:H solar cells
applying a flat back contact and a plasmonic reflection gydtack contact of 500 nm
period (shown in Figure 8.6). (b) Relative) £ enhancement-¢l. EQ E.,1.) of the
solar cell applying the plasmonic reflection grating backtaot in comparison with
the flat cell. (c) Simulated absolute electric field in a cresstion of the flat solar
cell (grey frame) and the solar cell with the plasmonic reibecgrating back contact
(red frame) at wavelengths of 755 nm, 790 nm, 890 nm and 1080Tiwa absolute
electric field is given in the plane of polarization of theittent electromagnetic wave.
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Figure 8.13: Relative enhancement of the external quantuficieacy
(rel. EQF cnnancement) Of the solar cell applying the plasmonic reflection grating
back contact in comparison with the flat solar cell as a famctf the wavelength
and the period of the plasmonic reflection grating (schesatiss-section of solar
cell in Figure 8.6).

attributed to the plasmonic resonance in the nanostrigtiiris pronounced best for
the wavelengths of 790 nm and 890 nm.

Leaky Waveguide Modes in Solar Cells with Plasmonic ReflectioGrating Back
Contact Another terminology of the multiple internal reflection dfet light
within the layer stack of the solar cell is that the light diffted at the plasmonic
reflection grating back contact couples into guided modes §ection 2.2.2). These
modes are supported by the high refractive indexSi:H layers of the solar cell. In
explicite, the dielectric layer stack of the solar cell eg@nts a planar dielectric wave-
guide which is corrugated by the plasmonic reflection ggaback contact and the
front side texture. Thus, the patterns of enhanced eldtitstrength shown in Fig-
ure 8.12 for solar cells applying the plasmonic reflecticatigg back contact, belong
to waveguide modes. As the incident light on the solar calpbes to the waveguide
mode and vice versa, these modes are called leaky waveguoidesmDepending on
the coupling efficiencies of incident light to these leakyweguide modes, the en-
hancement of the electric field pattern belonging to a aeraiveguide varies. As a
result, theEQ E exhibits resonances which correspond to resonance watbkeof
efficient coupling of incident light to a certain leaky wawide mode.

For theuc-Si:H solar cell prototypes under study, the coupling ofldaky waveguide
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Figure 8.14: Absolute electric field of the first orders of th@nsverse electric (TE)
and transverse magnetic (TM) modes in vertical directiateflatucSi:H solar cell
layer stack for the wavelength of 650 nm.

modes to the incident light is caused by the plasmonic rédlecfrating back contact.
Depending on the period of the plasmonic reflection gratimg diffraction angles at
the back contact vary. This affects the resonance wavdieighe leaky waveguide
modes. In order to illustrate this, the relati#&) E enhancement of the solar cells
with the plasmonic reflection grating back contacts is shawhigure 8.13. The
relative EQE enhancement is shown as a function of the period of the plagmo
reflection grating and the wavelength. The dispersive ctariatic of the waveguide
modes is observed. In fact, a large number of waveguide miadese resonances
of enhanced®EQE. The differences in the value of the relati#&) £ enhancement
for different leaky waveguide modes show the variation ef¢bupling efficiency of
incident light into the waveguide modes.

Waveguide Modes in the Flat Solar Cell For perfectly flat planar waveguides,
the transversal electric (TE) and transversal magnetic)(gdMded modes can be
calculated numerically. A guided mode in the flat solar celim eigensolution of the
time-harmonic Maxwell’s equations. The numerical caltioles of this eigenvalue
problem were carried out with the Propagation Mode SolvelGifisuite (for more
details, see Appendix B). As a result, for a given wavelepiita wavevectork,, (\))

of an numerical eigensolution to the time-harmonic Maxiseltjuations is given as
well as the electric and magnetic field. In Figure 8.14, tleeteic field intensity of
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the first orders of the TE and TM modes with the highest modatlap with the
uc-Si:H layer are shown in vertical direction of the flat solaH ¢ayer stack. Due to
the lateral uniformity of the flat solar cell ig-direction as well ag:-direction, the
electric field is homogeneous in these directions.

