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Summary

Trapping light in silicon solar cells is essential as it allows an increase in the absorp-
tion of incident sunlight in optically thin silicon absorber layers. This way, the costs
of the solar cells can be reduced by lowering the material consumption and decreasing
the physical constraints on the material quality. In this work, plasmonic light trapping
with Ag back contacts in thin-film silicon solar cells is studied. Solar cell prototypes
with plasmonic back contacts are presented along with optical simulations of these
devices and general design considerations of plasmonic back contacts.
Based on three-dimensional electromagnetic simulations,the conceptual design of
plasmonic nanostructures on Ag back contacts in thin-film silicon solar cells is stud-
ied in this work. Optimizations of the nanostructures regarding their ability to scatter
incident light at low optical losses into large angles in thesilicon absorber layers of
the thin-film silicon solar cells are presented. Geometrical parameters as well as the
embedding dielectric layer stack of the nanostructures on Ag layers are varied. Peri-
odic as well as isolated hemispherical Ag nanostructures ofdimensions above 200 nm
are found to scatter incident light at high efficiencies and low optical losses. Hence,
these nanostructures are of interest for light trapping in solar cells. In contrast, small
Ag nanostructures of dimension below 100 nm are found to induce optical losses.
At the surface of randomly textured Ag back contacts small Agnanostructures exist
which induce optical losses. In this work, the relevance of these localized plasmon
induced optical losses as well as optical losses caused by propagating plasmons are
investigated with regard to the reflectance of the textured back contacts. In state-of-
the-art solar cells, the plasmon-induced optical losses are shifted out of the relevant
wavelength range by incorporating a ZnO:Al interlayer of low refractive index at the
back contact. The additional but small potential for increasing the reflection at the
back contact with dielectric interlayers of even lower refractive index, such as SiO2
and air, is demonstrated.



IV Summary

The light-trapping effect of two types of plasmonic back contacts, which make use of
large and efficiently scattering Ag nanostructures, is studied in thin-film silicon solar
cell prototypes. The first type of plasmonic back contact applies non-ordered Ag
nanostructures. The preparation, characterization and three-dimensional electromag-
netic simulations of these back contacts with various distributions of non-ordered Ag
nanostructures are presented. Measured reflectance spectra of the Ag back contacts
with non-ordered nanostructures are correlated with reflectance spectra derived from
three-dimensional electromagnetic simulations of isolated nanostructures on Ag back
contacts. A microcrystalline silicon solar cell fabricated on one type of plasmonic
Ag back contact with non-ordered Ag nanostructures shows a significantly enhanced
plasmonic light trapping when compared with a flat solar cell.
The second type of plasmonic back contact applies periodic arrangements of plas-
monic nanostructures in a square lattice at the surface of the Ag back contact. It
is called a plasmonic reflection grating back contact. A particular advantage of this
device is the control of the scattering angles via the diffraction orders of the grating
while taking advantage of the efficient plasmon-induced light scattering at the Ag
nanostructures. The plasmonic reflection grating back contacts are prepared with a
nanoimprint process. They are implemented in microcrystalline thin-film solar cells
prototypes. The prototypes exhibit a very good light-trapping effect. Even in com-
parison with solar cells with a state-of-the-art random texture for light trapping, an
enhanced light-trapping effect is demonstrated for a solarsell with a plasmonic reflec-
tion grating back contact of optimized period. Based on electromagnetic simulations,
the light-trapping effect caused by the plasmonic reflection grating back contact is
explained from the intuitive perspective of geometrical optics as well as from the per-
spective of leaky waveguides. The obtained excellent agreement between the meas-
ured and simulated spectral response of the prototype solarcells allowed a simulation
based optimization of the geometric parameters of the plasmonic reflection grating
back contact. An additional significant improvement potential of thin-film silicon
solar cells with plasmonic reflection grating back contactsis shown. The demon-
strated light-trapping effect of plasmonic reflection grating back contacts is the first
experimental proof that plasmonic nanostructures can induce a light-trapping effect
competitive with the state-of-the-art random texture for light trapping in microcrystal-
line thin-film silicon solar cells. Improved plasmonic reflection grating back contacts
are likely able to induce a light-trapping effect which leads even to significantly im-
proved energy conversion efficiencies.



Zusammenfassung

Konzepte zur Lichtsammlung, sogenannte Lichtfallen, in Silizium-Solarzellen er-
lauben es die Absorption des einfallenden Sonnenlichtes inoptisch d̈unnen Silizium-
schichten zu erḧohen. Lichtfallen reduzieren die Kosten der Solarzellenproduktion,
indem Absorbermaterial eingespart wird und die physikalischen Anforderungen an
die Qualiẗat des Materials reduziert werden. In dieser Arbeit werden plasmonische
Ag-Rückkontakte in D̈unnschicht-Silizium-Solarzellen im Hinblick auf deren Licht-
falleneigenschaften untersucht. Elektromagnetische Simulationen plasmonischer Ag-
Rückkontakte werden einhergehend mit Prototypen der plasmonischen R̈uckkontakte
in Dünnschicht-Silizium-Solarzellen präsentiert.
Zunächst werden die Ergebnisse grundlegender Untersuchungenzur Konzeption
der plasmonischen Nanostrukturen auf Ag-Rückkontakten in mikrokristallinen
Dünnschicht-Silizium-Solarzellen dargestellt. Die Untersuchungen basieren auf drei-
dimensionalen elektromagnetischen Simulationen. Ein Optimierungen der Form,
Anordnung und des umgebenden Materials der Ag-Nanostrukturen im Hinblick auf
deren F̈ahigkeit Licht mittels plasmonischer Effekte bei niedrigen Verlusten und ho-
her Streueffizienz in die mikrokristallinen Absorberschichten einzukoppeln ist bes-
chrieben. Allgemein zeigt sich, dass periodische und auch vereinzelte halbspḧarische
Ag-Nanostrukturen von Strukturgrößen oberhalb von 200 nm sehr effizient Licht
streuen. Allerdings zeigen kleine Ag-Nanostrukturen von Strukturgr̈oßen unterhalb
von 100 nm starke optische Verluste.
An rauen Ag-R̈uckkontakten konventioneller D̈unnschicht-Silizium-Solarzellen tre-
ten Ag-Nanostrukturen von Strukturgrößen unterhalb von 100 nm auf. Die damit ver-
bundenen plasmoneninduzierten optischen Verluste am Rückkontakt der Solarzellen
werden in dieser Arbeit untersucht und diskutiert. Dabei werden sowohl propagier-
ende Plasmonen als auch lokalisierte Plasmonen in den Ag-Nanostrukturen ber̈uck-
sichtigt. In konventionellen D̈unnschicht-Silizium-Solarzellen wird eine ZnO:Al-



VI Zusammenfassung

Schicht mit niedrigem Brechungsindex eingesetzt, um die plasmonischen Verluste
aus dem relevanten Spektralbereich zu verschieben. In dieser Arbeit wird das
dar̈uber hinausgehende Potential von dielektrischen Zwischenschichten mit niedrig-
erem Brechungsindex demonstriert.
Zwei Ans̈atze zu plasmonischen Rückkontakten mit Lichtfallen-Eigenschaften in
Dünnschicht-Silizium-Solarzellen werden in dieser Arbeitverfolgt. Der erste
Ansatz basiert auf Ag-R̈uckkontakten mit ungeordneten Verteilungen von Ag-
Nanostrukturen. Die Herstellung, Charakterisierung und dreidimensionale elektro-
magnetische Simulation dieser Rückkontakte ist dargestellt. Gemessene Reflex-
ionsspektren dieser plasmonischen Rückkontakte wurden erfolgreich mittels der
elektromagnetischen Simulationen einzelner Nanostrukturen, die lokalisierte plas-
monische Resonanzen besitzen, nachgebildet. Dies zeigt, dass die diffuse Reflexion
der Ag-R̈uckkontakte durch plasmonische Lichtstreuung verursachtwird. Eine mik-
rokristalline Solarzelle, die auf einem solchen plasmonischen R̈uckkontakt hergestellt
wurde, zeigt eine erḧohte Lichtsammlung im Vergleich zu einer flachen Solarzelle.
Der zweite Ansatz dieser Arbeit zu plasmonischen Rückkontakten mit Lichtfallen-
Eigenschaften in D̈unnschicht-Silizium-Solarzellen verwendet periodisch angeord-
nete Ag-Nanostrukturen am Rückkontakt, die plasmonische Reflexionsgitter genannt
werden. Ein implizierter Vorteil dieser Struktur ist die mögliche Kontrolle der
Streuwinkel mittels der Beugungsordnungen des plasmonischen Gitters. Die plas-
monischen Gitterstrukturen wurden in einem Nanoimprint-Prozess hergestellt. Proto-
typen der D̈unnschicht-Silizium-Solarzellen, die plasmonische Reflexionsgitter ver-
wenden, zeigen sehr gute Lichtfallen-Eigenschaften. Insbesondere konnte eine
Verbesserung der Lichtausbeute im Vergleich zu konventionellen Dünnschicht-
Silizium-Solarzellen mit rauer Lichtfallen-Textur erzielt werden. Basierend auf
elektromagnetischen Simulationen wurde der Lichtfallen-Effekt der plasmonischen
Gitter am R̈uckkontakt der Solarzelle untersucht. Sowohl eine intuitive Erkl̈arung
auf Basis der geometrischen Optik als auch eine Erklärung auf Basis der Wellenleit-
ertheorie ist dargestellt. Die erzielte sehr guteÜbereinstimmung der simulierten und
gemessenen spektralen Antwort der Prototypensolarzellenerlaubt es die plasmonis-
chen Gitter mittels Simulationen zu optimieren. Ein hohes Verbesserungspotential ist
identifiziert. Der demonstrierte Lichtfallen-Effekt für plasmonische Gitter am Rück-
kontakt von D̈unnschicht-Silizium-Solarzellen ist der erste experimentelle Nachweis,
dass plasmonische Strukturen ein hohes Potential zur Verstärkung des Lichtfallen-
Effektes in mikrokristallinen D̈unnschicht-Silizium-Solarzellen besitzen.
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Chapter 1

Introduction

At the heart of a sustainable future, a fair and equitable access to clean electrical
energy needs to be guaranteed to all people on this planet. Solar cells can gener-
ate the required amount of electrical energy by harvesting the globally available and
inexhaustible energy resource of the sun. To allow a global widespread use of solar
cells, their economic costs need to decrease. One way to reduce the economic costs
of thin-film silicon solar cells is to enhance their potential to absorb incident solar
radiation and transform it into electrical energy. In this regard, plasmonic light trap-
ping with nanostructured Ag back contacts in thin-film silicon solar 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 livingstandard, forecasts pre-
dict that these people need at least twice the annual energy generated today to clean
their drinking water, heat their houses, light their homes or manufacture goods and
so on [2,3]. Providing this large amount of energy with low harm to the environment
requires tremendously increasing the harvest of renewableenergy sources [2,4]. Only
renewable energy sources like solar, wind, geothermal and hydro energy can be har-
vested almost all over this planet at low emissions of greenhouse gases and toxic
by-products [5]. Therefore, the diffusion and further development of technologies to
harvest renewable energy sources at low economic costs is one of the great challenges
of this generation. Exemplary calculations show that only around 5% of the world’s
deserts would need to be covered by conventional solar cellsto generate the required
amount of global primary energy [5, 6]. Thus, in principle, the photovoltaic techno-
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logies are ready to make their contribution to the renewableelectricity generation.
However, despite the tremendous price reduction of solar cells in the last decades,
for a global widespread use of the photovoltaic technology,the economic costs of the
solar cells still need to decrease strongly.

Solar Cells In 1954, the first practical solar cell was presented by Chapin, Fuller
and Pearson [7]. Their solar cell was based on a silicon pn-junction of an n-doped
crystalline silicon wafer covered by a thin p-doped siliconlayer. Initially, solar cells
were used in space applications [8]. Only since the early nineties of the last century,
the amount of electricity generated from solar cells has tremendously increased to a
noticeable proportion of the total world electricity generation [8]. This increase has
continued up to date and in 2011 a total amount of 69.6 GWp of cumulative photo-
voltaic capacity was installed, which is sufficient to coverthe annual power supply
needed for around 20 million households [9]. The crystalline silicon solar cell, of sim-
ilar device structure as the first practical solar cell, still dominates the world market
with a share of around 88% in 2012 [9,10]. The major cost reduction for this techno-
logy was achieved in the past decade by a vast advancement of the production tech-
nologies, reduction of costs for silicon wafers and the increased production volume –
the annually installed power generation capacity increased from less than 0.3 GWp in
2000 to 29.7 GWp in 2011 [9]. In order to further decrease the costs, new solar cell
devices aim for a reduction of the cost of the absorber materials. On the one hand,
novel techniques to manufacture much thinner crystalline silicon absorber layers have
been proposed [11, 12]. On the other hand, novel absorber materials and deposition
techniques have been developed in thin-film solar cells and organic solar cells. Com-
mon absorber materials of thin-film solar cells are cadmium telluride, copper indium
gallium diselenide as well as amorphous and microcrystalline silicon [13–15]. The
thickness of the absorber layers in thin-film solar cells ranges from hundreds of nano-
meters to a few micrometers. In the past years, the market share of thin-film silicon
solar cells has increased to around 12% in 2012 [10]. Thin-film silicon solar cells
made of amorphous and microcrystalline silicon are the focus of this work. The par-
ticular advantages of this technology are the use of abundant and non-toxic materials
as well as the availability of large scale manufacturing technologies [16,17].

Plasmonic Light Trapping Light-trapping structures allow incident light to be
guided in the absorber layer of a solar cell. This way, the absorptance of light in
the solar cell can be enhanced beyond the absorption of a single light pass through
the device. Light trapping induces several advantages for the design of a solar cell
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device. First, it allows the reduction of the thickness of the absorber material. Second,
in thinner solar cells, the charge carrier recombination isreduced [18,19]. Third, with
decreasing thickness of the absorber layer, the requirements on the material such as
stability of hydrogenated amorphous silicon with regard tolight-induced degradation
can be reduced. Thus, light trapping increases solar cell efficiencies and reduces the
costs of generating electricity with solar cells. For thin-film silicon solar cells, light
trapping is particularly important as the absorber layer ofthese solar cells is much
thinner than the absorption lengths of incident light in relevant regions of the solar
spectrum.
In the last decade, the research on nanooptics and plasmonics has developed numer-
ous approaches and concepts for guiding and localizing light with metal nanostruc-
tures in dielectric layer stacks [20–25]. Making use of these concepts in the solar cell
devices creates novel light-trapping concepts and new solar cell designs.

Scope of the Thesis In this work, plasmonic light trapping with nanostructured
Ag back contacts in thin-film silicon solar cells is studied.General design consider-
ations for the plasmonic back contacts are presented along with prototypes of thin-
film silicon solar cells applying plasmonic Ag back contacts. The plasmonic back
contacts are designed for the application in tandem thin-film silicon solar cells with
microcrystalline silicon bottom solar cells. In these solar cells, light trapping is par-
ticularly relevant for light in the near-infrared spectralrange. The plasmonic back
contacts studied throughout this work adress this spectralrange.

Outline This thesis is organized as follows. In Chapter 2, essentialfundament-
als along with the experimental methods applied throughoutthis work are introduced.
The review of the fundamentals of thin-film silicon solar cells, optics, plasmonics,
and the applied three-dimensional electromagnetic simulation method shall help the
reader to follow the content of this thesis. In Chapter 3, thelimits of light trapping in
solar cells as well as state-of-the-art light trapping in silicon solar cells are introduced.
In addition, an overview of the field of plasmonic light trapping is presented. The de-
velopment of the ultra violet nanoimprint lithography as analternative preparation
technique for nanotextures for light trapping in solar cells is presented in Chapter 4.
In the following chapters results of plasmonic light trapping with Ag back contacts
in thin-film silicon solar cells are presented. First, a study on general design prin-
ciples of plasmonic Ag nanostructures on the back contact ofthin-film silicon solar
cells is presented in Chapter 5. For this study, the electromagnetic coupling of in-
cident propagating light and localized plasmonic resonances in nanostructures on Ag
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back contacts was simulated with a three-dimensional numerical solver of Maxwell’s
equations. An optimization of the Ag nanostructures on the back contacts in terms
of plasmon-induced light scattering for light trapping in thin-film silicon solar cells
is presented. Therefore, geometrical parameters as well asthe embedding material of
single and periodic nanostructures on Ag back contacts werevaried.
A dominant non-radiative decay of plasmonic resonances in small Ag nanostructures
induces optical losses. These losses decrease the reflectivity of Ag back contacts with
the state-of-the-art random texture for light trapping. InChapter 6, the absorptance
spectra of such back contacts are discussed with regard to localized plasmon induced
optical losses as well as propagating plasmon induced optical losses. The impact of
the decreased reflectivity of the back contact on the spectral response of state-of-the-
art thin-film silicon solar cells is shown. Furthermore, a potential to decrease the
plasmon-induced optical losses by applying low refractiveindex intermediate layers
is demonstrated.
A dominant radiative decay of plasmonic resonances in Ag nanostructures induces
an efficient scattering of incident light. If this light scattering is directed into the
absorber layer of a thin-film silicon solar cell, the metal nanostructures serve as sub-
wavelength scattering components that couple incident propagating light into the thin
absorber layers of the solar cells. In Chapter 7 and Chapter 8, two types of plasmonic
back contacts are introduced which make use of plasmon-induced light scattering to
induce a light-trapping effect in prototype solar cells. InChapter 7, the light trapping
in thin-film silicon solar cells which apply plasmonic back contacts with non-ordered
Ag nanostructures is investigated. Measured optical reflectance spectra of the plas-
monic back contacts with non-ordered nanostructures are compared with simulated
reflectance spectra calculated from optical simulations oflocalized plasmon reson-
ances in isolated nanostructures on Ag back contacts. Furthermore, the light trapping
in a prototype microcrystalline silicon thin-film solar cell deposited on one promising
type of Ag back contact with non-ordered nanostructures is studied. In Chapter 8, the
optical simulation and development of prototypes of microcrystalline silicon thin-
film solar cells applying plasmonic reflection grating back contacts is presented. The
plasmonic reflection grating back contacts consist of Ag nanostructures which are ar-
ranged in a square lattice on the back contact of the solar cell. Based on experimental
and numerical studies, the light trapping in solar cells with plasmonic reflection grat-
ing back contacts is explained from the perspective of geometrical optics as well as
waveguide theory.



Chapter 2

Fundamentals

This chapter provides a brief introduction and a review of essential fundamentals
along with experimental methods applied in this work. In thefirst section, the working
principle, device structure and characterization of thin-film silicon solar cells are
presented. The second section provides a brief summary of classical electrodynamics
and optics. In the third section, the fundamentals of plasmonics are introduced. The
last section introduces the electromagnetic simulation method applied in this work.