Comparing the Waveguide Modes of the Flat Solar Cell to the Raltive EQE En-
hancement of the Solar Cells with Plasmonic Reflection Gratig Back Contact
The waveguide modes calculated for a flat solar cell are cozdgeypothetically with
the leaky waveguides of the solar cell applying a plasmoegiiection grating back
contact. For the waveguide modes calculated for the pérféat solar cell layer
stack (see Figure 8.14), a coupling to propagating electgrmatic waves outside of
the solar cell is prohibited. For the coupling, a perturtratf the perfect planar geo-
metry is essential. For the solar cells applying the plaso@ilection grating back
contact, the coupling is provided by the diffraction of ient light at the plasmonic
grating coupler at the back contact. To compare the cakdilwaveguide modes of
the perfectly flat solar cell layer stack to the leaky wavdgunodes of the solar cell
with plasmonic reflection grating back contact (see FigueB the periodicity of
the electric fields in the latter geometry needs to be consideThis periodicity is
determined by the grating constau,{,) of the plasmonic reflection grating back
contact which is parallel to the direction of propagatiorief considered waveguide
mode:

2

Kz (V)| = ,
‘ sy( )| Gmn'p

(8.1)

wherek, , (\) is the wavevector of the waveguide mode in the two dimensidiga
plane. From Eq. (8.1) for a give@d,,,, andk, , (), the corresponding periog) of

a waveguide mode which couples to a two-dimensional grasidigrived. This way,
the dispersions of the waveguide modes of flat solar cellsal@ilated and com-
pared with the dispersion of the leaky waveguide modes ofthar cell applying

a plasmonic reflection grating back contact. In Figure 8a)5(q), for the grating
constantsx1,G11, Gag, G21 andG4o, the calculated dispersions of the waveguide
modes of the flat solar cell are superimposed on the simulatative £Q E enhance-
ment map of the solar cells applying the plasmonic refleajiating back contact. It
is shown that all leaky waveguide modes observed in the si@dlZQQ E enhance-
ment map can be correlated well to a waveguide mode of theolit sell. In partic-
ular, the bands of enhancéet) £ in the 700 nm to 1100 nm range correlate well to
the calculated waveguide modes in the flat device. Deviati@tween the calculated
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Figure 8.15: Relative enhancement of the external quantuficieacy
(rel. EQFEcunancement) Of the solar cell applying the plasmonic reflection grating
back contact and calculated dispersion of the waveguideemofl a flat solar cell
(red and blue lines) for the grating constaétg),G11, G2g, G21 andGas.
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waveguide modes of flat solar cells and the leaky waveguid#emare attributed to
geometric deviations of the flat solar cell and the corrugjat#ar cell with plasmonic
reflection grating back contact. All modes which contribsitmificantly to theEQFE
enhancement of the solar cells applying the plasmonic teflegrating back contact
can be associated with the waveguide modes of the flat sdlarFes a complete
nomenclature, the variables andn of the two-dimensional grating consta@t,,,,
and the number and type (TE or TM) of the waveguide mode afeisut.

In conclusion, theZQ E enhancement reported for the solar cells applying the plas-
monic reflection grating back contact is caused by a cougingcident light into
leaky waveguide modes of the solar cell layer stack. Ther @s which apply a
plasmonic reflection grating back contact can be imagindthaplanar waveguides
with perturbations, i.e., the plasmonic reflection gratiagk contact. These perturb-
ations enable the coupling of the incident light into the aguides. In future, it is of
great interest to study the coupling of incident electronsdig waves to waveguide
modes.

8.4 Conclusion

In this chapter, the implementation and optical simulatdrplasmonic reflection
grating back contacts ipc-Si:H thin-film solar cells in n-i-p configuration were
presented. Prototypes of the solar cells applying the masnreflection grating
back contact were shown which exhibit a significantly enledri¢Q) £ andJs. when
compared with flat solar cells. For a period of the plasmoaftection grating of
500 nm, even an enhancdg. was observed in comparison with the state-of-the-art
random texture for light trapping in thin-film silicon solells. Thus, experimentally
the potential of light trapping via plasmonic reflectiontirg back contacts and, in
more general terms, of nanostructures at the back contdhtrirfilm silicon solar
cell, has been demonstrated.