2.1 Thin-Film Silicon Solar Cells

2.1.1 Operating Principle

The solar cell is an optoelectronic device that converts sunlight into electrical power.
In this section, the working principle of a thin-film siliconsolar cell is presented.
For a more detailed description of the theory on solar cells,the 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 of an electron beyond an energy
barrier. This way an electron-hole pair is induced which canbe either free or bound
in an exciton state. Then, after an optionally transmission, this electron-hole pair
must be separated by some kind of selective contact in order to avoid its recombina-
tion. In a steady-state scenario of constant photon flux and closed electrical circuit,
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Figure 2.1: Band diagram of (a) a single junctionµc-Si:H thin-film solar cell and
(b) a tandem thin-film silicon solar cell.

the separated charge carriers induce a voltage across the device, called photovoltage,
as well as a photocurrent. The generated electric power is given by 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 silicon (a-Si:H) [28–30] and hydrogen-
ated microcrystalline silicon (µc-Si:H) [31–33] absorber layers are investigated. In
these semiconductor materials, incident photons of energylarger than the band gap
can be absorbed by exciting an electron from the energetically lower valence band
(EV) to the energetically higher conduction band (EC) [26, 27, 29]. This produces
free electron-hole pairs (see Figure 2.1 (a)). The electrons and holes are separated
and directed towards the two contacts via an electric field. This electric field is cre-
ated by the entropy-driven difference in the concentrationof electrons and holes in
the thin p-doped and n-doped layers at the front and rear sides of the 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 gap ofthe absorber material
can excite an electron-hole pair. On the other hand, the energy of photons which
exceeds the band gap is lost due to thermalization of the charge carriers to the band
edges of the absorber material. The resulting limitations on the conversion efficiency
have been described first in [35]. In order to harvest a largerportion of the broadband
solar energy, multiple single junction thin-film silicon solar cells of different absorber
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materials are combined. For this work, the tandem thin-film silicon solar cell is in
focus. In Figure 2.1 (b), the operation principle of a tandemthin-film silicon solar
cell is illustrated. This device consists of ana-Si:H single junction solar cell and a
µc-Si:H single junction solar cell which are connected in series [36–39]. Thea-Si:H
top solar cell typically exhibits a band gap of 1.7-1.9 eV andtheµc-Si:H bottom solar
cell typically exhibits a band gap of around 1.1 eV. Thus, thea-Si:H top cell absorbs
light of short wavelengths of the solar spectrum and theµc-Si:H bottom solar cell
absorbs light of longer wavelengths of the solar spectrum. Due to a better match of
tandem thin-film silicon solar cells to the solar spectrum, the overall efficiencies of
this device are higher than the efficiencies achieved for single junctiona-Si:H and
µc-Si:H solar cells. For tandem thin-film silicon solar cells,the highest reported
initial and stabilized energy conversion efficiencies are 14.4% and 12.3% [40, 41],
respectively.
A major challenge for the development of tandem thin-film silicon solar cells is the
required matching of the photocurrent in the top and bottom solar cell. As both single
junction solar cells are connected in series, the generatedcharge carriers recombine
at the n/p-tunnel junction in the centre of the device (see Figure 2.1 (b)). Thus, the
total photocurrent of the solar cell is limited by the lower photocurrent of either the
top or bottom solar cell. To match both photocurrents, intermediate 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 aforedescribed p-i-n diode of
a-Si:H or µc-Si:H. In addition, a transparent and conductive front contact and a con-
ductive and reflective back contact are integral parts of thesolar cell. Depending on
whether a superstrate or a substrate is used for the preparation of the solar cell, the
thin-film silicon solar cell is refered to as a solar cell in ’p-i-n configuration’ or ’n-i-p
configuration’, respectively. To provide an example, Figure 2.2 (a) and Figure 2.2 (b)
show schematic cross-sections ofµc-Si:H thin-film solar cells in p-i-n configuration
and in n-i-p configuration, respectively. For the solar cellin p-i-n configuration, in-
cident light travels through the glass superstrate and the transparent and conductive
textured aluminium-doped zinc oxide (ZnO:Al) front electrode. The front ZnO:Al
layer exhibits a texture needed to scatter and diffract incident light into theµc-Si:H
absorber layer of the solar cell (for details on the light trapping see Section 3.2). The
adjacent p-i-n diode ofµc-Si:H exhibits a thin p-dopedµc-Si:H layer of 10 nm-30 nm,
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Figure 2.2: Cross-section of (a) a single junctionµc-Si:H thin-film solar cell in p-i-n
configuration, (b) a single junctionµc-Si:H thin-film solar cell in n-i-p configuration
and (c) a tandem thin-film silicon solar cell.

a 1 µm - 2 µm thick intrinsicµc-Si:H layer and a thin n-dopedµc-Si:H layer of 10 nm-
30 nm. The conductive and reflective back contact consists ofan 80 nm thick ZnO:Al
interlayer and a Ag back layer of thickness larger than 200 nm. In thin-film solar cells
in n-i-p configuration, the deposition order of the layers isinverse (see Figure 2.2 (b)).
However, in the n-i-p configuration, incident light does nottravel through the sub-
strate, which allows the substrate to be modified independently of its transparency.
Due to enhanced incoupling of incident light, the layer thickness of the ZnO:Al front
contact is only around 80 nm for solar cells in n-i-p configurations [45]. This results
in a low conductivity which is compensated by additional Ag finger electrodes on the
front contact of thin-film silicon solar cells in n-i-p configuration. The layer stack of
a-Si:H thin-film solar cells is similar to the above presentedµc-Si:H thin-film solar
cells, but the intrinsic absorber layer thickness ofa-Si:H is much thinner (between
200 nm to 350 nm). In addition, Figure 2.2 (c) shows a tandem thin-film silicon solar
cells which consists of ana-Si:H top solar cell and aµc-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 past to prepare transparent and



2.1 Thin-Film Silicon Solar Cells 9

conductive front contacts which have a good texture for light trapping in thin-film
silicon solar cells. Prominent examples are sputtered and wet-chemically etched
ZnO:Al layers [46–48], as-deposited grown SnO2 layers [49, 50] or as-deposited
grown ZnO:Al layers prepared by low pressure chemical vapordeposition [51]. In
this work, wet-chemically etched ZnO:Al layers are used which are deposited by ra-
dio frequency magnetron sputtering [52]. The transparencyand conductivity of the
sputtered ZnO:Al layers highly depends on numerous deposition parameters such as
the temperature, the pressure, the deposition power, the oxygen flow added as well
as the Al2O3 doping of the ZnO:Al2O3 sputtering target [46, 53–56]. Furthermore,
the deposition parameters influence the layer growth and in turn the etching behavior
of the ZnO:Al layers, which are typically wet-chemically etched for around 40s in
0.5 w/w% HCl. Due to the complexity of the deposition parameter setting, identi-
fying a stable sputtering process which yields optimal ZnO:Al front electrodes for
thin-film silicon solar cells is an on-going field of research. The textured ZnO:Al
front contacts applied in this work were deposited at substrate temperatures of around
300 ◦C and a sputtering target doping level of around 0.5 wt%. For the ZnO:Al in-
terlayer and the thin ZnO:Al front contact of solar cells in n-i-p configuration, the
deposition temperature was reduced to room temperature and150◦C, respectively.

Hydrogenated Amorphous Silicon Amorphous silicon (a-Si) exhibits no long
range order of the silicon atoms due to variations of their bond lengths and bond
angles. Nevertheless, the local order is sufficient for the formation of bands of the
electron energy levels [29, 57]. Thus,a-Si is a semiconductor. However, due to the
disorder of the material, some atoms ina-Si have dangling bonds which create a large
number of defect states within the band gap. In order to enhance the quality of the
a-Si semiconductor, the dangling bonds need to be saturated by hydrogen atoms [29].
The resulting material is called hydrogenated amorphous silicon (a-Si:H).
In a-Si:H, due to the disorder, the band edges of the valence bandand the conduc-
tion band exhibit localized tail states that extend into theband gap. As a result, the
band gap is not well defined. Instead, it is defined via the mobility of charge carriers,
which is strongly decreased in the localized tail states. Typical band gaps ofa-Si:H
are 1.7-1.9 eV [29, 57]. Another aspect related to the disorder in thea-Si:H is that
the crystal momentum is not a good quantum number. Thus,a-Si:H acts as a quasi-
direct semiconductor with much higher absorptivity when comparing with crystalline
silicon, which is an indirect semiconductor.
A major drawback ofa-Si:H thin-film solar cells is the light-induced degradation
of thea-Si:H material. This degradation was first described by Staebler and Wron-
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ski [58]. The commonly accepted model for this effect statesthat weak strained
silicon-silicon bonds can break under illumination and induce additional dangling
bonds. These dangling bonds create additional recombination centers which lower
the photoconductivity of the material. High qualitya-Si:H material for thin-film
silicon solar cells is deposited from the gas phase. The gases silane and hydrogen
are decomposed so that a deposition of silicon is possible (for details see [29, 59]).
This decomposition is very efficient in a plasma enhanced chemical vapor deposition
(PECVD) process.

Hydrogenated Microcrystalline Silicon Under certain deposition conditions,
the afore mentioned PECVD deposition process ofa-Si:H induces a crystalline sil-
icon phase enclosed by an a-Si matrix in the deposited material [31, 33, 59–62]. The
resulting two-phase material is called microcrystalline silicon. Due to the amorphous
phase, the grain boundaries as well as possible voids in the microcrystalline silicon
layers, microcrystalline silicon need to be passivated with hydrogen in order to form
a high quality semiconductor material. For this hydrogenated microcrystalline silicon
(µc-Si:H), the crystalline grains grow columnar-wise on top ofan amorphous incub-
ation layer [61]. However, the exact morphology and crystalline volume fraction
highly depend on the deposition conditions. For example, bydecreasing the SiH4 to
H2 ratio in the PECVD deposition chamber, the material growth can be varied from
a-Si:H to µc-Si:H of very high crystalline volume fraction. High quality µc-Si:H for
application in thin-film silicon solar cells has crystalline volume fractions of around
70%. Other important deposition parameters for theµc-Si:H material are pressure,
total gas flow, high frequency power, substrate temperatureand excitation frequen-
cies of the plasma. For more details on the material employedin this work, the reader
is directed to the literature [45,59,61]. The band gap of high qualityµc-Si:H is around
1.1 eV. Thus,µc-Si:H is able to absorb light in a much larger spectral range thana-
Si:H. However, due to the indirect band gap, its absorptivity is lower in comparison
with a-Si:H. For this reason, theµc-Si:H absorber layer in a tandem thin-film silicon
solar cell must be much thicker than thea-Si: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 interlayer prepared by radio
frequency magnetron sputtering and an optically thick Ag back layer. The Ag layer
can be either deposited by dc-sputtering or physical vapor deposition.
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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 derivedfrom the current dens-
ity - voltage characteristic (J-V characteristic) of the solar cell under illumination
with the sun spectrum. There is an obvious dependency of theJ-V characteristic
on the illuminated sun spectrum. The reference spectrum used today to determine
the conversion efficiency of solar cells is the AM1.5G173-03spectrum [63,64]. This
spectrum, which is shown in Figure 2.3 (a), represents the solar irradiance (diffuse
and specular components) onto a 37◦ tilted surface on earth which corresponds to an
air mass of 1.5 times the atmosphere.
In Figure 2.3 (b), a typicalJ-V characteristic of a tandem thin film silicon solar
cell, as introduced in the previous section, is shown. The important quantities are
illustrated: the open-circuit voltage (Voc), the short-circuit current density (Jsc), the
voltage at the maximum power point (Vmpp), the current density at the maximum
power point (Jmpp) and the maximum power (Pmax = Jmpp · Vmpp). Another im-
portant quantity is the fill factor (FF = Pmax/(Voc·Jsc)) which denotes the ratio
of the power at the maximum power point and a hypothetical power calculated by
multiplying theJsc and theVoc. Then, the conversion efficiencyη of the solar cell is
given as function of the irradiated powerP0 by:

η =
Pmax

P0
=

Jsc · Voc · FF

P0
. (2.1)

External Quantum Efficiency Particularly for the analysis of light trapping in
solar cells, the spectral response of a solar cell on the incident light is an important
characteristic of the device. Usually, the spectral response of a solar cell is given by
the external quantum efficiency (EQE). TheEQE describes the probability of an
incident photon of a given energy to generate an electron-hole pair that contributes
to theJsc. TheEQE is measured by illuminating the solar cell with monochromatic
light of in the investigated spectral range. TheEQE is given by:

EQE(λ) =
J̃ph(λ)

e · φp(λ)
, (2.2)

whereλ is the wavelength,e is the elementary charge,̃Jph(λ) is the photo-current
induced by illuminating the solar cells with photon fluxφp(λ). The measurements of
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Figure 2.3: (a) Spectral irradiance of the AM1.5G173-03 spectrum [63,64]. (b) Rep-
resentative illuminated current density - voltage characteristic of a tandem thin-film
silicon solar cell [65]. Indicated are the short-circuit current density (Jsc), the open-
circuit voltage (Voc), the current density at maximum power (Jmpp), the maximum
power (Pmax) and the voltage at maximum power (Vmpp).

theEQE are usually conducted at a voltage of 0 V. In this case, theJsc can be cal-
culated as an integral of the product of theEQE and the solar spectrum. The typical
spectral resolution of theEQE measurements is around 10 nm in wavelengths.
In Figure 2.4, a typicalEQE of a tandem thin-film silicon solar cell is shown. The
EQE of each single junction solar cells is given as well as the totalEQE. It is shown
that only light of wavelengths shorter than 780 nm is absorbed in a-Si:H top cell with
the high band gap. In turn, for wavelengths longer than 500 nm, the incident light
passes at least partly through thea-Si:H top solar cell and can be absorbed in theµc-
Si:H bottom solar cell. It shall be noted, that due to the series connection, theEQE
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Figure 2.4: External quantum efficiency (EQE) of a tandem thin-film silicon solar
cell [65]. Indicated are theEQE of the a-Si:H top solar cell, theµc-Si:H bottom
solar cell as well as theEQE of the total tandem thin-film silicon solar cell.

of the top and bottom solar cell must be measured separately at co-bias illumination
of light in a spectral range which is solely absorbed by one ofthe solar cells. The
total EQE is then calculated by summing up theEQE of the a-Si:H andµc-Si:H
solar cells.

Reflectance Measurements Reflectance measurements of thin-film silicon solar
cells as well as layer stacks are carried out with a LAMBDA950spectrophotometer
(Perkin Elmer, Waltham, USA) [66]. This spectrophotometeruses a monochromator
that allows the spectral analysis of the light reflected at ortransmitted through a
sample for wavelengths between 175 nm and 3300 nm. The incident beam of the
light source is split into a probe beam and a reference beam. The probe beam enters
an integrating Ulbrich sphere and impinges on the sample. Due to the highly reflect-
ive surface, the integrating Ulbrich sphere collects all light reflected in any direction
at the sample. This way, the total reflectance (Rtot) is measured. In addition, the dif-
fuse reflectance (Rdiff ) can be measured by excluding the light reflected specularlyby
the sample. The experimental setup encloses an angle of 8◦ for specular reflection.
The uncertainty in the reflectance spectra presented throughout this work is below
2%. The absorptance (A) of a non-transparent solar cell or non-transparent dielectric
layer stack is calculated by substracting the reflectance from unity.
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Scanning Electron Microscopy Scanning electron microscopy (SEM) is an ex-
perimental imaging method that images the surface of a sample by scanning it with a
beam of electrons [67,68]. The electrons are emitted from a filament or field emission
tip. They are accelerated and confined via an electron lens towards the surface of the
sample. The focused spot of the electron beam scans across the sample surface. By
evaluating the amount of secondary electrons, a brightnessvalue can be assigned to
each surface position. As the signals primarily result frominteractions of the elec-
tron beam with atoms near the surface of the sample, the resulting brightness im-
age provides a two-dimensional surface topography. In thiswork, the measurements
were conducted with the scanning electron microscope Supra55VP Smart-SEM (Carl
Zeiss, Oberkochen, Germany). The images were taken under anangle 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) [69,70]. This method uses
a fine tip with a curvature radius of around 10 nm and opening angle of 30◦. The tip
is positioned at the end of a resonantly oscillating cantilever. As the tip approaches
the surface of the sample, its resonance frequency is changed due to attractive van
der Waals forces between the tip and the surface. The resulting change in the amp-
litude of the oscillating cantilever is detected. A feedback loop and a piezo-electric
height control allow the distance between tip and surface tobe kept constant as the
tip scans across the surface (non-contact tapping mode). Bydetecting the position
of the tip normal to the surface, a three-dimensional surface topography is mapped.
The AFM measurements conducted in this work utilized a NANStation 300 (S.I.S
GmbH, Herzogenrath, Germany). Due to the tild and a drift of the AFM tip, a plane-
fitted background was substracted from the measured surfacetopographies with the
software SPIP, version 5.1.6 (Image Metrology A/S, Horsholm, Denmark) [71].

Optical Data The optical data of the materials employed in this work are de-
scribed via the complex refractive index (ñ). The complex refractive indices of in-
trinsic, p-doped and n-dopedµc-Si:H anda-Si:H as well as front and back ZnO:Al
layers are taken from a reference set of experimental data. These data are taken from
measurements of state-of-the-art materials which are applied in thin-film silicon solar
cells. The experimental methods applied are photothermal deflection spectroscopy,
transmission and reflection measurements and ellipsometry. The optical data of Ag
are taken from ellipsometry measurements performed on as-grown planar and optic-
ally thick Ag layers. The data agree, within the reported growth-dependent variations,
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with reference data from literature [72,73]. The data is presented in Appendix A. For
details on the measurements see [74,75].

2.2 Electrodynamics, Photonics and Optics

This section provides a brief introduction to classical electrodynamics which forms
the theoretical basis of the light-matter interaction in thin-film silicon solar cells as
well as for light-matter interaction of metal nanostructures which exhibit plasmons.

2.2.1 Excursion into Classical Electrodynamics

The theory of classical electrodynamics was condensed in 1873 by James Clerk Max-
well into a set of partial differential equations [76, 77]. It accurately describes the
temporal and spatial evolution of electromagnetic fields. As long as quantum effects
can be neglected, a combination of classical electrodynamics and 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 field (E(x, t)) and the magnetic
field (H(x, t)), wherex = (x, y, z) determines the position in space andt is the time.
In addition, the dielectric displacement (D(x, t)), the magnetic induction (B(x, t)),
the external electric current density (Jext(x, t)) and the scalar free charge density
(ρext(x, t)) are needed for the formulation of Maxwell’s equations (in the SI system
of units):

∇ · D(x, t) = ρext(x, t), (Gauss’ law) (2.3)

∇ · B(x, t) = 0, (Gauss’ law for magnetism) (2.4)

∇× E(x, t) = −∂B(x, t)
∂t

, (Faraday’s law of induction) (2.5)

∇× H(x, t) = Jext(x, t) +
∂D(x, t)

∂t
. (Ampére’s circuital law) (2.6)

This formulation of Maxwell’s equations represents a macroscopic average over the
microscopic fields. The microscopic response of matter, caused by the fundamental
interactions between charged particles in matter and the electromagnetic fields, is
averaged macroscopically. The resulting interrelations are given in the material equa-
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tions also known as constitutive relations. The general time-dependent formulation
of the constitutive relations is complex. In this work, solely problems in steady state
with harmonic excitation are investigated where the electromagnetic field is of har-
monic time-dependence that isE(x, t) = Re(E(ω, t)e−iωt) and accordingly forH,
D, B, Jext andρext. In the case of isotropic materials with a linear response tothe
external fields, the constitutive relations can be written as:

D(x, ω) = ǫ0ǫ(x, ω)E(x, ω), (2.7)

B(x, ω) = µ0µ(x, ω)H(x, ω), (2.8)

Jext(x, ω) = σ(x, ω)E(x, ω). (2.9)

The dielectric constant (ǫ(x, ω)), the relative permeability (µ(x, ω)) and the conduct-
ivity (σ(x, ω)) describe the macroscopic optical, magnetic and electrical properties
of the material. The vacuum permittivity (ǫ0) and vacuum permeability (µ0) are uni-
versal constant. Via a Fourier transformation, the dielectric constant and the con-
ductivity are linked byǫ(x, ω) = 1 + iσ(x, ω)/(ǫ0ω). ǫ(x, ω) andµ(x, ω) are fun-
damental material properties which can be either derived from first principle calcu-
lations of solid state theory or taken from experiments. In this work, experimental
data is applied to specify the dielectric constant of the materials under study (see Ap-
pendix A). Instead ofǫ(x, ω), in optics conventionally the complex refractive index
ñ(ω) = n(ω)+iκ(ω) =

√

ǫ(ω) is used. Often, the real part of the complex refractive
index (n(ω)) is simply called the refractive index and the imaginary part of the com-
plex refractive index (κ(ω)) is called extinction coefficient. Furthermore, in a good
approximationµ(x, ω) ≈ 1 for electromagnetic problems as the variation inǫ(x, ω)
is dominant.

Helmholtz Equations and Electromagnetic Waves In the absence of free
charges and currents the constitutive relations and Maxwell’s equations can be re-
formulated in a simplified form calledHelmholtz equations:

∇×∇× E(x, ω) = −µ0µ(x, ω)ǫ0ǫ(x, ω)
∂2E(x, ω)

∂t2
, (2.10)

∇×∇× H(x, ω) = −µ0µ(x, ω)ǫ0ǫ(x, ω)
∂2H(x, ω)

∂t2
. (2.11)

The general time harmonic solution of the Helmholtz equations can be expressed as
a superposition of plain electromagnetic waves of various angular frequencies which
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are given by:

Eω(x, t) = E0e
i(kx−ωt) and Bω(x, t) = B0e

i(kx−ωt), (2.12)

where the direction of the electromagnetic waves is given bythe wavevector (k) with
|k| = ω|ñ|/c. The local speed of light in a certain material is given byc0/|ñ|, where
c0 is the speed of light in the vacuum.

2.2.2 Optics and Photonics

This section introduces relevant basic concepts, terms anddefinitions 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 very small in comparison with
any geometrical dimension of the system under study. In suchsystems, the propaga-
tion of light can be studied in terms of light rays. For these light rays, the refraction,
reflection and transmission at the interface between two media of different refractive
indices is described by Fresnel’s equations [78]. From these equations, basic optical
formulas like Snell’s law of diffraction and the condition of total internal reflection
can be derived. Also, the attunation of the intensity of light, given by the Lambert-
Beer law, can be studied with geometrical optics. Prominentfields of application are
crystalline silicon solar cells with a silicon absorber layer thickness above 150 µm.
However, in thin-film solar cells, the light-trapping textures as well as the layer thick-
nesses are in the range of the wavelength of light in thea-Si:H andµc-Si:H absorber
layers. Thus, geometrical optics provide a very limited picture when studying the pro-
pagation of light within a thin-film silicon solar cell. However, for some arguments
and discussions presented in this work, geometrical opticsis used as it is intuitive and
encompassed by wave optics.
In wave optics, the propagation of light is described by electromagnetic waves which
are solutions of the Helmholtz equations. These electromagnetic waves exhibit a
time-harmonic dependence and a wavelength (λ). Wave optics encompass the field
of geometrical optics but can, additionally, explain the interaction of light with ob-
jects of dimensions close to the wavelength of light. Prominent phenomena which
are explained by wave optics are the interference of electromagnetic 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 electromagnetic fields induced by any ob-
ject which interacts with electromagnetic waves [79, 80]. In particular, for objects
of dimensions in the order of the wavelength and below, both types of electromag-
netic fields are present. The fundamental reason for these two characteristics is that
those electric fields which are induced by changes in charge distribution of the ob-
ject exhibit a much different character than those electricfields induced by changing
magnetic fields (c.f. Eq. (2.3) and Eq. (2.5), respectively). The nearfield consists of
those electromagnetic fields which are associated with an immediate electromagnetic
response to local changes in the charge distribution in the object. It can induce strong
amplitudes of the electromagnetic fields in the vicinity of the object [80]. The farfield
dominates at larger distances from the object. At this distance, the electromagnetic
fields are radiative and can be expressed as a superposition of propagating electro-
magnetic waves.
The boundary between the nearfield region and farfield regionis vague and its defin-
ition varies between different fields of application [81]. Furthermore, there is a broad
transition region, wherein nearfields and farfields coexist. For an antenna shorter
than half the size of the investigated wavelength, the propagating electromagnetic
fields, belonging to the farfield region, dominate for distances larger than twice the
wavelength. For distances smaller than the wavelength, theelectromagnetic fields
associated with the nearfield typically dominate.
In thin-film solar cells, both new light-trapping concepts as well the state-of-the-
art light-trapping concept make use of surface textures of dimensions below the
wavelength of light inµc-Si:H ora-Si:H. Thus, the electromagnetic nearfield and far-
field need to be considered when investigating optics in thin-film silicon solar cells.

Evanescent Electromagnetic Fields Evanescent fields are formed when light
waves are reflected totally at the interface of two materials. Total internal reflection is
an optical phenomenon that appears if an electromagnetic wave impinges on a planar
boundary of two materials at an angle larger than a particular critical angle. If the
refractive index of the first material (n1) is larger than the refractive index of the
second material (n2), the critical angle (θc) for total internal reflection is given by:

θc = arcsin
n2

n1
. for n1 > n2. (2.13)

In the case of total internal reflection, evanescent fields extend into the material of low
refractive index. The evanescent fields decay exponentially and their time-averaged
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Poynting vector, which describes the energy flows across theboundary, vanishes.
With regard to thin-film silicon solar cells, the existence of evanescent fields above
the front interface of the solar cells indicates the total internal reflection of light within
the solar cell absorber layers, which is associated with light trapping. With a scanning
near field microscope these evanescent fields can be detectedallowing for an unique
experimental analysis of light propagating in thin-film silicon solar cells [82,83].

Optical Diffraction Gratings Optical diffraction gratings are dispersive devices
which redirect incident light into discrete diffraction orders. The integral parts are
periodically arranged elements which transmit, reflect and/or scatter an incident elec-
tromagnetic wave. Due to the periodic arrangement, the phase-correlation of the
transmitted, reflected and/or scattered electromagnetic wave at all periodic elements
is preserved. For certain angles, called diffraction order, the transmitted, reflected
and/or scattered electromagnetic wave superimposes constructively. Thus, incident
light is redirected into these diffraction orders. The diffraction orders are numbered
for each dimension, starting with the zero- order which denotes specular reflection or
transmission. The diffraction angles of the diffraction orders are given by the grating
equation. They depend on the incident angle, the refractiveindex, the period, the unit
cell, the wavelengths and the diffraction order. In this work, two-dimensional reflec-
tion gratings are of particular interest. The corresponding grating 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 electromagnetic waves are confined
in a dielectric material by total reflection at the outer boundaries. For this purpose,
the adjacent materials must be either highly reflective or oflower refractive index
than the inner material. Figure 2.5 shows a planar waveguidewhich consists of a
dielectric layer (n > 1) in between a highly reflective mirror at the lower side and
air at the top side. Light which propagates at large angles within the waveguide is
completely reflected at the highly reflective rear side and the front side due to total
internal reflection. For certain angles, the electromagnetic wave that is twice reflected
reproduces itself. Eventually, in this condition, any multiply reflected electromag-
netic wave reproduces itself, leading to a periodic electric field pattern of regions of
multiple constructive interference and destructive interference.
As this self-reproducibility of the electromagnetic wave cannot be fulfilled at any
angle, the number of waveguide modes for a certain waveguideof finite thickness is
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Figure 2.5: Illustration of the condition of self-consistency for the occurence of wave-
guide modes. The exemplary system under study is a high refractive index dielectric
(n > 1) which exhibits a highly reflective mirror at the rear side and an air ambient.

discrete. In explicite, the following condition must be satisfied:

2π

λ
· n · 2d cos(θ) + ϕr + π = 2πm with m = 0, 1, 2, .. , (2.14)

whered is the thickness andn is the complex refractive index of the dielectric (see
Figure 2.5).ϕr is the phase shift of the reflected electromagnetic wave at the interface
between the dielectric and air. This phase shift is dependent on the angleθ and the
polarization. For this reason, the dispersion relation of transversal electric (TE) and
transversal magnetic (TM) waveguide modes differs.
The above described waveguide modes are confined to the dielectric waveguide. No
coupling to propagating electromagnetic waves in the ambient is possible. In order
to allow incident light to couple into the waveguide mode, the planar geometry needs
to be perturbed, for example, by a grating coupler. In this case, incident light can
couple to the waveguide mode and vice versa. The resulting mode is called a leaky
waveguide mode.

2.3 Plasmonics

A plasmon is a quantized collective oscillation of the free electron gas density [84–
86]. Under certain conditions, these oscillations can couple to an electromagnetic
wave. In the case of coupling, the electric field of an incident electromagnetic wave
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causes a displacement of the free electron gas density with respect to the ion lattice.
Charged regions are induced in phase with the exciting electromagnetic fields. The
resulting Coulomb interaction provides a restoring force which causes an oscillation
of the free electron gas density. Depending on the boundary conditions, the spatial
oscillation of the free electron gas density and in turn the resonance conditions differ.
At planar metal surfaces, propagating surface plasmon polaritons (SPP) appear and at
the surface of metal nanostructures, localized surface plasmon polaritons (LSPP) are
formed. In the field of nanophotonics, due to the possible coupling to electromagnetic
waves, plasmonic effects are extensively studied to guide and localize light with metal
nanostructures within dielectric layer stacks [22, 87]. This section provides a brief
introduction. For a thorough understanding the interestedreader is directed to the
references [84–86].

2.3.1 Propagating Surface Plasmon Polaritons

Surface plasmon polaritons are electromagnetic modes which propagate along an in-
terface of a metal and a dielectric (see Figure 2.6 (a)). Theyconsist of an oscillation
of the free electron gas density in the metal and an electromagnetic wave which are
coupled in phase to each other. The former aspect reflects theplasmonic character
of the SPP and the latter aspect reflects the polaritonic character of the SPP modes.
The SPP resonances are eigenmodes and the electric field (seeEq. (2.15)) as well as
the dispersion relation (see Eq. (2.16)) can be derived fromMaxwell’s equations (see
Eq. (2.3)-Eq. (2.6)) under consideration of the continuityequations at the interface of
the metal and the dielectric [85,86]:

E(x, t) = E⊥(x⊥)ei(k||x||−ωt), (2.15)

k|| =
ω

c
·
√

ǫm(ω)ǫD(ω)

ǫm(ω) + ǫD(ω)
, (2.16)

whereǫD andǫm denote the dielectric function of the dielectric and the metal, re-
spectively. The electric field of the SPP mode represents a propagating eletrodynamic
eigenmode whereE⊥ describes an exponential decay of the electric field perpendic-
ular to the interface into the dielectric as well as into the metal. E⊥ decays to1/e
within approximately 10 nm and 100 nm for noble metals and thedielectric media,
respectively [88, 89]. The SPP mode propagates along the metal/dielectric interface
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Figure 2.6: (a) Illustration of a propagating SPP at an interface between a planar Ag
layer and air. (b) Dispersion relation of the SPP modes at a flat Ag surface in air
calculated with Eq. (2.16).

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

SPP Resonance In Figure 2.6 (b), the dispersion relation of the SPP eigenmodes
at an interface of Ag and air, calculated according to Eq. (2.16), is shown. The op-
tical constants for Ag are taken from Appendix A. At the frequencyωSPP, the corres-
pondingλSPP is marked in Figure 2.6 (b), the density of states per energy increases
strongly. In fact, in the case of a perfect conductor (Im(ǫm)=0) and no losses in the
dielectric (Im(ǫD)=0) atωSPP the density of states per energy interval approaches in-
finity andǫAg(ω)+ ǫair(ω) = 0 is fulfilled. Due to the increased number of states per
energy interval atωSPP, the excitation probability of SPP eigenmodes at that energy
is dominant in comparison with other frequencies. In this work, we refer toωSPP as
the resonance frequency of the propagating SPP modes at a particular metal/dielectric
interface.λSPP 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 relation of light at 25◦ incidence,
45◦ incidence and in the limit of parallel incidence (90◦) to the interface are shown. It
is shown that the dispersion relations of incident light of low angle of incidence does
not intersect with the dispersion relation of the SPP modes.This observation is valid
for all dielectrics [85]. Therefore, SPP modes cannot be excited at a perfectly flat
metal interface. In order to couple to incident electromagnetic waves, special tech-
niques are required to provide the missing momentum at a specific frequency. The
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most common optical methods for the coupling of incident electromagnetic waves to
propagating SPP modes are prism couplers, grating couplersand the near-field effects
in the vicinity of sub-wavelength nanostructures [85,86,88]:

• Prism couplers:For this technique, the light impinges on an additional dielec-
tric/air interface above the metal surface, typically via aprism, and is totally in-
ternally reflected. If the metal surface is positioned closeenough to the dielec-
tric/air interface, such that the evanescent wave can couple to the metal surface,
SPP modes on the metal surface can be excited.

• Grating couplers:Due to the diffraction of light at the periodically structured
metal surfaces, the wavevector of the SPP modes parallel to the grating vector
is varied by∆k|| = n · 2π/l wherel is the lattice constant of the grating and
n ∈ N . As a result, in the first Brillouin zone, the momentum of the SPP
modes and the incident electromagnetic wave intersect which corresponds to a
conservation of momentum. Therefore, the SPP modes can couple to incident
light.

• Near-field effects:In the vicinity of sub-wavelength nanostructures, such as
metal nanostructures and scanning nearfield optical microscopy tips, the scat-
tered light cannot be described by single propagating electromagnetic waves.
Instead, the local nearfields exhibit all wavevectors and, thus, allow a coup-
ling to SPP modes. Interestingly, near-field optical techniques allow the local
excitation of SPP modes and can act as a point source for SPP modes [88,90].

In this work, the latter two concepts of coupling light to SPPmodes are of particular
interest as they are relevant for randomly nanotextured surfaces of Ag back contacts in
thin-film silicon solar cells [84]. Randomly textured Ag interfaces can be described,
on the one hand, as a stochastic distribution of local sub-wavelength nanostructures.
On the other hand, randomly textured interfaces can be described as a superposition
of periodic gratings of various reciprocal lattice constants.

2.3.2 Localized Surface Plasmon Polaritons

Localized surface plasmon polaritons describe resonant oscillations of the free elec-
tron gas density in a nanostructure. Similar to SPP modes, the oscillation of the elec-
tron gas density is in phase with oscillating electromagnetic fields (see Figure 2.7 (a)).
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Figure 2.7: (a) Illustration of the oscillation of the electron gas density in a spherical
Ag nanoparticle corresponding to a dipolar LSPP resonance.(b) Calculated scattering
efficiency (Qsca) of spherical Ag nanoparticles embedded in non-absorbing ZnO:Al
of various radii. (c) CalculatedQsca of spherical Ag nanoparticles of 20 nm radius
embedded in non-absorbing SiO2, ZnO:Al andµc-Si:H with refractive indexn at the
resonance wavelengths of approximately 1.45, 1.9 and 3.2, respectively.

The spatial confinement of the oscillation of the electron gas density affects the res-
onance condition as well as the coupling to electromagneticwaves. In contrast to
SPP resonances, LSPP resonances can be excited by incident light of arbitrary incid-
ent angle [84]. For this reason, LSPP resonances in metal nanostructures induce an
optical response that differs significantly from that of planar metal interfaces. The
rich spectroscopic behavior of metal nanoparticles has raised tremendous interest in
their application in nanooptical devices [90,91].
The optical response of a single metallic nanostructure is usually described by the
scattering efficiency (Qsca) and the absorption efficiency (Qabs). These dimension-
less quantities are calculated by:

Qabs =
Pabs

I0 ·ANP
and Qsca =

Psca

P0 ·ANP
, (2.17)

whereI0 is the intensity of the incident electromagnetic wave,ANP is the cross-
section of the nanoparticle normal to the propagation direction of the incident elec-
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tromagnetic wave.Pabs andPsca are the powers absorbed and scattered by the nano-
particle, respectively.

Mie Theory For spherical nanoparticles which are embedded in non-absorbing
materials, an exact solution of the interaction between incident light and the nano-
particle was first described by Gustav Mie [92]. Applying spherical coordinates and
multipole expansions of the irradiated electric and magnetic fields, a complete ex-
pression was derived for the electrodynamic response of spherical nanoparticles to
a plane incident electromagnetic wave. In the derivation, Maxwell’s equations are
solved rigorously. Thus, the Mie theory is universal to all wavelengths of incident
light, sizes of the nanoparticle, non-absorbing embeddingmaterials and materials of
the nanostructure. In several experimental studies, the validity of Mie theory, within
the above described limitations, has been verified [91, 93, 94]. Furthermore, numer-
ous expansions of the Mie theory are presented for other geometries in the literature
such as other shapes of nanoparticles or interactions of multiple nanoparticles [84].
A thorough description and derivation of the Mie theory is given by [95]. In this
work, the Mie theory serves as an analytical reference to evaluate the accuracy of the
three-dimensional electromagnetic simulations of metallic nanostructures. The Mie
theory was calculated with the program code published in [95].

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

• Size of the nanostructure:For metallic nanostructures of small size compared
with the wavelength of the incident electromagnetic wave, the phase of the lat-
ter can be approximated to be constant over the total volume of the nanostruc-
ture. Then, the problem under study can be simplified in an electrostatic field
which, in turn, yields a dipolar LSPP resonances in spherical nanoparticles.
The resonance frequency of this dipolar LSPP resonance can be approximated
in the quasi-static approximation. With increasing size ofthe nanostructure,
the spatial variation of the phase extends over the volume ofthe nanostruc-
ture. This is equivalent to a retardation of the electromagnetic fields inside
the particle. Deviations from the quasi-static dipolar LSPP resonance arise:
the dipolar LSPP resonance shifts to longer wavelengths andthe widths of
the resonance increases due to ratiation damping. In addition, in large nan-
oparticles, higher multipole modes can be excited by incicent electromagnetic
waves. These multipolar resonances appear as additional resonances in the
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Qabs andQsca of the nanostructure. In Figure 2.7 (b), the size-dependentspec-
tral response of a spherical Ag nanoparticle embedded in ZnO:Al is shown.

• Shape of the nanostructure:In addition to the size of the nanostructure, the
shape of the nanostructure influences the oscillation of theelectron gas density.
Thus, the LSPP resonances depend strongly on the shape of thenanostructure.
A nice experimental illustration of the impact of the outer shape of a nano-
particle on the LSPP resonances is given by Mock et al. [96]. For oblate ellips-
oidal nanoparticles, two LSPP modes appear due to two differently sized axes.
These modes can be excited independently by an electromagnetic wave which
is polarized along the respective axis [91]. In addition to avariation of the outer
shape of the nanostructure, core-shell metal nanoparticles and 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 consequence, the embed-
ding dielectric close to the nanostructure is polarized. Charged regions appear
in the dielectric which screen the electric field of the LSPP resonance inside
the nanoparticle. As a result, the polarizability of the embedding dielectric in-
creases the LSPP resonance wavelength [84]. Therefore, theLSPP resonance
wavelength increases with increasing refractive index of the embedding mater-
ial. This effect is shown for spherical Ag nanoparticles in Figure 2.7 (c). For
inhomogeneous embedding materials, such as nanostructures embedded in a
dielectric layer stack or nanostructures on substrates, the impact of the embed-
ding medium on the LSPP resonance is much more complex [99].