An excellent agreement was presented between the simalateitie measurelQ E
of the prototype solar cells. Based on this agreement, alafion based optimiza-
tion of the geometric parameters of the plasmonic reflegrating back contact was
conducted. A large improvement potential of thin-film silicsolar cells applying
plasmonic reflection grating back contacts was presented.

In addition, three-dimensional electromagnetic simalai were applied in this
chapter to explain the working principle of the plasmonifiection grating back
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contacts. First, the light propagation in the solar cell \waalyzed from the more
intuitive perspective of geometrical optics. Second, thbtltrapping caused by the
plasmonic reflection grating back contact in the solar oglis explained from the
perspective of waveguide theory.



Chapter 9

Conclusion and Outlook

In this work, plasmon-induced optical losses at texturedbAgk contacts and plas-
monic light-trapping with nanostructured Ag back contantthin-film silicon solar
cells were studied. Electromagnetic simulations of vagiplasmonic effects at na-
notextured Ag back contacts along with solar cell protosypere presented. The
studies applied microcrystalline silicon solar cells whare commonly used as bot-
tom solar cells of tandem thin-film silicon solar cell dedceln this type of solar
cell, light trapping is particularly relevant for light itné¢ infrared and near-infrared
(500 nm< A < 1100 nm). For light-scattering plasmonic nanostructuleseul
at the rear side of the solar cell, the operating spectragjaaf the plasmonic back
contacts matches this wavelength range.

Conclusion First, the development of the ultra violet nanoimprint digimaphy
was presented. It was used in this work as a technology phaffar the replication of
nanotextures for light trapping in solar cells. Two typesesture were replicated at
very high precision: randomly textured ZnO:Al substrated periodic nanotextures.
It was found that the ultraviolet nanoimprint lithographyems new possibilities to
replicate novel textures for light trapping such as plasimgrating structures.

The investigation of plasmonic back contacts started witluerical study on the
light-matter interaction of Ag nanostructures which exhitcalized plasmonic res-
onances. The applied three-dimensional electromagrietidaion method proved
to be a powerfull tool for the simulation of plasmonic effeckt allowed an in-depth
analysis of the absorption characteristic and scatterragacteristic of nanostruc-
tures on the Ag back contact at the rear sidquofSi:H solar cells. It was shown
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that the size, shape, embedding dielectric layers and geraent of the nanostruc-
tures have to be chosen carefully in order to scatter intiligint at high efficiency
and low optical losses at the plasmonic back contact. Fompia for small Ag
nanostructures of dimension below 100 nm, localized plasmeere found to induce
strong optical losses. Only for Ag nanostructures of ratiuger than 200 nm, plas-
monic nanostructures on Ag back contacts scatter incidigimt &t high efficiencies
into large angles in thpe-Si:H absorber layer of the solar cell. The latter is reqiliire
for light trapping in thin-film silicon solar cells. Both, gedic and isolated Ag nano-
structures showed promising potential for light trappingolar cells. A particular
advantage for the periodic arrangement of plasmonic narates on the Ag back
contact, called plasmonic reflection grating back contésthe possibility to control
the scattering angles of the plasmonic back contact viaiffraation orders.

In addition to plasmon-induced light scattering, plasnmwhiced optical losses of
small nanostructures on randomly textured Ag back contaete studied. It was
shown that even at a comparably low surface coverage of dmalispherical Ag
nanostructures (dimensions below 200 nm) at the back dptit@c. SPP resonances
induce strong optical losses. Thus, it was concluded thatdition to propagating
plasmon-induced absorption losses which have been dettirsshe literature, also
localized plasmon induced optical losses decrease thetreitie of randomly tex-
tured Ag back contacts in state-of-the-art thin-film silicglar cells. Due to the shift
of the plasmonic resonances to shorter wavelengths wittredsing refractive index
of the embedding material, their impact on the solar celfquarance is reduced if
interlayers of low refractive index are used at the rear sfdke solar cell. The effect
is demonstrated by comparingte-Si:H thin-film solar cell with and without ZnO:Al
interlayer at the back contact. For dielectric interlayef€ven smaller refractive
than ZnO:Al an additional, but small, potential for incriasthe reflection at the
back contact was demonstrateduieSi:H thin-film solar cells.