• Interaction of LSPP resonances of multiple nanostructures: If two or more
metallic nanostructures are located adjacent to each other, the LSPP-induced
enhanced electric fields enable a coupling. This results in astrong change of
the LSPP resonances [91, 98]. In fact, for well-defined systems such as di-
mers of Ag nanoparticles, a hybridization of LSPP resonances has been ob-
served [100–102]. For very complex arrangements of nanostructures of vari-
ous shapes, the interaction of multiple LSPP resonances induces ’hot-spots’
of highly enhanced electric fields. These hot-spots are essential in surface en-
hanced Raman spectroscopy [103,104].
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2.4 Optical Simulations

There are several numerical methods to simulate the propagation of light in con-
densed matter. For solar cell applications, the adequate choice of method depends
mostly on the spatial dimensions of the textures and structures under study. For
very large dimensions of these textures in comparison with the local wavelength,
the raytracing method is sufficiently accurate and precise [105]. For textures or layer
thicknesses of geometrical dimensions close to or below theconsidered wavelength,
Maxwell’s equations have to be solved rigorously to accurately simulate the propa-
gation of light in the solar cell. For three-dimensional devices, the finite difference
time-domain method [106], the finite element method (FEM) [107–109], the Fourier
modal method [110] or the finite integration technique [111]are commonly applied.
By using these techniques, the influence of the textured interfaces on the light trap-
ping has been sucessfully investigated for thin-film silicon solar cells [112–116] as
well as other types of solar cells [117–119].
In this work, the interaction of electromagnetic waves withnanostructured plasmonic
Ag back contacts is studied with a three-dimensional electromagnetic solver of Max-
well’s equations based on the FEM method. For the accurate simulation of plasmonic
effects, the FEM methods holds particular advantages as it allows the application
of an adaptive mesh of triangular or prismatic shape. Such meshes are essential on
the curved metal/dielectric interface, where strong electric field enhancements ap-
pear [98,120,121]. The simulations were carried out with the commercially 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 the stationary 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 be separated from the spatial
behavior by using a time-harmonic ansatz:

E(x, t) = Re(Ẽ(x, ω)e−iωt) and H(x, t) = Re(H̃(x, ω)e−iωt). (2.18)

Maxwell’s equations in combination with the constitutive relations can be rewritten
and split into two separate sets of second order differential equations for the electric
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field and the magnetic field, respectively. Furthermore, in the time-harmonic an-
satz, the magnetic field can be simply derived from the electric field via the relation
iωǫ0ǫ(x, ω)Ẽ(x, ω) = ∇ × H̃(x, ω). Thus, in the time-harmonic ansatz, Maxwell’s
equations can be condensed into the following two second order partial differential
equations for the electric field [123,124]:

∇× (µ0µ(x, ω))−1∇× Ẽ(x, ω)− ω2ǫ0ǫ(x, ω)Ẽ(x, ω) = −iωJ̃(x, ω), (2.19)

∇ · ǫ0ǫ(x, ω)Ẽ(x, ω) = 0. (2.20)

Finite Element Method The FEM method provides a general approach to solve
numerically a set of partial differential equations such asEq. (2.19) and Eq. (2.20)
with the given boundary conditions [108]. It applies a variational formulation to
solve Eq. (2.19) and Eq. (2.20). A complete description is beyond the scope of this
thesis. Nevertheless, the integral steps shall be summarized: First, an appropriate test
function, typically a polynomial, is multiplied to the partial differential equation (see
Eq. (2.19)), which is integrated over the total simulation domain. Then, by applying
a partial integration, the variational formulation of the problem is obtained. In this
formulation, a discretization of the simulation domain into a mesh of finite elements
is introduced. This discretization allows the original problem to be represented by a
large but finite dimensional linear problem whose numericalsolution approximates
the solution of the original problem. Furthermore, this solution converges numeric-
ally stably towards the exact solution by either increasingthe number of mesh points
used for the discretization of the calculation domain or by increasing the polynomial
order of the test function. However, both numbers are proportional to the dimension
of the linear problem, which determines the random access memory consumption of
a computational treatment.

2.4.2 Optical Simulations with JCMsuite

In this work, three-dimensional electromagnetic simulations of thin-film silicon solar
cells as well as plasmonic nanostructures have been conducted. The simulations were
conducted with the software JCMsuite which applies the FEM method. In this sec-
tion, a brief description of the practical procedure of these simulations 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 calculation domain of a typ-
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Figure 2.8: (a) Calculation domain and (b) the three-dimensional mesh of a typical
flat µc-Si:H thin-film solar cell in n-i-p configuration. (c) The absolute electric field
is shown for an incident plane electromagnetic wave with a wavelength of 1000 nm.

ical flat µc-Si:H thin-film solar cell in n-i-p configuration is shown in Figure 2.8 (a).
For each material specified in the geometrical setup, the complex refractive index
needs to be specified (see Appendix A). To study the interaction of incident light with
the sample structure, a planar electromagnetic wave is specified which penetrates the
geometry under study. If not explicitly mentioned, the planar electromagnetic wave
impinges at normal angle of incidence. The boundaries orthogonal to this incidence
are assumed to be either periodic boundaries or open boundaries. In the latter case,
perfectly matched layers are introduced at the boundary of the calculation domain,
which create non-reflecting interfaces [125].
A prismatic mesh is generated to discretize the three-dimensional space (see Fig-
ure 2.8). For non-periodic geometries of cylindrical symmetry, JCMsuite provides a
particular setting of the FEM method which solves, under consideration of the cyl-
indrical symmetry, the problem in two dimensions [123]. Dueto the highly reduced
computational time and reduced consumption of random access memory, this two-
dimensional cylindrical FEM method is applied whenever applicable. For any geo-
metry, JCMsuite can generate a mesh with predefined upper limits for the maximal
side length of the mesh cells. The mesh and the polynomial order of the test func-
tion are the most critical figures for the accuracy of the FEM method. By applying
convergence studies, these quantities have been optimizedsuccessively for each geo-
metry in terms of accuracy as well as computational time and consumption of random
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access memory. The latter was limited to 64 Gigabyte for the computers used in this
work. A maximal relative error of 2% of the targeted physicalquantities, such as the
absorptance or the reflectance, was accepted. This was commonly achieved for poly-
nomial order of the test function larger than or equal to three. For dielectric material,
the maximal side length of any mesh cell was set to be 10% of thewavelength of
the incident electromagnetic wave. For the interface of planar layers and within Ag
nanostructures, a much denser mesh was required. As a rule ofthumb, in Ag nano-
structures, the maximal side length of the mesh cells was setto the minimum of 10%
of the wavelength and 25% of the dimension of the nanostructure.

Post Processing The above described FEM method numerically solves
Eq. (2.19) and Eq. (2.20) on the three-dimensional mesh, which yields a three-
dimensional complex electric field. In Figure 2.8 (c), the absolute electric field at
a wavelength of 1000 nm is shown. Within the post processing,physical quantities
are derived from the three-dimensional complex electric field.

• Absorptance: A very important quantity throughout this work is the ab-
sorptance (AV) of a subdomain of volume (V ) of the calculation domain such
as a specific layer or object of the solar cell. It is calculated as a ratio of the
power absorbed (Pabs) to the total power (Ptot) which is irradiated on the cal-
culation domain by the plane wave:

AV =
Pabs

Ptot
. (2.21)

For time-harmonic electromagnetic fieldsPtot andPabs are given by [76]:

Ptot =

√

ǫ0ǫBG

µ0
· |E0|2, (2.22)

Pabs = 4ω

∫

V

Im(ωe)dV and ωe =
(ǫ0ǫẼ)∗ · Ẽ

4
, (2.23)

whereǫBG is the dielectric constant of the background material, which is usu-
ally air,ωe(x) is the local electrical field energy density andE0 is the vector of
the electric field of the incident electromagnetic wave.

• Scattering angle distribution, reflection and transmission: The derivation of
the angular scattering intensity distribution, the transmission and reflection de-
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pends on the applied boundary conditions. For periodic boundaries, which are
applied for the simulation of solar cells and plasmonic reflection gratings, a
Fourier transform is conducted on the complex electric fieldon the flat bound-
aries at the top or bottom of the calculation domain [123]. This Fourier trans-
form gives the wavevectors of the evanescent as well as propagating Fourier
modes. By evaluating the direction of the propagating Fourier modes, which
correspond to propagating electromagnetic waves, detailed angular scattering
distributions as well as the total and the diffuse reflectioncan be calculated.
In the case of open boundaries at the calculation domains, a farfield expan-
sion of the electric fields at the boundaries of the calculation domain is con-
ducted [123]. This allows the farfield vectors to be evaluated which gives the
scattering intensity into a certain direction.

• External quantum efficiency:For a given charge carrier collection efficiency,
theEQE of a simulated thin-film silicon solar cell can be calculatedby mul-
tiplying this collection efficiency and the absorptance of the silicon absorber
layers. For the intrinsic absorber layer, it is commonly assumed that the charge
carrier collection efficiency is 100%. For the n-doped and p-doped layers, to
the knowledge of the author, the charge carrier collection efficiencies should
be much smaller. However, exact values are not known. In thiswork, a good
agreement between simulated simulatedEQE and experimentalEQE of a
µc-Si:H thin-film solar cell in n-i-p configuration was obtained for collection
efficiencies of 0%, 100% and 50% in the p-doped, intrinsic andn-dopedµc-
Si:H layer, respectively (see Chapter 8.2.1). For a givenEQE, theJsc can be
calculated as an integral of the product of theEQE and the solar spectrum.

2.4.3 Simulations of Localized Surface Plasmon Polaritons

In this work, numerical studies on plasmonic back contacts in thin-film silicon solar
cells have been conducted. The accurate simulation of plamonic effects in metal
nanostructures is numerically challenging and requires a very dense mesh at the
metal/dielectric interface [120]. In order to evaluate theaccuracy of the applied op-
tical simulations for plasmonic effects, a Ag spherical nanoparticle embedded in non-
absorbing ZnO:Al was simulated and compared with an analytical reference, the Mie
theory. In Figure 2.9 (b) and Figure 2.9 (c), simulated and analytical values ofQabs

andQsca are shown. For this simulation, the maximal side length of the mesh cells
was set to the minimum of 10% of the wavelength and 25% of the dimension of
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Figure 2.9: Comparison of simulated (filled squares) and analytically derived (black
line) scattering efficiency (Qsca) and absorption efficiency (Qabs) of isolated spher-
ical Ag nanoparticles embedded in non-absorbing ZnO:Al.

the nanostructure. For radii ranging over three orders of mangnitude from 10 nm to
1000 nm, a very good agreement between the simulated data andthe analytical refer-
ence is demonstrated. In fact, over the total wavelength spectrum, the relative error of
Qabs is below 1.2%. ForQsca, the relative error is larger but still below 1.5%. This
result is representative of all other radii of the nanoparticle from 10 nm to 1 µm and
of all refractive indices of the embedding material.



Chapter 3

Light Trapping

Light trapping in solar cells is achieved when the absorption of incident light is higher
than the absorption of a single light pass through the absorber material. Thus, for
optically thin solar cells the light-trapping effect enhances theJsc. Alternatively,
light trapping in optically thick solar cells allows the reduction of the absorber ma-
terial thickness, which reduces the material consumption,enhances theVoc in low
mobility solar cells and reduces the requirements on the material such as the stability
of a-Si:H with regard to light-induced degradation [29, 126–128]. In consequence,
light trapping increases the solar cell efficiencies and reduces the costs of electricity
generation with solar cells. In this chapter, fundamental aspects and limits to light
trapping in solar cells as well as the state-of-the-art light trapping in silicon solar
cells are introduced. In the last section, a review on the emerging field of plasmonic
light trapping is presented.

3.1 Fundamentals and Limits

Essential for all research on light trapping is the understanding of the maximum
achievable absorption enhancement in solar cells. Initially, the limits to light trapping
were studied for optically thick solar cells, typically made of crystalline silicon where
the absorber layer is many wavelengths thick. Light trapping in these solar cells is
achieved by the scattering of incident light at a textured interface in combination
with a highly reflective back contact. Due to internal reflection, the average length
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Figure 3.1: Illustration of light trapping in an optically thick idealized solar cell.

of the light path and in turn the absorption in the absorber material is enhanced. A
schematic cross-section of a solar cell with a textured front interface is shown in Fig-
ure 3.1. In the case of perfect randomization of the scattered light, called Lambertian
light scattering, the absorption enhancement can be calculated based 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 given by the Beer-Lambert law:

A(λ) = 1− e−α(λ)l, (3.1)

whereα(λ) is the absorption coefficient of the absorber material of thesolar cell andl
is the length of a single light pass through the solar cell. Assuming a perfect mirror at
the back side and a Lambertian scatterer at the front interface, the length of one light
path in the absorber material isl = 2d/ cos(θ), whered is the thickness of the solar
cell andθ is the scattering angle. Considering the isotropic distribution of scattering
angles induced by the Lambertian scatterer, the absorptance (A1) for all incoupled
and scattered light rays which travel once from the front side through the solar cell
and back to the front side is given by [130]:

A1(αd, λ) = 1−
∫

e−
2α(λ)d
cos(θ) cos(θ)dΩ
∫

cos(θ)dΩ
. (3.2)

An analytical solution of the integral on the right side of Eq. (3.2) can be found
in [129]. In order to calculate the overall absorption of a solar cell with Lambertian
light trapping, multiple reflections at the front interfaceneed to be considered. If
RF(λ) depicts the reflection at the Lambertian scatterer at the front interface, the
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total absorptance for the Lambertian light trapping is given by the series:

A(αd, λ) =
∑

i

A1(αd, λ)RF (λ)
(i)(1−A1(αd, λ))

(i), (3.3)

=
A1(αd, λ)

1− (1−A1(αd, λ))RF(λ)
. (3.4)

Although the Lambertian light trapping in Eq. (3.4) is not a fundamental limit, due
to its simple derivation, it often serves in the literature as a reference scenario. In the
limit of weak absorption (α(λ) ≈ 0) the Lambertian light trapping fullfills the more
fundamental limit for light trapping which was derived by Yablonovitch [131,132].

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

lmax = 4n2d, (3.5)

wheren is the refractive index of the solar cell absorber material and d is the thick-
ness of the solar cell. A factor2n2 of the maximal light path enhancement comes
from the maximal internal reflection of the light in the absorber layer. An additional
factor of 2 comes from the reflection at the back contact. The maximal absorptance
(Amax), according to the Yablonovitch limit, is then given byA(λ)max = 4n2dα(λ).
Assuming that all absorbed photons in the solar cell induce charge carriers which
contribute to theJsc of the solar cell,Amax provides an upper limit for theEQE. A
detailed derivation of the Yablonovitch limit can be found in [26,131,132]. Here, the
assumptions and idealizations of the Yablonovitch limit aswell as their implications
are discussed:

• Angular confinementFor the derivation of Eq. (3.5), isotropic illumination of
the solar cell is assumed. However, as Yablonovitch alreadypoints out in the
original manuscript, the angular confinement of the incident light allows the
limit presented in Eq. (3.5) to be exceeded. For an angle selective filter, the
maximum average light path enhancement changes to4n2d/ sin(θc)

2, with θc
being the acceptance angle [133, 134]. Thus, the Yablonovitch limit can be
overcome at the cost of a reduced acceptance angle of the solar cell. A detailed
analysis on the potential of angular selective filters for silicon 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 of the
Yablonovitch limit exhibits no optical losses, which are certainly present in
realistic solar cells. In order to consider these losses, Eq. (3.5) has been de-
veloped further for less idealized solar cell structures byDeckman et al. [136].
In their model, optical losses at the front and back contact are considered. As a
result, a more realistic limit for theEQE can be calculated [54,136].

• Limit of weak absorptionThe Yablonovitch limit is derived under the assump-
tion of very weak absorption in the absorber layer of the solar cell. This means
that the absorption of a single light pass is negligible. In this case, the rel-
evant figure of merit for the absorption is the enhancement factor of the light
path rather than the absorption coefficient of the absorber layer. It has been
shown in the literature that the factor of maximal average light path enhance-
ment decreases if the single light pass absorption of the absorber layer is rel-
evant [129, 132]. In particular for thin-film silicon solar cells, the assumption
of weak absorption is not applicable. To provide an example,the absorption
coefficient ofµc-Si:H varies from 104 cm−1 to 10−1 cm−1 for wavelengths
between 600 nm and 1100 nm, while the thickness ofµc-Si:H solar cells is
typically below 2 µm.

• Thickness of solar cell absorberFundamental for the derivation of Eq. (3.5) is
that the thickness of the absorber layer is much larger than the wavelength of
incident light. Under this assumption, the propagation of light was studied in
terms of geometrical optics. Particularly for thin-film solar cells, this assump-
tion is not valid.

• Isotropic distribution of propagating light inside the solar cell Essential for
the derivation of the Yablonovitch limit is the statement that light trapping is
maximal if the light propagation inside the solar cell device is isotropically dis-
tributed. This statement is valid for ergodic systems wherethe propagation of
light inside the solar cell can be approximated in terms of geometrical optics.
Misleadingly, the assumed isotropic light distribution inside the solar cell is of-
ten put equal to Lambertian light scattering at a randomly textured interface. In
fact, the Yablonovitch limit is also applicable to light-trapping concepts which
make use of directional selective light scattering such as gratings of periodicity
significantly larger than the wavelength of incident light [132,133,137].
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The last two assumptions are applicable if the wave nature oflight can be disregarded.
Thus, wave optical effects like diffraction, interferences and local electromagnetic
field enhancements are not considered. As a result, the Yablonovitch limit is not ap-
plicable if the local wave nature of light becomes relevant.This occurs, for example,
in thin-film solar cells or solar cells with diffraction gratings of period below the
wavelength of incident light. Especially for thin-film silicon solar cells, understand-
ing the limits to light trapping in solar cells which apply low absorber thicknesses
or diffraction gratings is very crucial. Several recent works have studied light trap-
ping in such solar cells numerically as well as experimentally [114, 115, 138–150].
In the recently work of Z. Yu, A. Raman and S. Fan [151, 152], a formalism was
developed that allows the maximum light absorption enhancement to be calculated
under rigorous consideration of the electromagnetic perspective.

Electromagnetic Limit on Light Trapping by Z. Yu, A. Raman an d S. Fan
Yu et al. apply a rigorous electromagnetic leaky mode formalism that allows the
maximum absorption enhancement to be calculated for solar cells with wavelength-
scale thickness or wavelength-scale gratings. In their formalism, the propagation of
light inside the solar cell is represented by leaky waveguide modes. For a certain
light-trapping concept, such as a square lattice gratings of period p, these modes
couple to propagating waves in the ambient (see Figure 3.2).The case of random tex-
ture for light trapping is considered as the limit of the periodic system with a period
of the grating which approaches infinity. Similarly to the Yablonovitch limit, their
formalism is based upon the assumption of weak absorption inthe solar cell, but
considers optically thin absorber layers as well as wavelength-scale grating couplers.
In the case of low absorption, all light propagation inside the solar cell is described
well with leaky waveguide modes. For a single leaky waveguide mode, the spectral
absorption can be calculated from the temporal coupled-mode theory [152]. By sum-
ming up the maximal absorption of all leaky waveguide modes of the solar cell in
the limit of strong coupling of the modes to incident light, Yu et al. derived an upper
limit for the absorptanceAmax in the solar cell:

Amax =
2πγi
∆ω

· M
N

, (3.6)

whereM is the number of coupling modes in the solar cell andN is the number of
plane waves in the ambient of the solar cell that can couple toa certain leaky mode.
γi is the intrinsic loss rate of the leaky modes, which is considered to be equal for
all modes. Equation 3.6 is valid for a frequency range of bandwidth (∆ω) which is
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Figure 3.2: Illustration of light trapping in an optically thin solar cell with a period
grating on the back contact.

larger than the bandwidth of the single leaky waveguide modes. Due to the broad
solar spectrum, this condition is fulfilled for all bulk solar cells and thin-film solar
cells.
In conclusion, the formalism developed by Yu et al. allows the maximum possible
absorptance to be calculated for a certain solar cell devicebased on the number of
waveguide modes, the absorption rate of the waveguide modesand the number of
propagating waves in the ambient which couple to the wavguide modes. Depend-
ing on the considered geometry, these figures and their dependencies differ strongly.
Thus,Amax differs in bulk solar cells, solar cells with wavelength-scale square lattice
gratings and thin solar cells:

• Solar sells with thicknesses and period of many wavelengthsFor solar cells of
thicknessd and a periodp much larger than the local wavelength, the leaky
waveguide modes in the solar cell can be approximated by propagating waves.
Then, the total numberM of leaky modes in a unit cell of the solar cell is simply
given by multiplying the local photon density with the volume (V = p2d).
Furthermore, the decay rate of each guided mode is given byγi = αc/n. The
number of acessible planar waves in the ambient is determined by the grating-
coupling of the guided modes to the planar waves. The resulting maximal
absorption enhancement, which is derived from Eq. (3.6), corresponds to the
Yablonovitch limit (A(λ)max = 4n2dα(λ)).