Next, the light-trapping effect of plasmonic back contaeith non-ordered Ag nano-
structures in quc-Si:H thin-film solar cell prototype was studied. Ag back taums
with various distributions of non-ordered half-ellipsaidg nanostructures were pre-
pared. Their reflectance spectra in air are qualitatively ieproduced by reflectance
spectra calculated from electromagnetic simulationsadliaed plasmon resonances
in isolated nanostructures on Ag back contacts. This aliitive measured enhanced
diffuse reflection at the back contacts to be attributed &smlon-induced light scat-
tering at the nanostructures at the back contacts. As agoesee, the light trapping
demonstrated in pc-Si:H solar cell prototype in n-i-p configuration, which dipp
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one promising type of plasmonic Ag back contacts with naeoed Ag nanostruc-
tures, was attributed to plasmon-induced light scattefitmvever, due to the overall
low diffuse reflectance of the Ag back contacts with non-cegdenanostructures into
thepucSi:H layer, the light trapping effect of the prototype satall is low.

Finally, pc-Si:H thin-film solar cells with plasmonic reflection gragibback contacts
were studied. These solar cells exhibited a very good ligitting. For an optim-
ized period of the plasmonic reflection grating back contae¢n an enhanced light
trapping in comparison with the state-of-the-art randortuiee was shown. Thus,
experimentally the potential of light trapping via plasriwreflection grating back
contacts was demonstrated. Based on electromagneticagiomylthe light trapping
caused by the plasmonic reflection grating back contact walaieed in the intuitive
perspective of geometrical optics as well as in terms of gaie theory. An excel-
lent agreement was achieved between the measured andtsichsieectral response
of the prototype solar cells. This allowed a simulation llajgtimization of the geo-
metric parameters of the plasmonic reflection grating backact.

It shall be highlighted that the demonstrated light-trageffect of plasmonic reflec-
tion grating back contacts is the first experimental proat thlasmonic nanostruc-
tures can induce a light-trapping effect competitive with state-of-the-art random
texture for light trapping in microcrystalline thin-filmlgion solar cells. Moreover,
based on optical simulations, an additional significantrimapment potential for thin-
film silicon solar cells with plasmonic reflection gratingckacontacts was identified.

Outlook For all types of solar cells, light trapping is essential tasllows in-
cident light to be guided in optically thin absorber layefEhis way, the material
consumption is reduced or the short-circuit current dgrisienhanced and the ma-
terial requirements are decreased. Thus, the presenteédgindf plasmonic light
trapping as well as approaches presented in this work tgulélse plasmonic back
contacts are of great interest for many other solar cellneldgies. The most prox-
imate type of solar cell technology to the studied thin-filiitan solar cells are thin
crystalline silicon solar cells. Currently, crystallinéeon solar cells process crystal-
line silicon wafers of thicknesses ranging from 250 um to 160[25]. In order to
decrease the material costs, several groups currently @orkducing the thickness
of the crystalline silicon absorber layer down to a few mmeters [218,219]. With
decreasing thickness, the absorptance of the wafers desraad light trapping will
become an important aspect for silicon wafer based phdtmeslwhich today have
a share of around 88% of the annual solar cell production.hAspectral range for
light-trapping in thin crystalline silicon solar cells igrslar to the spectral range in
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pe-Si:H thin-film solar cells, the presented results on plasimdight trapping are
very usefull to design and prototype plasmonic reflectiatigg back contacts at the
rear side of crystalline silicon solar cells.

For the plasmonic reflection grating back contactglisSi:H thin-film solar cells,
based on the electromagnetic simulations, a large impreueipotential was iden-
tified in this work. In future studies, this improvement patal shall be addressed
by optimizing the geometrical parameters of the plasmoeflection grating back
contacts. In addition, the electromagnetic simulatioraldie employed to identify
further optimization potential of the plasmonic reflectigmratings. Hexagonal grat-
ings and combinations of different gratings shall be ingaséd. Moreover, the plas-
monic reflection grating back contacts shall also be apptiesingle junctiora-Si:H
thin-film solar cells in p-i-n configuration as well as tandémmn-film silicon solar
cells.