• Solar cells with a wavelength-scale two-dimensional grating If the periodicity
p of the solar cells is comparable to the wavelength, the number of propagating
waves which can couple via the grating to a leaky mode is highly discretized, as
illustrated in Figure 3.3 (a). The accessible propagating waves in the ambient
are shown in the parallel wavevector spacek||. Due to the square lattice grat-
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Figure 3.3: Light trapping with two-dimensional grating couplers in optically thick
solar cells (a) Propagating waves in the ambient (blue dots)in the two-dimensional
k|| space. Propagating waves within the red circle are able to couple to a guided
mode of propagation constant|k0|. (b) Theoretical maximum absorptance (Amax) of
the solar cell with two-dimensional gratings of periodicity close to the wavelength
[151]. The gray area indicates the wavelength range whereinAmax is larger than the
Yablonovitch limit.

ing, the density of accessible propagating planar waves is given by (p/2π)2.
For those waves where|k||| ≤ |k0| = ω/c is fulfilled, a coupling is possible.
For large periodsp >> λ = 2π/k, N can be approximated by multiplying
the density of accessible propagating waves and the considered area (π|k0|2)
of thek|| space. However, for smallp the discretization of the accessible pro-
pagation waves in thek|| space becomes relevant. In fact, with decreasing
period, the number of accessible propagating waves varies discontinuously and
in turn theAmax ∝ 1/N varies discontinuously. In Figure 3.3 (b), the max-
imal aborptance is shown as a function ofs = p/λ [152]. It is shown that
the largest enhancement inAmax, which corresponds to the lowest value inN ,
is at hand if the periodp is slightly smaller than the wavelength (s <1). In
this case, theAmax exceeds the Yablonovitch limit significantly by a factor of
π and2π/

√
3 for a square lattice and a triangular lattice, respectively[152].

Furthermore, as shown in Figure 3.3 (b), for the two-dimensional square lat-
tice grating, there is a broad wavelength range at a fixed period wherein the
maximumAmax exceeds the Yablonovitch limit. It shall be noted that these
considerations are valid for normal incidence. In fact, thedescribed possible
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enhancement ofAmax beyond the Yablonovitch limit comes at the cost of a
strong angular dependence and cannot outperform the generalized, angular se-
lective Yablonovitch limit [152].

• Solar cells of wavelength-scale thicknessIf the thickness (d) of the solar cells
is in the order of the wavelength of incident light, the number of leaky modes
which are supported by the solar cell changes discontinuously with d (see Sec-
tion 2.2.2). In fact, if the thicknessd is smaller than half the wavelength a
single leaky mode exists [151]. As a result, similar to the case of wavelength-
scale periodicity, this discretization allowsAmax to be increased beyond the
Yablonovitch limit. However, the maximum enhancement depends strongly on
the solar cell layer stack and the layer thicknesses required are 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 silicon solar cells were proposed in
the 1970s [153]. Since then, this field of research has raiseda strong interest. Ini-
tially, the research focused on crystalline silicon solar cells. Today, for state-of-the-art
light trapping in crystalline silicon solar cells, inverted or upright pyramids of typical
feature size of around 10 µm are induced at the front interface [137, 154]. In mass
production of high efficiency crystalline silicon solar cells, upright pyramids are usu-
ally prepared by an anisotropic etch of the silicon surfaces. This etching yields square
based pyramids which are defined by intersecting crystallographic planes [155]. In-
verted pyramids were used in the famous PERL-cell which has yielded up to date
the highest efficiency for monocrystalline silicon solar cells of 24.7% under AM1.5
illumination [154, 156]. In this solar cell, light path enhancement factors of up to 40
have been reported, indicating a very good light trapping [156].

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-induced degradation ofa-Si:H, in prin-
ciple, thea-Si:H andµc-Si:H absorber layers in thin-film silicon solar cells should be
as thin as possible [58, 59, 127, 157]. As a consequence, these cells require partic-
ularly good light trapping to gain high efficiencies. Qualitatively, this is illustrated
in Figure 3.4, where the absorptance is given as a function ofthe wavelength for a
single light pass through ana-Si:H layer and aµc-Si:H layer of typical thin-film sil-
icon solar cell device thicknesses (250 nm fora-Si:H and 1.0 µm forµc-Si:H) [44].
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For both materials below the corresponding band gap, the absorptance is strongly
reduced. Despite the afore described limited validity of the Yablonovitch limit for
thin-film silicon solar cells, it is used here as a first order approximation to illustrate
the significant improvement potential for future thin-film silicon solar cells enabled
by applying improved light-trapping concepts. The corresponding maximum short-
circuit current density enhancement (∆Jsc), according to the Yablonovitch limit, is
around 10 mA/cm2 and 18 mA/cm2 for the a-Si:H and theµc-Si:H solar cell, re-
spectively. For light of energy slightly below the band gap (wavelengths of around
1000 nm), a maximum absorptance enhancement factor of 36 is necessary to reach
the Yablonovitch limit of theµc-Si:H solar cell. As shown by Yu et al., when applying
wavelength-scale structures for light trapping, one mighteven increase this potential
at the cost of angular selectivity.
The state-of-the-art light trapping in thin-film silicon solar cells makes use of ran-
domly textured front contacts and reflective back contacts,in order to scatter and
diffract incident light multiple times within thea-Si:H andµc-Si:H absorber layers.
Several types of substrates, materials and processes have been investigated in the past
to prepare these random textures on the transparent and conductive front contacts.
Prominent examples are wet-chemically etched, sputtered ZnO:Al layers [46–48],
as-deposited grown SnO2 layers [49, 50] or as-deposited grown ZnO:Al layers pre-
pared by low pressure chemical vapor deposition [51]. In this work, wet-chemically
etched ZnO:Al front contacts are used for reference state-of-the-art solar cells. These
ZnO:Al front contacts are rf-sputtered on a glass substrate. The ZnO:Al layers were
wet-chemically etched for around 40 s in 0.5 w/w% HCl [48], which yields a random
texture. The resulting surface exhibits a texture of crater-like features of typical lat-
eral dimension of 1-2 µm and depths of 200-400 nm. The typicalroot mean square
roughness is around 140 nm (see Figure 3.5 (a)) [55].
In order to illustrate the light trapping induced by randomly textured ZnO:Al front
contacts in thin-film silicon solar cells, theEQEs of µc-Si:H thin-film solar cells
with and without light trapping are compared in Figure 3.5 (b). The state-of-the-art
solar cell is deposited on a randomly textured ZnO:Al front contact and applies a
highly reflective Ag back contact. Theµc-Si:H solar cell with no light trapping was
prepared in the same way but uses a highly absorptive back contact made of a 1 µm
thick n-dopedµc-Si:H layer and a Pt back layer. In the latter solar cell, virtually all
light which reaches the rear side of the cell is absorbed after a single pass through
the solar cell device. For the solar cell with no light trapping, theEQE is signific-
antly reduced for wavelengths between 480 nm and 1100 nm. Thecorresponding
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Figure 3.4: Potential for light trapping in (a) a 250 nm thicka-Si:H thin-film solar
cells and (b) a 1.0 µm thickµc-Si:H thin-film solar cell. The single light pass ab-
sorption, the maximum absorption according to the Yablonovitch limit as well as the
corresponding maximum enhancement of the short-circuit current density (∆Jsc) are
given.

Jsc enhancement for the reference solar cell is 10 mA/cm2. Comparing this with
the maximal potential of around 18 mA/cm2 (derived from the Yablonovitch limit)
the current state-of-the-art light trapping exhibits a large room for improvement. It
should be noted that the outcomes presented here on state-of-the-art light trapping are
valid in the same way for tandem thin-film silicon solar cells, where light trapping is
relevant for theµc-Si:H bottom solar cells. A similar light-trapping effect as presen-
ted for thin-film silicon solar cells in p-i-n configuration was observed for solar cells
in n-i-p configuration [45,127,158].
In the past, several studies have investigated the light propagation in thin-film silicon
solar cells with randomly textured transparent front contacts [82,112,114,159–162].
One of the recent important outcomes is that the scattering of incident light at the
textured front contact induces only small scattering angles of low importance for
light trapping [163]. Instead, large scattering angles in the µc-Si:H absorber layer
of the solar cells are induced at the textured back contact ofthin film silicon solar
cells [160, 164]. In the past decade, several new approachesto further increase the
light trapping in thin film silicon solar cells have been investigated. These approaches
span over a wide range from geometric light-trapping concepts to wave optic light-
trapping concepts. Prominent examples of geometric light-trapping concepts are
retroreflectors [165] or directionally selective filters [166, 167]. Examples of light-
trapping concepts based on wave optics are photonic crystals [145, 149, 150, 168],
grating couplers [147, 148, 158, 169–171] and plasmonics [22, 87, 115, 172] or com-
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Figure 3.5: State-of-the-art light trapping in aµc-Si:H thin-film solar cell. (a) Scan-
ning electron microscopy image of a wet-chemically etched ZnO:Al surface for light
trapping. (b) Schematic cross-section of theµc-Si:H solar cell with reflection back
contact and highly absorptive back contact. (c) External quantum efficiency (EQE)
of the solar cells.

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

3.3 Plasmonic Light-Trapping Concepts

At metal nanoparticles or nanostructured metal layers, light can couple efficiently to
plasmonic resonances (see Section 2.3). Due to this coupling, plasmonic modes in
metal nanostructure are able to guide and localize incidentlight in solar cells. The
most commonly used metals are Ag and Au as these materials areinert and exhibit
strongly pronounced plasmonic resonances. However, Al andCu nanoparticles also
exhibit plasmonic resonances in the ultraviolet and visible regions of the wavelength
spectrum [84]. Four fundamentally different approaches for plasmonic light trapping
are presented in the following.

Localized Plasmon Induced Light Scattering at Metal Nanostructures A
dominant radiative decay of LSPP resonances induces very efficient scattering of in-
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cident light (c.f. Section 2.3.2). If this LSPP-induced light scattering is directed into
the absorber layer of a thin-film silicon solar cell, the metal nanostructures serve as
sub-wavelength scattering components that couple incident propagating light into the
thin absorber layers of the solar cells. Depending on the position of the metal nano-
structures within the layer stack of the solar cell, different concepts have been sugges-
ted in the literature. For example, metal nanostructures placed at the front interface of
solar cells have been proposed to reduce the initial reflection at the front interface of
the solar cell as well as enhancing the light path in the absorber layer [87,174–177]. In
between two component cells in a multijunction solar cell, LSPP-induced light scat-
tering at Ag nanoparticles can be used in an intermediate reflector configuration to
match the short-circuit current density of the single component solar cells [141,178].
At the rear side of the solar cell, non-ordered nanostructures on Ag back contacts
as well as Ag nanoparticles placed in front of the back contact have been applied to
scatter incident light such that the light is guided in the absorber 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 cell, the plasmon-induced scat-
tering is able to couple incident light into propagating guided modes within the thin
absorbing layer of the solar cell. These propagating guidedmodes can be either
leaky waveguide modes [115,139,143,173,179] or surface plasmon polariton (SPP)
modes [22,138,140,183] as well as combinations thereof. Asthese modes propagate
in plane with the solar cell layer stack, the power of the guided modes is absorbed par-
tially in the semiconductor layer and thereby theJsc is enhanced. In the recent stud-
ies by Ferry et al. [115,179] as well as a publication associated with this work [173],
plasmonic light trapping making use of periodic arrangements of Ag nanostructures
yielded for the first timeJsc 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 resonances are accompanied by high
electric field intensities in the vicinity of the nanostructures. Since the optical absorp-
tion is proportional to the square of the electric fields, high electric field enhancements
lead to increased absorption. Within a semiconductor, the enhanced local absorption
will increase the optical thickness of an optically thin semiconductor layer [184,185].
This causes a possibleJsc enhancement of a solar cell applying small metallic nano-
structures. However, LSPP-resonances in small nanostructures are also known to
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exhibit very strong parasitic thermal losses [84]. In fact,for thin-film silicon solar
cells it was shown that these parasitic losses are likely to be dominant when com-
pared with potential positive effects due to near-field enhancement in the vicinity of
the nanostructures [186].

Localized Plasmon Induced Photoelectron Emission for MetalNanostructures
Incident light which couples to a metal nanostructure, can excite a LSPP reson-
ance. Under certain conditions, this LSPP can decay into single hot electrons which
can be injected over a potential barrier at the nanostructure/semiconductor inter-
face [187–189]. As a result, a photocurrent is induced. Making use of this effect,
Moulin et al. [189] showed that Ag nanoparticles embedded ina-Si:H solar cell
devices generate a significantJsc for light of energy below the band gap ofa-Si:H
(i.e., light of wavelengths longer than 750 nm). So far, theJsc enhancement achieved
with this effect is very small in comparison with theJsc of a conventionala-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 nanoimprint lithography (UV-NIL)
as a technology platform for the replication of nanotextures for light trapping is de-
scribed. In the first section, the UV-NIL technology and the preparation processes
are introduced. The replication of two exemplary types of textures is presented. First,
the replication of periodic gratings by UV-NIL is studied. Such periodic textures
are in the focus of several novel light-trapping concepts for thin-film silicon solar
cells [115, 142, 146, 147, 173]. If covered with Ag, these periodic grating textures
exhibit plasmonic resonances (see Chapter 5). Solar cells applying such plasmonic
reflection gratings back contacts are investigated in Chapter 8. Second, the replica-
tion of random textures applied for state-of-the-art lighttrapping in thin-film silicon
solar cells is studied. µc-Si:H thin-film solar cells in p-i-n and n-i-p configuration
deposited on these randomly textured substrates are presented. Parts of the results
presented in this chapter have previously been published in[190,191].
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Figure 4.1: Process flow of the nanoimprint lithography witha press based on the air
cushion principle.

4.1 Introduction to Nanoimprint Lithography

In the 90’s of the last century, the nanoimprint lithography(NIL) as a technology to
replicate nanotextured surfaces was introduced [192]. Dueto its ability to combine
high throughput and high transfer accuracies the nanoimprint technology quickly be-
came a promising technology for the production of next generation integrated circuit
designs as well as nano-optical components [193–195]. The NIL was added to the
International Technology Roadmap for Semiconductors [196]. In the literature, a rep-
lication of nanotextures down to the dimensions of 5 nm was reported [197]. In the
Forschungszentrum Jülich GmbH, the nanoimprint technology was established on a
laboratory scale through two pioneering works of S. Gilles and M. Meier [198,199].
The first steps in the adaption of the nanoimprint technologyto applications in thin-
film silicon solar cells are a part of this work. Other groups have recently developed
a comparable process. They presented promising results of the NIL technology for
photovoltaic applications [200,201].

4.2 Nanoimprint Lithography Process

The concept of the nanoimprint process is based on the molding of a stamp texture
into a liquid transfer layer on a substrate. The textured stamp is pressed into the soft
transfer layer. Depending on the material of the transfer layer, UV light or temper-
ature effects are used for the hardening of the transfer layer to sustain the inverted
texture of the stamp. For the nanoimprint processes appliedin this study, the com-
mercially available Nanonex NX2000 system was used. This nanoimprint press is
based on the air cushion principle. The maximum diameter of the imprint substrates
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is 10 cm. In Figure 4.1, the process flow is shown. First, the stamp and the substrate
with the transfer layer are placed between two foils and the volume between the foils
is evacuated. Second, an air pressure of 40 bar is applied andthe stamp is molded
into the liquid transfer layer [198, 199]. Since the pressure is homogeneously dis-
tributed in the process chamber, the influence of dirt particles and unevenness of the
stamp and the substrate of the transfer layer can be compensated. Third, either by
UV-illumination of an UV-sensitive transfer layer or by thecooling of a molded soft
polymer, the inverse texture of the stamp is sustained in thetransfer layer.

Ultra Violet Nanoimprint Lithography If the liquid transfer layer is a UV-
sensitive fused silica resist, the nanoimprint process is called UV-nanoimprint litho-
graphy (UV-NIL). In this work, two different types of UV-sensitive resists are used.
The resist NXR2010 is supplied by Nanonex Cooperation. It was developed for the
fabrication of nanoelectronic devices [195]. The resist Ormocomp is supplied by Mi-
croresist Technology GmbH and was explicitly designed for opto-electronic devices
which require high transparencies [201]. Both resists werespin coated onto the glass
substrates (NXR2010 @ 200 rpm, Ormocomp @ 3000 rpm). In addition, in order
to enhance the sticking of the resist on the glass substrate,the adhesion promoter Ti-
Prime from MicroChemicals GmbH and Ormoprime from Miocroresist Technology
GmbH were deposited on the glass substrate. In order to reduce the sticking between
the stamp and the replicated structure of the resist, an anti-adhesion layer is deposited
on the surface of the stamp. Therefore, the surface of the stamp was exposed to the
vapour of 1H,1H,2H,2H-perfluorodecyltrichlorsilane which reduces the surface free
energy. The silane molecules link covalently to surface exposed silano groups. This
way, a self-assembled monolayer of hydrophobic silane is formed 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 (polyolefin plastomer, POP)
[199]. During an hot embossing process, the polymer is heated up beyond its trans-
ition temperature to 90◦C. At this temperature, the polymer exhibits an enhanced
viscosity. For this reason, if pressed against the stamp, the polymer flows into the
textures of the stamp. When the textures of the stamp are totally filled, the polymer
is hardened again by cooling it below the transition temperature. Afterwards, the tex-
tured polymer and original stamp are separated mechanically. The application of an
anti-adhesion layer is not necessary for the soft polymer because it is a hydrophobic
material which guarantees itself an easy release after the imprint process.
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Figure 4.2: Process flows of the replication of light-trapping nanotextures. In (a) the
master is made from sputter wet-chemically etched ZnO:Al and in (d) the master is
made from a structured fused silica substrate (d). A hard UV-resist mold (b) and soft
polymer mold (e) are molded by ultra violet nanoimprint lithography into the UV
resist on the replica glass substrate in (c) and (f), respectively.

Process Flow for the Replication of Nanotextures In order to replicate any tex-
ture for light trapping, two subsequent nanoimprint steps need to be applied. This can
be done, for example, in two subsequent UV-NIL processes (see Figure 4.2 (a)-(c)). In
this case, in the first step, the inverted surface texture of the master is sustained in the
UV-resist on top of the mold substrate. Afterwards, the original texture is replicated
in the UV-resist of the replica. Under UV-illumination, theresist hardens such that
the textures of the master mold are transferred onto the replica (see Figure 4.2 (c)).
As the mold in this process flow is of hard matter, this replication process is referred
to as the hard mold replication process. Alternatively, in the case of a soft mold
replication process, the mold is a soft, flexible and UV-transparent polymer. In this
case, the inverse texture of the master is sustained via hot embossing in the polymer
mold (see Figure 4.2 (e)). In a subsequent UV-NIL step, the transparent polymer
mold is pressed onto the UV-resist on the glass substrate of the replica. Again, un-
der UV-illumination, the resist hardens such that the textures of 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 scans of cubic nanostructures
arranged in a square lattice. The lateral size of the nanostructures is (a) 150 nm and
(b) 600 nm which are arranged square lattice with periods of 400 nm and 1000 nm,
respectively. The line scans compare the targeted texture (dashed 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 photovoltaics with periodic textures
are currently discussed in the literature [139–141, 182]. Much of the potential ad-
dressed in these studies has not been investigated experimentally yet. In order to
provide a technological platform for the cheap reproduction of these textures, UV-
NIL for periodic nanostructures in photovoltaic applications was developed in this
work. For the periodic nanotextures of large aspect ratio, the soft mold replication
process proved to be suitable. Due to the flexibility of the soft mold, problems with
the seperation of master and mold as well as mold and replica are avoided.

Replication Precision of Periodic Nanotextures To evaluate the precision of
the UV-NIL technology of periodic nanotextures, atomic force microscopy (AFM)
images of the targeted imprint nanostructures and the replica are compared. The



52 Nanoimprint Lithography - Replication of Light-Trapping Nanotextures

Figure 4.4: Three-dimensional AFM images of (a) the master,(b) the mold and (c) the
replica.

texture of the master consists of cubic nanostructures arranged in a square lattice.
The side length of the evaluated nanostructures in this workranges from 150 nm to
600 nm with a square lattice period between 400 nm and 1200 nm.In Figure 4.3,
AFM images and line scans of cubic nanostructures with lateral sizes of 150 nm and
600 nm are shown. The nanostructures are arranged in a squarelattice with a period
of 400 nm and 1000 nm in Figure 4.3 (a) and Figure 4.3 (b), respectively. The line
scans compare the targeted and replicated texture. A very high replication accuracy is
observed, in particular, for the width and periodicity of the nanostructures. At the top
of the nanostructures, a small rounding of the cubic geometry is observed. A small
roughness of lateral dimensions of 20 nm to 30 nm is observed in the replica. Overall,
the accuracy of the replica prepared by UV-NIL in the replication process with the
soft mold is very good. This conclusion holds in particular when considering the
large aspect ratio of the nanotexture.

4.4 Random Textures for Light Trapping

One of the major challenges associated with the state-of-the-art light trapping in thin-
film silicon solar cells is that this solar cell design demands a very challenging com-
promise on the transparent front contact. Since the transparent front contact acts
simultaneously as the front electrode, the window layer andthe light-scattering in-
terface in the solar cells device, the electrical conductivity, the transparency and the
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Figure 4.5: (a) Height distribution diagrams of the same position on the master, the
mold and the replica. (b) Height distribution of three arbitrarily selected areas of the
master (7.5 µm× 7.5 µm).

light-scattering texture must be optimized (see Section 2.1.1 and Section 3.2). All of
these properties strongly depend on the deposition techniques, deposition paramet-
ers and layer thickness of the front contact. In order to decouple the preparation of
the light-scattering texture from the electro-optical properties of the front contact, the
UV-NIL process is applied in this section to texture the glass substrate. The master
substrate exhibits the state-of-the-art random texture for light trapping which is ob-
tained by wet-chemical etched ZnO:Al layers (see Section 3.2). These textures were
replicated, both with the soft mold replication process andthe hard mold replication
process.

4.4.1 Replication Precision of Random Nanotextures

To evaluate the replication precision of UV-NIL for state-of-the-art random textures,
atomic force microscopy (AFM) images at exactly the same position on the etched
ZnO:Al master, UV-NIL mold and UV-NIL replica are compared.Both, the UV-
nanoimprint of the hard replication mold as well as the UV-nanoimprint replica on
the glass substrate were performed with the NXR2010 resist.Figure 4.4 shows the
corresponding AFM images of the master, the mold and the replica. As the mold
exhibits the inverse texture of the master, the calculated inverse texture of the molds
surface is shown for better comparison. In addition, the calculated root mean square
values of the surface are given. It is shown that the overall texture of large and very
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small features is well replicated from the master to the moldto the replica. In addi-
tion, the very similar root mean square values indicate the precise replication of the
master texture in the replica. To analyse the replication precision in detail, the height
distribution diagrams are shown in Figure 4.5 (a) and Figure4.5 (b) for the master,
mold and replica as well as three different positions on the master, respectively. The
height distributions of the master, mold and replica match very well. This result is
supported by the significant differences in the height distributions of three different
reference positions on the master. Therefore, it is concluded that the replication pro-
cess of the original master textures is realised at very highprecision (see Figure 4.4).

4.4.2 Prototype Thin-Film Silicon Solar Cells

In this section,µc-Si:H thin-film solar cells deposited on textured glass substrates
which exhibit the state-of-the-art surface texture for light trapping are studied. The
light trapping of these solar cells is compared with solar cells deposited on a ZnO:Al
substrate with the same texture. Solar cells in p-i-n and n-i-p configurations were
prepared. For the solar cells in n-i-p configuration, the UV-NIL glass substrate in-
duces the texture at the rear side of the solar cell. For the solar cells in the p-i-n
configuration, the UV-NIL glass substrate is located at the front side. Thus, incident
light travels through the substrate and an additional difficulty associated with the light
incoupling arises.

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

Jsc [mA/cm2] 19.5 19.4 20.5 19,6
Voc [mV] 481 484 475 479
FF 63 55 40 68

Table 4.1: Short-circuit current density (Jsc), fill factor (FF ) and open-circuit voltage
(Voc) of µc-Si:H solar cells in p-i-n configuration deposited on substrates prepared by
UV-NIL and for comparison on a reference etched ZnO:Al substrate.

Thin-Film Silicon Solar Cells in p-i-n Configuration Thin-film solar cells in
p-i-n configuration were fabricated on textured substratesprepared by UV-NIL and,
for comparison, on a reference substrate which exhibits a ZnO:Al layer with state-of-
the-art random texture for light trapping. Schematic cross-sections of the two solar
cell designs are shown in Figure 4.6 (a). For the solar cell deposited on the refer-
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Figure 4.6: (a) Schematic cross section ofµc-Si:H solar cells in p-i-n configuration
deposited on a state-of-the-art random texture ZnO:Al substrate and a replica sub-
strate. (b) External quantum efficiency (EQE) and total reflectance (R) of µc-Si:H
solar cells in p-i-n configuration deposited on a reference etched ZnO:Al substrate
and three replica substrates with front ZnO:Al layer thicknesses of 60 nm, 150 nm
and 250 nm.

ence substrate, the etched ZnO:Al layer acts as the front electrode. In contrast, the
replica substrates prepared by UV-NIL are non-conductive.Therefore, an additional
ZnO:Al layer was deposited as the front electrode. Front ZnO:Al layers of three
thicknesses were evaluated (60 nm, 150 nm and 250 nm). TheEQE and the re-
flectance of theµc-Si:H thin-film solar cells are compared in Figure 4.6 (b) andin
Figure 4.6 (c), respectively. Independent of the thicknessof the front ZnO:Al layer,
for wavelengths longer than 600 nm, all solar cells deposited on the UV-NIL replica
substrates exhibit an increasedEQE and an increased reflectance in comparison with
the reference solar cell. Thus, the solar cells deposited onthe UV-NIL substrates ex-
hibit lower parasitic absorption. The decreased parasiticlosses are attributed to the
decreased thickness of the ZnO:Al front contact which is known to induce strong
optical losses for wavelengths longer than 600 nm [161]. In contrast to the refer-
ence solar cell, the solar cells deposited on the textured glass substrates prepared by
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UV-NIL show interferences in the reflectance for wavelengths shorter than 600 nm
(see Figure 4.6 (c)). These interferences are caused by the conformal layer stack of
resist/ZnO:Al/µc-Si:H at the front side of the solar cell. They reduce the amount of
light which is coupled into the solar cell which results in a decreasedEQE. For
wavelengths between 400 nm and 600 nm, the maxima in reflectance are associated
with the decrease inEQE for the solar cells deposited on substrates prepared by UV-
NIL (e.g., at wavelengths of 450 nm and 550 nm for front ZnO:Allayer thicknesses
of 250 nm and 150 nm, respectively). For thin front ZnO:Al layers of 60 nm these
maxima shift to wavelengths below 400 nm, allowing for a goodlight-incoupling.
In Table 2.1, theJsc, FF andVoc of the solar cells are presented. TheJsc is slightly
lower for front ZnO:Al layer thicknesses of 250 nm and 150 nm when compared
with the reference solar cell. This is attributed to the above explained ZnO:Al layer
thickness dependent enhanced reflection at the front side ofthe solar cells which are
deposited on the substrates prepared by UV-NIL. For a front ZnO:Al layer thicknesses
of 60 nm, however, an enhancedEQE andJsc in comparison with the conventional
etched ZnO:Al substrate is shown for the replica substrate prepared by UV-NIL. Since
the ZnO:Al layer thickness is strongly reduced in this solarcell layer stack, the sheet
resistance is enhanced. As a result, theFF of the studied solar cells and in turn the
efficiency of the solar cell is decreased. Considering the variations of the texture of
the substrate, theVoc is comparable. The small deviations inVoc of around 10 mV are
associated with deviations in the material quality of theµc-Si:H absorber layer of the
solar cell. A substrate-dependent growth of theµc-Si: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 ofµc-Si:H solar cells in n-i-p configurations deposited on an inverted and an
original state-of-the-art random texture for light trapping are compared. The inver-
ted state-of-the-art random texture for light trapping is prepared by a single UV-NIL
process of the original texture. In contrast to the p-i-n configuration, for the n-i-p
configuration, theµc-Si:H layers are deposited on the textured ZnO:Al/Ag back con-
tact. Thus, the textured substrates induce the random texture for light trapping in
solar cells, but the light does not propagate through the textured resist. A schematic
cross-section of the complete solar cell layer stack is shown in Figure 4.7 (a). All
solar cells compared in this section were deposited in the same deposition run.
Figure 4.7 (b) shows theEQE of the solar cells deposited on the reference substrate
and the substrate prepared by UV-NIL with the inverted texture. In the wavelength
range from 450 nm to 550 nm, the solar cell with the inverted back contact textures
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Figure 4.7: External quantum efficiency (EQE) of µc-Si:H solar cells in n-i-p config-
uration deposited on a master type etched ZnO:Al substrate and a substrate prepared
by UV-NIL, which exhibits the inverse texture.

shows a slightly increasedEQE in comparison with the solar cells with the original
back contact textures. In the wavelength range from 660 nm to830 nm, the solar
cell with the inverted back contact shows a slightly decreasedEQE compared with
those cells with the original back contact textures. Due to these differences inEQE,
theJsc differs for the solar cell deposited on the inverted and original texture at the
back contact (see Table 2.2). This difference is ascribed tothe different in light trap-
ping by the original random texture and the inverted texture. However, for a detailed
understanding of the effect, future experimental studies and optical simulations are
required. Considering the experimental variations, theVoc andFF are comparable.
This indicates that the material properties of the deposited µc-Si:H are comparable
and not affected significantly by an inversion of the surfacetexture at the back con-
tact. The efficiencies of the solar cells are comparable as the observed 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-trapping nanotextures for thin-
film silicon solar cells at high precision. Two types of texture were studied, randomly
textured ZnO:Al substrates and periodic nanotextures. Thesuccessful fabrication
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nanoimprint substrate etched ZnO:Al substrate
(inverse texture) (original texture)

Jsc [mA/cm2] 20.38 21.02
Voc [mV] 506 505
FF 0.715 0.716

Table 4.2: Short-circuit current density (Jsc), fill factor (FF ) and open-circuit voltage
(Voc) of µc-Si:H thin-film solar cells in n-i-p configuration depositedon a UV-NIL
substrate (inverse texture) and an etched ZnO:Al substrate(original texture).

of µc-Si:H thin-film solar cells on replicas of randomly texturedZnO:Al surfaces
demonstrated that the UV-nanoimprint process can be integrated into the conventional
thin-film silicon solar cell preparation. Both, in n-i-p andp-i-n configuration,µc-Si:H
thin-film solar cells deposited on the substrates prepared by UV-NIL showed a good
light trapping in comparison with solar cells deposited on the original texture. For
the n-i-p configuration, very similarFF andVoc data were found for the solar cells
grown on the original etched ZnO:Al substrate and the substrate prepared by UV-NIL.
However, for the solar cells in p-i-n configuration, the modification of the dielectric
layer stack at the front contact induces difficulties with the incoupling of incident
light in the solar cell. An efficient incoupling was observedonly for a thin and low
conductive front contact. Due to the low conductivity, theFF of these solar cell
is decreased. For future work, there are two strategies to tackle this problem: (i)
by decreasing the sheet resistance of the front contact layer of thickness of around
60 nm and (ii) by modifying the texture, such that the incoupling of incident light
via the conformal resist/ZnO:Al/µc-Si:H front contact is enhanced even for ZnO:Al
films thicknesses with reasonable conductivity. For the latter approach, new random
textures should be used at the front contact which exhibit a combination 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 by scientists of Hewlett-
Packard [205]. They demonstrated that NIL is, in principle,compatible with commer-
cial integrated circuit fabrication process without changing the current infrastructure
in IC industry. In particular, so-called ’Roll-to-Roll’ nanoimprint is promising for in-
dustrial applications as it guarantees a high volume throughput in industrial assembly
lines. However, for the photovoltaic industry, where NIL could replace the current
ways to induce textures for light trapping, new challenges arise. On the one hand,



4.5 Conclusion and Discussion 59

for industrial application, the NIL must be adapted to much larger areas. On the
other hand, the production costs must be competitive with standard approaches. For
both aspects, a polymer mold as used in this chapter for the replication of the peri-
odic textures would be the better choice. The material is flexible and convenient for
the application in a high throughput roll-to-roll mass production on large substrates.
Additionally, the costs of a polymer mold are moderate compared with many other
technologies for nanopatterning such as e-beam lithography. In addition, the polymer
mold has a long life time, due to its low fragility [206].

Prospects of UV-NIL for the Prototyping of Novel Textures for Light Trapping
As described previously, light trapping remains one of the key challenges which need
to be tackled to ensure the prospects of several emerging photovoltaic technologies.
In order to design and realize novel nanotextures for light trapping, UV-NIL is a very
useful technology. Examples of such textures are grating textures, two dimensional
photonic crystals and plasmonic devices [115,139,173]. InChapter 8, the application
of nanoimprint for the fabrication ofµc-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 at nanostructured Ag back
contacts for light trapping in thin-film silicon solar cellsis investigated. The electro-
magnetic coupling of incident light, localized surface plasmon polariton resonances
in nanostructured Ag back contacts and the scattered propagating light were simu-
lated with a three-dimensional numerical solver of Maxwell’s equations. The design
of the nanostructures was optimized regarding their ability to scatter incident light at
low optical losses into large angles in the silicon absorberlayers of the thin-film sil-
icon solar cells. Geometrical parameters as well as the embedding material of single
and periodic nanostructures on Ag layers were varied. This chapter is based on a
previous publication [173].

5.1 Light Trapping with Plasmonic Back Contacts

Incident light couples efficiently to LSPP resonances in Ag nanoparticles or nano-
structures on Ag layers (see Section 2.3.2). For certain geometries, a radiative decay
of these resonances causes a very efficient scattering of theincident light. This way,
Ag nanostructures which carry LSPP resonances serve as sub-wavelength scattering
components that couple incident light into thea-Si:H or µc-Si:H absorber layers of
a thin-film silicon solar cell. Depending on the position of the Ag nanostructures
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Figure 5.1: Illustration of the light path enhancement via light scattering at plasmonic
back contacts of tandem thin-film silicon solar cells. The reflection at the front inter-
face in the case of scattering angle (α) larger than the total internal reflection angle
(ΘTIR) of the front interfaces is illustrated.

inside the layer stack of the solar cell, different conceptsto make use of the LSPP-
induced scattering have been suggested in the literature (see Section 3.3). In this
work, LSPP-induced light scattering by nanostructured Ag back contacts in thin-film
silicon solar cells is studied. There are some advantages for the positioning of the Ag
nanostructures at the rear side of the solar cell. In contrast to nanoparticles, which
are often researched, nanostructured Ag back contacts are investigated as their pre-
paration and implementation into the rear side of the solar cell is less complex. In
particular, the recent progress in nanoimprint technologies offers exciting perspect-
ives to prepare nanostructured substrates [190,201]. Second, nanostructured Ag back
contacts are not in contact with the absorber layer. Thus, noadditional recombina-
tion losses are expected when comparing with the state-of-the-art random textures for
light trapping in thin-film silicon solar cells. Most importantly, by locating the plas-
monic nanostructures at the rear side of the solar cell, the operating spectral range
of the plasmonic scattering nanostructures is limited to a smaller wavelength range
of 500 nm< λ < 1100 nm. In typical thin-film silicon solar cells, due to the high
absorption in thea-Si:H andµc-Si:H layers, only light of wavelengths above 500 nm
reaches the rear side (see Section 2.1). For wavelengths longer than 1100 nm and
750 nm, the absorption vanishes due to the band gaps of the materialsµc-Si:H and
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a-Si:H, respectively. The reduction of the operational spectral range of the plasmonic
back contact releases the requirements on the design of the nanostructures. In par-
ticular, potential plasmon-induced absorption losses canbe reduced by shifting them
out of the operational wavelength region.

Light Trapping via Light Scattering at Plasmonic Back Contacts For µc-
Si:H thin-film solar cells as well as tandem thin-film siliconsolar cells with aµc-Si:H
bottom solar cell, the intrinsicµc-Si:H absorber layer is many wavelengths thick, such
that the front and rear interface of theµc-Si:H p-i-n diode are evanescently decoupled.
The introduction of Ag nanostructures on the back contact ofaµc-Si:H thin-film solar
modifies the light absorption profile for wavelengths longerthan 500 nm. First, due
to light scattering at the Ag nanostructures on the back contact, the light path is en-
hanced by1/ cos(α), with α being the scattering angle (see Figure 5.1 (a)). Second,
for scattering angles larger than the total internal reflection angle of a flatµc-Si:H/air
interface the scattered light is totally reflected at its incidence on the front interface.
Following Snell’s law of diffraction along presumably flat interfaces of the materials
in the solar cell, it is found that light which is scattered atthe back contact beyond
the total internal reflection angle ofµc-Si:H/air will be totally reflected back into the
solar cell, at the latest, at the glass/air front interface (see Figure 5.1 (b)). As a result,
the light path of the light scattered at the back contact of the solar cells beyond the
total internal reflection angle of theµc-Si:H/air interface is significantly enhanced.
The same argument applies for scattering anglesα beyond the total internal reflec-
tion angle of theµc-Si:H/glass andµc-Si:H/ZnO:Al interface (see Figure 5.1 (c) and
Figure 5.1 (d), respectively). In the latter case, the scattered light does not propagate
in the front ZnO:Al layer, avoiding parasitic optical losses due to absorption in the
front ZnO:Al layer. It should be noted that for solar cells with textured front contacts,
due to the variation of surface angles at the front interfaces, the application of the
total internal reflection angle criteria is not exact (Figure 5.1 (b)-(d)). However, as a
figure of merit to evaluate the scattering angles of a plasmonic back contact, the total
internal reflection criteria of the flatµc-Si:H/air interface and the flatµc-Si:H/ZnO:Al
interface are very useful.
In conclusion, in order to achieve a good light trapping, thenanostructured Ag back
contacts need to show efficient scattering of incident lightinto large angles in the
µc-Si:H layer of the thin-film silicon solar cell at low opticallosses. Of particular
relevance are those scattering angles beyond the total internal reflection angle of a
flat µc-Si:H/air andµc-Si:H/ZnO:Al interface.
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5.2 Plasmonic Light Scattering of Nanostructures on
Ag Back Contacts

5.2.1 Ag Nanoparticles vs. Nanostructures on Ag Back Contacts

Isolated Ag nanoparticles are well-known for their strong LSPP-induced light scat-
tering. For this reason, several authors have investigatedthem for the application as
light-scattering components in solar cells [20, 22, 174, 175, 180, 181, 207]. In order
to evaluate the LSPP-induced light scattering at nanostructured Ag back contacts,
theQabs andQsca of isolated Ag nanostructures are compared with those calculated
by the Mie theory for isolated Ag nanoparticles. The embedding medium is set to
ZnO:Al as this dielectric material is commonly used at the rear side of a thin-film
silicon solar cell to separate the silicon absorber layers and the Ag back layer. In
Figure 5.2, theQabs andQsca of isolated Ag nanoparticles and isolated hemispher-
ical nanostructures of Ag interfaces are shown. The radius of the Ag nanostructure is
varied from 25 nm to 200 nm and the radius of the nanoparticle is varied from 20 nm
to 100 nm. Values ofQabs andQsca larger than unity express that the investigated
Ag nanostructures and Ag nanoparticles scatter and absorb more light intensity than
irradiated on their cross-section (Eq. (2.17)). Values ofQabs andQsca above unity are
a clear indication for LSPP resonances, where incident electromagnetic energy from
the surrounding space couples to the coherent oscillation of the free electron gas in
the Ag nanostructure and Ag nanoparticle [84,86].
For Ag nanoparticles of small radii and nanostructures on Agsurfaces of small radii,
theQabs is dominant. With an increasing radius, theQsca increases and for radii
above 50 nm and 40 nm, theQsca is dominant for the Ag nanostructure and Ag
nanoparticle, respectively. In addition, with an increasing radius of the two geomet-
ries, the dominant LSPP resonance, which is associated withthe dipolar resonance,
broadens spectrally and shifts to longer wavelengths. Additional LSPP multipole
resonances appear at shorter wavelengths for both geometries. Thus, the LSPP res-
onances in the nanoparticle and the LSPP resonances in nanostructures on Ag back
contacts have several similarities. However, when comparing the LSPP resonances
of hemispherical Ag nanostructures and Ag nanoparticles ofthe same radius, with in-
creasing radius, the LSPP resonance of Ag nanoparticles significantly shifts to longer
wavelengths. For this reason, the choice of radius which results in a dominant light
scattering at low absorption in the operational wavelengthrange of the back contact
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Figure 5.2: Simulated absorption efficiency (Qabs) and scattering efficiency (Qsca) of
(a)-(g) isolated hemispherical Ag nanostructures on Ag surfaces embedded in ZnO:Al
and (h)-(n) isolated spherical Ag nanoparticles embedded in ZnO:Al. The radius of
the nanoparticles and nanostructures is varied.
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Figure 5.3: Simulated maximum scattering efficiency (max. Qsca) of the dominant
LSPP resonance of hemispherical Ag nanostructures as a function of the resonance
wavelength (λres). The radius of the nanostructure is varied from 10 nm to 200 nm
and the embedding material is set to SiO2, ZnO:Al andµc-Si:H. The gray region
indicates the operational spectral range of a plasmonic back contact.