In general, the combination of three-dimensional electonetic simulations and
prototyping of plasmonic devices proved to be an efficiemragch to study plas-
monic light-trapping concepts. Making use of these combimethods will allow an
efficient and accelerated development of novel nano-dptglat-trapping concepts
and solar cell designs in future studies. In particulararding the prototyping of
new nano-optical light trapping concepts, the UV-NIL pdr$ a new technology
platform. The applied three-dimensional electromagrsaileer proved to be an effi-
cient method to design periodic nanophotonic texturesigit trapping in thin-film
solar cells.

In this work, solely plasmonic Ag nanostructures have beedisd. Due to the
scarcity of the noble metal Ag, and to address the relatedmiggterial cost, alternat-
ive metals such as Cu and Al shall be explored in future wigfare to plasmonic and
nanophotonic effects in solar cells. Alternatively, dugptesumably lower optical
losses, dielectric grating structures at the rear side ofa sell are of great interest
in order to replace metal reflection gratings.

Finally, understanding the broadband light trapping withitiple narrow leaky wave-
guide resonances in periodic solar cell devices is a matn-going research. Sev-
eral fundamental aspects, such as the role of the coupliiegeeiy between incident
light and waveguide modes, shall be looked at in future whrkieneral, it is believed
that a deeper understanding of light trapping in thin-filtitsh solar cells requires a
leaky waveguide perspective.



Appendix A

Optical Parametrization

The presented three-dimensional electromagnetic sirookbf solar cell devices
rely on realistic optical data. The optical data sets appiiethis work are taken
from measurements of state-of-the-art materials whichpaepared at the IEK5-
Photovoltaik (Forschungszentruralith GmbH) for the preparation of thin-film sil-
icon solar cells. The real part and the imaginary part of tragex refractive index
n(A) = n(A) + ik(A) is shown for each material applied in this work. Following
the standard conventions, the real part of the complexatfeindexn()) is simply
called the refractive index and the imaginary part of the jglem refractive index
k() is called extinction coefficient.

Optical Data of Dielectrics The optical data of the dielectric materials applied
in this work was determined by combining photothermal déffecspectroscopy,
transmission and reflection measurements and ellipsomegsurements. Details
of the measurements are presented in [74, 75]. The data oftitresic, p-doped
and n-dopeqic-Si:H anda-Si:H as well as front and back ZnO:Al are presented in
Figure A.1, Figure A.2 and Figure A.3, respectively.
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Figure A.1: Refractive index«) and extinction coefficients) of intrinsic, p-doped
and n-dopedqlic-Si:H prepared by PECVD for thin-film silicon solar cells.
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Figure A.2: Refractive indexn() and extinction coefficients) of intrinsic, p-doped
and n-dope@-Si:H prepared by PECVD for thin-film silicon solar cells.
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Figure A.3: Refractive index) and extinction coefficients) of the ZnO:Al layers
at the front and rear side of the thin-film silicon solar cells
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Optical Data of Ag The optical data of Ag layers strongly depends on the pre-
paration conditions. In a recent study, it was shown thabgiteal data of thermally
evaporated Ag films is influenced strongly by the substrategaowth of Ag crys-
tallites in the Ag layer [73]. In fact, the quality of the Ag teaial is seldomly as
good as reported in the standard reference for crystallm¢7&]. In the presented
work, the optical data of Ag is taken from ellipsometry measuents of a reference
set of 500 nm thick thermally evaporated Ag layers depositedlass substrate. In

Figure A.4, the applied optical data of Ag is compared with teference data from
literature.
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Figure A.4: The measured refractive inde® @nd extinction coefficients) of Ag
compared with reference data from literature [72,220].
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Appendix B

Waveguide Modes in Planar
Layer Stacks

For planar waveguides, in the stationary case, the waveguintles are eigen solu-
tions of an eigenvalue problem decribed in the section. ilwtlork, the solutions of

this eigenvalue problem which provide the transversaltete(TE) and transversal

magnetic (TM) waveguide modes are calculated numericaitly the Propagation

Mode Solver of JCMsuite [122]. Here we follow the descriptiof the eigenvalue

problem given in [123].

In general, a waveguide mode in a flat layer stack is given asigansolution of
the time-harmonic formulation of Maxwell’s equations. 3fdrmulation exhibits a
time-harmonic dependency in plane with the layer stackhisdase the-direction):

Eeh(X) = Esn,am(a, y) - el=7) (B.1)
Hen(X) = Hnam(a, y) - e, (B.2)
wherek, is the propagation constant in plane with the layer stacls sufficient to

discuss the magnetic case as all considerations are validde@lectrical case if one
interchangesl;,, andEy;,, ande andy.
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The magnetic field can be written as:

o Hl(xay) (k2 z)
ch,GM(X) - |: Hz($,y) :| € 3 (BB)
(B.4)
which gives
_[ikeP =PV] [ Hi(z,9) | (ks
V x Hn(X) = |:_VJ_ 0 ] [ H.(2,y) } e , (B.5)
with
0 —1 Oy
P_[l 0] and VL_(@,)' (B.6)

Applying this formulation of magnetic field to the time hamio Maxwell's equa-
tions shown for the electric field in Eq. (2.20) and Eq. (2.9¥s:

[PVLeZIVL-P—kEPellP —ikZPeLlPVJ_} [ Hy(2,y) }

—ik, V| - Pe['P Vi -Pe'PV. || H.(z,y)
0 Hilzy)
OJ2 |::U’J_ :| |: AR 7 B.7
0 ]| H.zy) (B.7)
with
o €] 0 . Hm1 0
€= [0 Ej and pu= {0 Mz] . (B.8)

Then, Eqg. (B.7) is a quadratic eigenvalue problem ofvhich is solved in this work
by the Propagation Mode Solver of JCMsuite [122,123].
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List of Symbols and
Abbreviations

Symbol Description Unit

A Absorptance -

Apmax Maximal absorptance -
AFM Atomic force microscopy

B Magnetic induction vector T

co Speed of light in vacuum m/s
D Dielectric displacement vector Cm
E Electric field vector Vim
Eo Electric field strength (vector) Vim
EQFE External quantum efficiency -
FEM Finite element method

FF Fill factor -

Gun Two-dimensional grating constant

H Magnetic field vector A/m
HCI Hydrochloric acid

Jext External electric current density (vector) Am
Jmpp Current density at the maximum power point mAfcm
Jse Short-circuit current density mA/cih
k Wavevector 1/m
LSPP Localized surface plasmon polariton

n Complex refractive index -

n Real part of the refractive index -
NIL Nanoimprint lithography



168 List of Symbols and Abbreviations
Symbol Description Unit
PECVD Plasma enhanced chemical vapor deposition
Qabs Absorption efficiency -

Qsca Scattering efficiency -
Qsca Averaged scattering efficiency -
Qabs Averaged absorption efficiency -
max. Qsca  Maximum of Qy., of a LSPP resonance -
maz. Q.ps  Maximum ofQ.1,s of a LSPP resonance -

Py Irradiated power W

R, Ryt Total reflectance -
Raig Diffuse reflectance -
Rnon—spec  NON-specular reflectance -
SEM Scanning electron microscopy

SiO, Silicon dioxide -
SnGo, Tin oxide -

SPP Surface plasmon polariton

TCO Transparent conductive oxide

TE Transversal electric

™ Transversal magnetic

uv Ultra violet light

UV-NIL Ultra violet nanoimprint lithography

Vinpp \oltage at the maximum power point mV
Ve Open-circuit voltage mV
ZnO:Al Aluminium doped zinc oxide

« Absorption coefficient 1l/cm
a-Si:H Hydrogenated amorphous silicon

€ Dielectric constant -

€0 Vacuum permittivity F/m

n Energy conversion efficiency -

K Extinction coefficient -

A Wavelength nm
Aspp Resonance wavelength of propagating SPPs nm
pe-Si:H Hydrogenated microcrystalline silicon

1 Relative permeability -

140 Vacuum permeability Vs/(Am)
Pext Scalar free charge density CIm
o Conductivity 1/(C2m)
w Angular frequency 1/s
WSPP Resonance frequency of propagating SPP 1/s
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