(wavelengths between 500 nm and 1100 nm) differs between theAg nanoparticle and
Ag nanostructure. For the hemispherical Ag nanostructure,an efficient light scatter-
ing at low optical losses in this spectral range is found for radii larger than 100 nm.

5.2.2 Embedding Material of Nanostructures on Ag Back
Contacts

In addition to the size of the nanostructure, the shape and the embedding material
influence the LSPP resonance. In order to simplify the illustration, in Figure 5.3,
instead of full spectral information, only the maximum values of the scattering effi-
ciency (max. Qsca) at the dominant LSPP resonance of hemispherical Ag nanostruc-
tures embedded in different materials are plotted against the resonance wavelength.
The embedding material of the hemispherical Ag nanostructure is varied from SiO2
(nSiO2

≈ 1.45) to ZnO:Al (nZnO:Al ≈ 1.6-2.0) and toµc-Si:H (nµc-Si ≈ 3.5). With
an increasing refractive indexn of the embedding material, a general increase of the
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dominant LSPP resonance wavelength is observed. If the embedding material is set
to µc-Si:H, the LSPP resonances of hemispherical nanostructures shift significantly to
longer wavelengths in comparison with ZnO:Al and SiO2. In this case, only the LSPP
resonances of small nanostructures (radius< 80 nm) embedded inµc-Si:H are located
within the operating spectral range of the back contact (500nm < λ < 1100 nm).
However, for these sizes of nanostructures, the LSPP resonances show strong optical
losses (see Figure 5.2). Therefore, regarding the light scattering at the back contact
of solar cells,µc-Si:H is not a favorable embedding material. Instead, an embed-
ding material of lower refractive index like ZnO:Al (nZnO:Al ≈ 1.6-2.0) or SiO2
(nSiO2

≈ 1.45) is favorable for plasmonic light trapping with nanostructured Ag
back contacts. If embedded in a low refractive index material, the LSPP resonances
of large and efficiently scattering nanostructures (radius> 100 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 Ag nanostructure the shape
of the nanostructures influences the LSPP resonances [84]. For this reason, isol-
ated conical, cylindrical and hemispherical nanostructures on Ag layers embedded in
ZnO:Al were studied. In Figure 5.4, themax. Qsca and themax. Qabs values of
the dipolar LSPP resonance of these nanostructures are shown as a function of the
resonance wavelength (λres). For all geometries, the height of the nanostructure is
set equal to the radius of the cross-section of the nanostructure. It is shown that the
LSPP resonances of cylindrical nanostructures are shiftedto longer wavelengths and
the LSPP resonance of conical nanostructures are shifted toshorter wavelengths in
comparison with hemispherical Ag nanostructures. Regarding light trapping in solar
cells, high scattering efficiencies at low optical losses are required in the operational
spectral range of the back contact. For conical nanostructures, theQsca values are
lowest. Thus, this shape is not a favorable geometry to efficiently scatter incident
light at the rear side of the solar cell. The highestmax. Qsca but also the highest
max. Qabs are found for cylindrical nanostructures. For example, fora radius of
80 nm, the investigated cylindrical nanostructures show amax. Qsca at the dipolar
LSSP resonance of 13.8 and amax. Qabs of 3.1. In order to identify nanostruc-
tures which scatter incident light at comparably low absorption losses, the fraction
(max. Qabs)/(max. Qsca) is a suitable figure of merit. For the cylindrical nano-
structure of radius of 80 nm, a (max. Qabs)/(max. Qsca) value of 22.2% is calcu-
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Figure 5.4: (a) Simulated maximum scattering efficiency (max. Qsca) and (b) simu-
lated maximum absorption efficiency (max. Qabs) at the dominant LSPP resonance
of Ag nanostructures embedded in ZnO:Al as a function of the resonance wavelength
λres. The radius and shape of the nanostructure is varied. The gray region indicates
the operational spectral range of a plasmonic back contact.

lated. A quite similar relative (max. Qabs)/(max. Qsca) value of 22.3% is observed
for the hemispherical nanostructure of the same radius at a relatively largeQsca of
8.1. Thus, hemispherical and cylindrical nanostructures of the same radius scatter
incident light at similar radiative efficiencies. However,for hemispherical nanostruc-
tures, LSPP resonances of larger nanostructures (e.g., radii of around 150 nm) are
located in the operational wavelength range of the back contact. For these nano-
structures, the ratio (max. Qabs)/(max. Qsca) is much smaller (for radius of 150 nm
(max. Qabs)/(max. Qsca) = 7.6%) allowing a more efficient scattering of incident
light at comparably lower optical losses at the back contactof the solar cell.
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Figure 5.5: (a) Schematic cross-section and absolute electric field in the planes paral-
lel and perpendicular to the polarization of the incident electromagnetic wave (radius
of 150 nm, ZnO:Al layer thickness of 180 nm, wavelength of 850nm). (b) Simu-
lated scattering efficiency (Qsca) and (c) simulated absorption efficiency (Qabs) of
Ag nanostructures (radius of 150 nm) embedded conformally in a ZnO:Al/µc-Si:H
layer stack. The thickness of the ZnO:Al layer is varied from60 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 Contacts In the
previous sections, solely isolated nanostructures on Ag surfaces embedded in dielec-
tric half-space were investigated. In thin-film silicon solar cells, the Ag back contact
is covered conformally by a ZnO:Al/µc-Si:H layer stack (see Figure 5.5 (a)). In par-
ticular, when evaluating the angular information of the light scattering of nanostruc-
tures on Ag back contacts, the Ag/ZnO:Al/µc-Si:H layer stack needs to be considered.
In Figure 5.5 (b) and Figure 5.5 (c), theQabs andQsca of an isolated hemispherical
Ag nanostructure (radius = 150 nm) on the Ag surface of the back contact is shown.
The thickness of the ZnO:Al interlayer is varied from 60 nm to210 nm. Over the
total spectral range, theQsca values are larger than unity. This indicates an efficient
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Figure 5.6: Normalized intensity distribution of the scattered light of hemispherical
Ag nanostructures (radius of 150 nm) embedded conformally in ZnO:Al andµc-Si:H.
The thickness of the ZnO:Al layer is 90 nm and 180 nm in (a) and (b), respectively.

coupling of incident light to LSPP resonances in hemispherical Ag nanostructures
on the back contact of thin-film silicon solar cells. Similarly to the nanostructures
embedded in a dielectric half-space, the nanostructures onthe back contact are able
to scatter a multiple of the light intensity irradiated on their cross-section into the
µc-Si:H absorber layer. Yet, the spectral scattering characteristic is strongly influ-
enced by the Ag/ZnO:Al/µc-Si:H layer stack. By introducing the ZnO:Al/µc-Si:H
interface, the system induces additional interferences which are superimposed on the
LSPP resonances of the isolated hemispherical nanostructure embedded in a ZnO:Al
half-space (c.f. Figure 5.2). Depending on the spatial position of these interferences,
the LSPP resonances observed in a ZnO:Al half-space are enhanced or attenuated.
For example, for ZnO:Al thicknesses smaller than 120 nm, thedipolar LSPP reson-
ance around 870 nm is suppressed and for ZnO:Al layer thicknesses above 120 nm,
the LSPP resonance around 630 nm is suppressed. Overall, theQabs andQsca spec-
tral characteristics are strongly modified in comparison with a single nanostructure
embedded in a ZnO:Al half-space.

Scattering Characteristics of LSPP Resonances of IsolatedHemispherical Nano-
structures on Ag Back Contacts In order to assess the scattering characteristics
of LSPP resonances in nanostructures on Ag back contacts, the intensity distribution
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of the scattered light in the farfield is calculated from the simulated three-dimensional
electromagnetic field. Therefore, a farfield expansion of the electric field was used to
calculate the intensity distribution of scattered light ata distance of 1 m away from
the nanostructure. In Figure 5.6, the normalized intensitydistribution of the scat-
tered light is shown as a function of the scattering angle in theµc-Si:H layer and the
wavelength. The scattering angle is defined as the difference in angle to the axis of
incidence (see the inset of Figure 5.6). For the shown exemplary cases, the radius of
the nanostructure is set to 150 nm and the thickness of the conformal ZnO:Al layer
is 90 nm and 180 nm. The considered wavelength range is set to the operating spec-
tral range of the back contact (500 nm< λ < 1100 nm). For both ZnO:Al layer
thicknesses, in the wavelength range between 550 nm and 900 nm, the maxima of
the scattering intensity are located at around 15◦. These scattering angles are located
below the angle of total reflection (red dashed line) of a flat ZnO:Al/µc-Si:H inter-
face. Such scattering angles of the scattered light in theµc-Si:H layer are caused by
the coupling of the LSPP resonance to propagating modes in the ZnO:Al layer. At
the ZnO:Al/µc-Si:H interface, these propagating modes are then refracted according
to geometrical optics. In addition, a substantial amount ofthe light is scattered bey-
ond the angle of total reflection at the ZnO:Al/µc-Si:H interface. For a ZnO:Al layer
thickness of 180 nm, a strongly pronounced maximum is located at wavelengths of
around 1000 nm. Such scattering angles beyond the angle of total reflection at a flat
ZnO:Al/µc-Si:H interface would be prohibited in geometrical optics.As this effect
was identified also for perfectly flat ZnO:Al/µc-Si:H interfaces, it is explained by a
near-field coupling of the plasmonic resonance in the Ag nanostructure to propagat-
ing modes in theµc-Si:H layer. The effect disappears with increasing ZnO:Al layer
thickness which is an additional indication of a near-field coupling effect. In essence,
for thin ZnO:Al layers, near-field coupling of LSPP resonances in the Ag nanostruc-
tures to propagating modes in theµc-Si:H absorber layer allows the scattering of light
into large angles in theµc-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 incident light at the back contact into
large angles in theµc-Si:H absorber layer. First, the light path in theµc-Si:H layer
is simply enhanced by the scattering angle (see Figure 5.1).Second, light scattered
to angles beyond the angle of total reflection of a flatµc-Si:H/ZnO:Al and/orµc-
Si:H/air interface will more probably be guided in the silicon absorber layers (see
Figure 5.1 (a) and Figure 5.1 (c) for a flatµc-Si:H/air andµc-Si:H/ZnO:Al front inter-
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face, respectively). In order to compare the light-trapping potential of various ZnO:Al
layer thickness, the average absorption efficiency (Q̄abs) and average scattering effi-
ciency (Q̄sca) values averaged over the operating spectral range of the back contact
are shown for hemispherical nanostructures on Ag back contacts as a function of
the ZnO:Al layer thickness in Figure 5.7. The radius of the nanostructures is set to
150 nm. In addition, two fractions of̄Qsca are presented which quantify the amount
of light scattered beyond the total internal reflection angle of theµc-Si:H/air inter-
face and beyond the total internal reflection angle of theµc-Si:H/ZnO:Al interface.
The thickness of the ZnO:Al layer was varied from 15 nm to 500 nm. Devices with
ZnO:Al layer thickness larger than 500 nm suffer from eitherpoor conductivity or
large optical losses. Furthermore, ZnO:Al layers of thicknesses smaller than 15 nm
are difficult to deposit uniformly. For all thicknesses of the ZnO:Al layer investigated,
the LSPP-induced optical losses of the Ag nanostructure arelow. TheQ̄abs is always
smaller than 10% of thēQsca. However, a significant variation of thēQsca is observed
by changing the thickness of the ZnO:Al layer. The highest total Q̄sca values are ob-
served for large thicknesses of the ZnO:Al layer (> 500 nm) or small thicknesses
(< 45 nm). The smallest values of the totalQ̄sca of around 1.85 are observed for the
conventional thickness of the back ZnO:Al layer of around 80nm. However, in this
configuration, the relative amount of light scattered to large angles beyond the angle
of total reflection at theµc-Si:H/ZnO:Al interface (50%) as well as theµc-Si:H/air
interface (70%) are highest. With increasing thickness, the totalQ̄sca increases, but
the relative amount of light scattered to large angles decreases. For the application of
LSPP-induced light scattering at nanostructured Ag back contacts, both aspects are
important: Larger values of̄Qsca allow a smaller surface coverage of nanostructures
at high diffuse reflectance and large scattering angles are important for an enhanced
light-trapping effect in the solar cells. A reasonable compromise is found for ZnO:Al
thicknesses of around 180 nm, where aQ̄sca value of 2.7 is found and 43% and 60%
of all incident light is scattered to angles larger than the total internal reflection angle
of µc-Si:H/ZnO:Al andµc-Si:H/air, respectively.

Outlook on Light Trapping with Nanostructured Ag Back Conta cts In this
section, it was demonstrated that incident light couples very efficiently to LSPP res-
onances in Ag nanostructures on the back contact of thin-filmsilicon solar cells. Due
to LSPP resonances, nanostructures on Ag back contacts are found to scatter a mul-
tiple of the light irradiated on their cross-section at low optical losses into theµc-Si:H
layer of the solar cell. Even if averaged over the operating spectral range, depending
on the ZnO:Al thickness, between 1.8 and 4 times of the light irradiated on the cross-
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Figure 5.7: Averaged scattering efficiency (Q̄sca) and absorption efficiency (̄Qabs)
of isolated hemispherical nanostructures on Ag back contacts (radius = 150 nm).
The data is averaged over the operational wavelength range of the back contact
(500 nm< λ < 1100 nm). Two subdivisions of̄Qsca are given for such light
scattered beyond the total internal reflection angle at a flatµc-Si:H/ZnO:Al interface
and a flatµc-Si:H/air interface.

section of the nanostructures can be scattered. For an optimized ZnO:Al thickness,
up to 70% of the light scattered can be scattered to angles larger than the total internal
reflection angle of theµc-Si:H/air interface and is, in turn, reflected at the front side.
Up to 50% of the scattered light is scattered to angles largerthan the total internal re-
flection angle of theµc-Si:H/ZnO:Al interface. This light is very likely reflectedback
into the solar cell. As a result, the absorption of the incident light in the absorber
layer of the solar cell is enhanced. Thus, nanostructures onAg back contacts which
carry LSPP resonances offer a great potential for light trapping in thin-film silicon
solar cells. If the interaction between the nanostructuresis neglected, the presented
findings on isolated nanostructures on the Ag back contact ofthin-film silicon solar
cells can be used to calculate, in first approximation, the optical parameters like haze,
absorptancen and scattering angle distribution of stochastic arrangements of Ag nano-
structures (see Chapter 7). It is important to note that the LSPP resonances are found
to scatter a multiple of the irradiated light on the nanostructures cross-section. Thus,
realistic stochastic surface coverages below 50% are sufficient to 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 form two-dimensional re-
flection gratings (see Figure 5.8). The scattering angles ofthese gratings are determ-
ined by discrete diffraction orders. The scattering centers of the reflection gratings are
the plasmonic Ag nanostructures. For this reason, in this work, this device is called
a plasmonic reflection grating back contact. In Figure 5.8 (a), the electric field of a
plasmonic reflection grating back contact in the planes parallel and perpendicular to
the polarization of the incident electromagnetic wave is presented. For the plane par-
allel to the polarization of the incident electromagnetic wave, strong enhancements
of the electric field in the vicinity of the nanostructures indicate the plasmonic reson-
ances at the hemispherical nanostructures of radius of 150 nm. The existence of the
plasmonic resonances for these nanostructures has been extensively discussed in the
previous sections.
In the case of a square lattice of the nanostructure array andnormal incidence of
the impinging light, the diffraction angles of the plasmonic reflection grating back
contact are given by [78]:

sin(α) =
Nxy · λ

p · nµc−Si:H
with Nxy =

√

m2
x +m2

y and mx,my = 0,±1,±2, ...(5.1)

whereλ is the wavelength in air,p is the grating period,mx andmy are the diffraction
orders,α is the diffraction angle relative to the surface normal direction andnµc-Si:H

is the refractive index ofµc-Si:H. Equation 5.1 indicates that, by varying the period
of a grating, the scattering angle is changed, thus allowingthe scattering angles at
nanostructured Ag back contacts to be controlled. Figure 5.8 (b)-(e) shows the sim-
ulated absorptance, the specular reflectance and non-specular reflectance as well as
normalized intensity distribution of scattered light inµc-Si:H of square lattice Ag re-
flection gratings on the back contact of a thin-film silicon solar cell. The radius of the
periodically arranged Ag nanostructures is 150 nm and the period is set to 400 nm and
600 nm. The nanostructured Ag back contacts are covered conformally by a 180 nm
thick ZnO:Al layer and aµc-Si:H half-space. In Figure 5.8 (d) and Figure 5.8 (e), it
is shown that the plasmonic reflection grating back contactsunder study scatter the
incident light into the corresponding diffraction orders following Eq. (5.1). With in-
creasing period, the scattering angles of the diffraction orders decrease and additional
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Figure 5.8: (a) Schematic cross-section of the plasmonic reflection grating back con-
tact. The absolute electric field in the planes parallel and perpendicular to the po-
larization of the incident electromagnetic wave is shown (radius of hemispherical
nanostructure 150 nm, ZnO:Al layer thickness of 180 nm, wavelength of 850 nm).
Simulated absorptance (A), specular reflectance (Rspec) and non-specular reflectance
(Rnon−spec) of plasmonic reflection grating back contacts of square lattice period of
(b) 400 nm and (c) 600 nm. (d) and (e) Corresponding normalized intensity distribu-
tion of scattered light at the plasmonic reflection grating back contacts. For compar-
ison, the total internal reflection angle at a flatµc-Si:H/ZnO:Al front interface (red
dashed dotted line) and a flatµc-Si:H/air front interface (blue dotted line) are shown.
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Figure 5.9: Simulated absorptance (A), specular reflectance (Rspec) 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 overthe operational
wavelength range of the back contact. The period of the plasmonic reflection grating
back contact is varied from 350 nm to 1100 nm.

diffraction orders appear at shorter wavelengths. Thus, with regard to the application
in solar cells, the advantage of smaller periods is the larger minimum scattering angle.
For both periods studied in Figure 5.8, light scattering to angles below 11◦ is prohib-
ited. However, only for a period of 400 nm, even scattering toangles smaller than the
total internal reflection angle of theµc-Si:H/air interface (blue dotted line) is prohib-
ited in the operating spectral range of the back contact. Forwavelengths longer than
750 nm, even scattering to angles smaller than the total internal reflection angle of
theµc-Si:H/ZnO:Al interface (red dashed line) is prohibited. Inaddition, the specu-
lar reflectance, which induces no light trapping, is reducedfor the reflection grating
with a period of 400 nm in comparison with a period of 600 nm. Thus, following
the arguments on the scattering angles inµc-Si:H presented in Section 5.1, all light
scattered at the back contact with a lattice period of 400 nm is efficiently trapped in
theµc-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 reflectance and non-specular re-
flectance of various square lattice reflection gratings are shown. The values are aver-
aged over the operating spectral range of the back contact inaµc-Si:H thin-film solar
cell. The optimal light-trapping texture is expected to exhibit the lowest losses, low-
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est specular reflection and highest non-specular reflectionto large angles (i.e., above
the total internal reflection angle at theµc-Si:H/ZnO:Al interface). For the studied
geometry, this is fulfilled for periods of around 450 nm. For these periods, up to
63% and 50% of the incident light is scattered at the nanostructured Ag back con-
tact to angles larger than the total internal reflection angle of theµc-Si:H/air and the
µc-Si:H/ZnO:Al interface, respectively. Only 20% of the light is reflected specularly.
For an isolated Ag nanostructure on the back contact of similar geometry (radius =
150 nm, ZnO:Al thickness = 180 nm), we find that 63% and 42% of the light is scat-
tered to angles larger than the total internal reflection angle of theµc-Si:H/air and
the µc-Si:H/ZnO:Al interface, respectively. Thus, comparing the isolated and peri-
odic case, it is shown that the grating arrangement of the Ag nanostructures on the
back contact increases the relative amount of light scattered to larger angles. This is
particularly interesting, as one might expect that the dense arrangement of the nano-
structures in the periodic case disturbs or attenuates the LSPP resonances.

5.4 Conclusion

In this chapter, LSPP-induced light scattering at nanostructured Ag back contacts of
thin-film silicon solar cells was investigated numericallywith a three-dimensional
numerical solver of Maxwell’s equations. Both, single nanostructures and reflection
gratings formed by the arrangements of plasmonic Ag nanostructures in a square lat-
tice on the back contact of a thin-film silicon solar cell werefound to carry LSPP
resonances. For both configurations, a large fraction of incident light is scattered at
low optical losses. The calculated angular intensity distributions of the light scattered
at nanostructured Ag back contacts show that a significant amount of the incident
light is scattered into large angles in theµc-Si:H absorber layer of the solar cell.
Thus, nanostructured Ag back contacts carrying LSPP resonances are very prom-
ising for improving the light trapping in thin-film silicon solar cells. Very critical
for the LSPP-induced scattering, and consequently the light trapping, are the geo-
metrical parameters of the Ag nanostructures and the embedding dielectric materials.
Throughout this study, various geometrical parameters of the nanostructures were var-
ied and optimized with regard to the ability of the nanostructures to scatter incident
light into large angles in the silicon absorber layers at lowoptical losses. Implement-
ations of optimized Ag nanostructures are presented in the following 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-filmsilicon solar cells employ ran-
dom textures at their reflective back contacts and their transparent front contacts (see
Section 3.2). Textured back contacts made of Ag yield a particularly good light scat-
tering with regard to light trapping [160]. However, plasmon-induced optical losses
at the surface of these back contacts are known to decrease their reflectance. Of par-
ticular interest are LSPP-induced optical losses which appear in nanostructures of
the randomly textured surface of the Ag back contact. These LSPP-induced optical
losses have not been considered in previous contributions to this problem [208–210].
In the first section, measured absorptance spectra of textured Ag back contacts em-
bedded in various dielectrics are shown. The contribution of optical losses induced by
either SPPs or LSPPs to the absorptance spectra of these backcontacts is discussed.
In the second section, the impact of the plasmon-induced losses on the performance of
thin-film silicon solar cells is studied. The importance of aZnO:Al interlayer of low
refractive index between the silicon layers and the Ag back contact is demonstrated.
Furthermore, the potential for increasing the reflection atthe back contact by apply-
ing dielectric interlayers of refractive index lower than ZnO:Al is evaluated. Parts of
the results presented in this chapter have been published previously [211–213].
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6.1 Optical Losses at Textured Ag Surfaces

In order to study the plasmon-induced absorption of incident light at textured surfaces
of Ag back contacts, the absorptance of optically thick Ag layers in contact with air
or covered by SiO2 and ZnO:Al are studied. The investigated Ag surfaces exhibit
textures ranging from perfectly flat to the state-of-the-art random 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 (see Figure 6.1). The texture
Type D is the reference texture of state-of-the-art thin-film silicon solar cells. It is
prepared by depositing a 250 nm thick Ag layer on top of a ZnO:Al substrate which
was wet-chemical etched for 40 s in a 0.5 (w/w)% HCl solution [45, 157]. After
the etching, the surface texture is covered by crater-like features which induce a root
means square roughness of 130 nm. The texture Type C is prepared in the same way,
applying a shorter etching time of 5 s. Due to the shorter etching time, smaller and
less surface features are formed, resulting in a smaller root mean square roughness of
around 80 nm. The texture Type B is prepared by depositing a 250 nm thick Ag layer
on top of a glass substrate. Due to the irregular growth of small Ag crystallites, the
surface texture exhibits shallow features with a height in the ten nanometer range and
lateral sizes up to around 100 nm [73]. These unintentional features lead to a small
root mean square roughness of a few nanometers. The fourth Agsurface, Type A, is
almost perfectly flat. It was prepared by template strippinga 250 nm thick Ag layer
from a silicon wafer substrate. Due to the very conformal growth of the Ag at the
silicon interface, the stripped Ag surface shows almost no surface 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 absorptance spectra of Ag
surfaces in contact with air or covered with SiO2 and ZnO:Al are shown, respect-
ively. The SiO2 layer was prepared by thermal evaporation and the ZnO:Al layer was
rf-sputtered. For all surface textures, except the flat Ag surface of Type A, distinct
maxima in the absorptance are found at wavelengths of 345 nm,370 nm and 430 nm
for the Ag surface in direct contact with air and for the Ag surface covered with SiO2
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Figure 6.1: (a) Scanning electron microscopy images of the four Ag textures. Total
absorptance (A) measured at Ag surfaces in air (b) and covered by 60 nm of SiO2 (c)
and 80 nm of ZnO:Al (d).
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and ZnO:Al, respectively. These maxima are accompanied by an absorption tail that
extends to longer wavelengths. For those Ag surfaces of rough texture (Type C and
Type D) which are covered by ZnO:Al and SiO2, the absorption tails extend signi-
ficantly into the operational wavelength range of the back contact of thin-film silicon
solar cells (500 nm< λ < 1100 nm), where a high reflectance is required. More
general, a very strong dependence of the absorptance on the texture of the Ag surfaces
is shown in Figure 6.1. In the following paragraphs the origin of this dependence is
investigated. Optical losses induced by dissipative SPP modes at the dielectric/Ag
interface and dissipative LSPP resonances at Ag nanostructures are discussed.

Propagating Surface Plasmon Polariton Resonance Propagating SPPs are
electromagnetic eigenmodes which are bound to the interface of a metal and a dielec-
tric (see Section 2.3). As illustrated in Figure 6.2 (a), theSPP modes propagate along
the metal/dielectric interface with a wavevector (k||) parallel to the interface. The
impact of dissipative SPP modes at the randomly textured Ag surfaces on the ab-
sorptance is discussed in this section on the basis of the dispersion relations of the
SPP eigenmodes at flat air/Ag, SiO2/Ag, ZnO:Al/Ag andµc-Si:H/Ag interfaces. The
dispersion relations were calculated according to Eq. (2.16).
As light at normal incidence exhibits no component of the wavevector parallel to
the Ag surface, the dispersion relation of incident light and SPP eigenmodes do not
intersect (see Figure 6.2 (b)). For this reason, in order to allow a coupling of in-
cident light and SPP modes at the Ag surface, an additional wavevector component
(∆k||) must be provided by diffraction at the grating components of the randomly
textured Ag surface [84,85]. As shown in Figure 6.2 (b), at the resonance wavelength
(λSPP), the density of suitable wavevector components (∆k||) per wavelength inter-
val is strongly enhanced. Thus, the excitation of propagating SPP modes is much
more probable. Due to the damping of the SPP modes, the enhanced excitation of
SPP modes leads to an enhanced absorptance of incident lightat randomly textured
Ag surfaces atλSPP [85, 86]. From Eq. (2.16), theλSPP is determined to 340 nm,
364 nm and 415 nm for Ag surfaces in direct contact with air andfor the Ag/SiO2
and Ag/ZnO:Al layer stacks, respectively. Considering experimental variations in the
optical data, the calculatedλSPP correspond very well to the measured absorptance
maxima at 345 nm, 370 nm and 430 nm for the Ag surface in direct contact with air
and for the Ag surface covered with SiO2 and ZnO:Al, respectively (see Figure 6.1).
Thus, the spectral position of the maxima in absorptance of the randomly textured Ag
surfaces can be explained by coupling of light to SPP modes atthe randomly textured
Ag surfaces.
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Figure 6.2: (a) Illustration of a SPP mode propagation alonga flat Ag surface. (b) Cal-
culated SPP dispersion relations of a flat Ag surface coveredby air, ZnO:Al orµc-
Si:H. The energyE of the SPP modes is shown as a function of the real part of the
wavevector parallel to the surface (k||).

From Figure 6.2 (b), the required maximum in∆k|| atλSPP for the coupling of SPP
modes to light at normal incidence can be derived. As for light of normal incidencek||
is zero, the required maximum in∆k|| atλSPP for the coupling is around 3·107 m−1

and 7 ·107 m−1 for the Ag surface in contact with air and embedded in ZnO:Al,
respectively. Considering in first approximation a dominant coupling by light diffrac-
tion in the first order of grating components of the rough texture, this maximum∆k||
can be converted into a lateral feature size of around 200 nm and 100 nm at the Ag
surface in contact with air and embedded in ZnO:Al, respectively. Since such features
are present for the texture Type B, Type C and Type D an enhanced absorption due
to the excitation of SPP modes is possible (see Figure 6.2). For the flat Ag surface
of Type A, almost no surface texture is present and almost no enhanced absorption
at λSPP was measured (c.f. Figure 6.1 (b) to Figure 6.1 (d)). Thus, inaddition to
the spectral position of the measured absorption maxima presented in Figure 6.1, the
dependence of these absorption maxima on the type of textureat the Ag surface can
be explained well by light coupling to dissipative SPP modes.
The absorption maxima in Figure 6.1 are accompanied by an absorption tail
that extends, for Ag surfaces embedded by ZnO:Al or SiO2, partly into the op-
erational wavelength range of the back contact of thin-film silicon solar cells
(500 nm< λ < 1100 nm). As discussed above, an excitation of SPP modes can
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explain the enhanced parasitic absorption of light atλSPP. In the same way, for
wavelengths of the absorption tail, a coupling of incident light to SPP modes is pos-
sible. However, due to the decrease of∆k|| for the coupling of light and SPP modes
at wavelengths longer thanλSPP (see Figure 6.2 (b)), the maximum lateral size of
the surface features required for the first-order light coupling increases to around
200 nm to 800 nm. Such large features are present for the Type Cand Type D Ag
surface which show also the largest absorptance for the above described absorption
tails. As the density of suitable wavevectors per wavelength interval is decreased at
the wavelengths of the absorption tail, a coupling to SPP modes is less probable in
comparison toλres.
In conclusion, the excitation of dissipative SPP modes at randomly textured Ag sur-
faces can explain well the enhanced absoprtion presented inFigure 6.1 for the various
Ag textures in air, covered by SiO2 and covered by ZnO:Al.

Localized Surface Plasmon Polaritons An alternative explanation for the de-
creased absorptance of the randomly textured Ag surfaces presented in Figure 6.1 are
LSPP-induced optical losses at small Ag nanostructures. Inthe previous Section 5.2,
it was shown that LSPP resonances in small isolated Ag nanostructures induce a
very strong absorption. In Figure 6.3, the simulated maximum values of the absorp-
tion efficiency (max. Qabs) at the dominant LSPP resonance of hemispherical Ag
nanostructures embedded in air, SiO2, ZnO:Al andµc-Si:H are shown. Values of
max. Qabs above unity indicate that the absorbed power of small Ag nanostructures
of radius below 80 nm can be a multiple of the power irradiatedon the nanostructures
cross-section. A similar strong absorption at a variation of the resonance wavelength
was observed also for other geometries of the nanostructures as well as coupled nano-
structures [211, 214]. For this reason, considering the broad distribution of shapes,
sizes and arrangements of Ag nanostructures at the randomlytextured Ag surfaces
shown in Figure 6.1 (a), LSPP-induced optical losses are expected to enhance sig-
nificantly the absorptance at these Ag surfaces. Even for a comparably low surface
coverage of Ag nanostructures the LSPP-induced optical losses result in an enhanced
absorptance as the absorbed power by the nanostructure can exceed the power irra-
diated on its cross-section (see Figure 6.3). In particular, in the wavelength regions
where an enhanced absorption tail was measured for the randomly textured Ag sur-
faces in direct contact with air or covered with SiO2 and ZnO:Al, a particularly high
LSPP-induced absorption for hemispherical Ag nanostructures was identified in Fig-
ure 6.3. It is important to note that the position of the LSPP resonances shifts to
longer wavelengths with increasing refractive index of thedielectric in contact with
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Figure 6.3: (a) Illustration of a LSPP mode in an hemispherical nanostructure on
a flat Ag surface. (b) Maxima in simulated absorption efficiency (max. Qabs) of
LSPP resonances in hemispherical Ag nanostructures as a function of the resonance
wavelength (λres) covered by SiO2, ZnO:Al or µc-Si:H. The radius of the hemispher-
ical nanostructure is varied form 10 nm to 200 nm.

Ag (from nair = 1 tonSiO2
≈ 1.45 andnZnO:Al ≈ 1.6-2.0). In the case ofµc-Si:H

as embedding material, the LSPP-induced decrease in absorptance is located in the
center of the operational wavelength range of the back contact of thin-film silicon
solar cells (500 nm< λ < 1100 nm).

Plasmonic Losses at Ag Back Contacts In the previous paragraphs, it was dis-
cussed that both LSPP resonances and SPP resonances can be excited by incident light
on randomly textured Ag surfaces such as the Ag back contactsof thin-film silicon
solar cells with the state-of-the-art random texture for light-trapping. The agreement
of the calculatedλSPP with the spectral position of the absorptance maxima of the
randomly textured Ag surfaces indicates that these absorptance maxima are likely
caused by SPP-induced optical losses. However, the enhanced absorption at longer
wavelengths at the surface of Ag back contacts with the state-of-the-art random tex-
ture (Type D) can be explained both by LSPP-induced as well asSPP induced optical
losses. For future studies it is suggested that the effect ofLSPP and SPP-induced op-
tical losses at the Ag surfaces can be separated by correlating the angular dependent
absorptance of the surfaces to the dispersion relations of the SPP and LSPP modes. At
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this stage, it is concluded that for incident light of wavelengths longer than 500 nm,
both types of plasmonic effects can be responsible for the enhanced absorptance of
strongly textured Ag back contacts (Type C and Type D) covered with SiO2, ZnO:Al
andµc-Si:H. It was shown that, both, the SPP-induced optical losses and the LSPP-
induced optical losses shift to shorter wavelengths with decreasing refractive index
of the embedding material. Therefore, the highest reflection at textured Ag back
contacts in thin-film silicon solar cells is expected for thelowest refractive index of
the dielectric interlayer. In the following section this hypothesis 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 are essential for good light trap-
ping. An additional ZnO:Al interlayer between the thin-filmsilicon absorber layers
and the Ag back contact is generally applied, as it strongly increases the reflectance
for wavelengths longer than 500 nm where incident light reaches the back contact. In
Figure 6.4, this effect is shown for a 1 µm thickµc-Si:H solar cell in p-i-n configura-
tion. TheEQE of a solar cell under variation of the back contact is shown. For the
first EQE, the solar cell was prepared with a 700 nm thick Ag back contact. After-
wards, the Ag back contact was removed by template strippingand a ZnO:Al/Ag back
contact was deposited on exactly the same position. The ZnO:Al interlayer thickness
is 80 nm. For wavelengths longer than 550 nm, theµc-Si:H solar cell prepared with
the ZnO/Ag back contact shows a strongly enhancedEQE when compared with the
EQE measured on the same solar cell applying a Ag back contact. This effect is
associated with an additional reflection at theµc-Si:H/ZnO:Al interface as well as
reduced plasmon-induced optical losses at textured ZnO:Al/Ag surfaces in compar-
ison with µc-Si:H/Ag surfaces (c.f. previous Section). In the case of aµc-Si:H/Ag
interface, both the SPP and LSPP-induced optical losses, which exist at textured Ag
surfaces of Type D, are located in the operational wavelength range of the back con-
tact (500 nm< λ < 1100 nm). For theµc-Si:H/ZnO/Ag back contact layer stack, the
SPP and LSPP-induced optical losses are shifted significantly to shorter wavelengths
where less incident light reaches the back contact. The difference inEQE corres-
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Figure 6.4: (a) Schematic cross-section of aµc-Si:H thin-film solar cell in p-i-n con-
figuration with Ag back contact as well as ZnO:Al/Ag back contact. (b) External
quantum efficiency (EQE) of the sameµc-Si:H solar cell measured first with the Ag
back contact and afterwards with the ZnO:Al/Ag back contactafter stripping off the
Ag back contact.

ponds to 2.0 mA/cm2 in Jsc which is around 10% of the totalJsc. Thus, the dielectric
interlayer between the silicon absorber layer of the solar cell and 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-induced optical losses at ran-
domly textured Ag surfaces shift to shorter wavelengths with decreasing refractive
index of the covering dielectric. In addition, the reflection at theµc-Si:H/dielectric
interface at the rear side increases with decreasing refractive index. In order to assess
the resulting potential for thin-film silicon solar cells, theEQE of µc-Si:H solar cells
prepared with SiO2 (nSiO2

≈ 1.45) and air (nair = 1.0) as interlayers between
the Ag back contact and theµc-Si:H absorber layers are compared with co-deposited
solar cells which apply a ZnO:Al interlayer (Figure 6.5). Inorder to allow the use
of non-conductive dielectric interlayers such as SiO2 and air, an n-dopedµc-Si:H
layer is applied in combination with local Ag contacts separated from each other by
a few millimeters. Although theFF of these devices decreases strongly due to a
reduced conductivity at the rear side of the solar cell, these devices allow a detailed
optical analysis by measuring theEQE and the reflectance. In Figure 6.5 (a) and
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Figure 6.5: (a) Schematic cross-section of aµc-Si:H thin-film solar cell in p-i-n con-
figuration with ZnO:Al/Ag back contact, SiO2/Ag back contact and air/Ag back con-
tact. (b) Absorptance (A) and (c) external quantum efficiency (EQE) of theµc-Si:H
solar cell with the three types of back contact.

Figure 6.5 (b), it is shown that the absorptance of the solar cells decreases strongly
with decreasing refractive index of the interlayer. At the same time, theEQE of the
solar cells prepared with a SiO2 interlayer and an air interlayer is slightly increased
when compared with the reference solar cell prepared with a ZnO/Ag back contact
layer stack. The overallJsc enhancement is 0.3 mA/cm2 and 0.5 mA/cm2 for the
solar cell applying the SiO2 interlayer and the air interlayer, respectively. In compar-
ison with the totalJsc of 22.7 mA/cm2 of the solar cell with the ZnO:Al interlayer,
this increase is small and cannot compensate for the significantly lower electrical per-
formance of the devices. Due to comparably low absorption oftheµc-Si:H material,
for wavelengths longer than 550 nm, a significant portion of increased reflection of
light at the back contact simply induced an enhanced reflectance of 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 optical losses on the reflectance of
textured Ag back contacts in thin-film silicon solar cells was investigated. First,
the absorptance spectra of textured and flat Ag back contactscovered with various
dielectrics were studied. Both, propagating SPPs as well asLSPPs were identified as
possible sources for the optical losses at these textured Agback contacts.
A particular focus was set on the discussion of LSPP-inducedoptical losses in nano-
structures on the Ag back contact. These losses have not beenconsidered in the
literature to this problem. In this chapter, it is shown thateven for a comparably
low surface coverage of small hemispherical Ag nanostructures (radius< 100 nm),
the LSPP-induced optical losses can decrease strongly the reflectance of textured
Ag back contacts. Furthermore, the simulated wavelength range of LSPP-induced
enhanced absorption matches the wavelength range of enhanced absorptance of the
textured Ag back contacts covered with ZnO:Al, SiO2 or air.
Most relevant for solar cells is the dependence of the LSPP-resonances and SPP-
resonances at the textured Ag back contact on the refractiveindex of the embed-
ding dielectric. It is shown that both resonances shift to shorter wavelengths with
decreasing refractive index of the embedding dielectric. For this reason, in state-of-
the-art solar cells, the plasmon-induced optical losses are shifted out of the relevant
wavelength range by incorporating a ZnO:Al interlayer of low refractive between the
silicon layers and the Ag back contact. The effect was demonstrated in this chapter
for µc-Si:H thin-film solar cell. Furthermore, the additional butsmall potential for
increasing the reflection at the back contact with dielectric interlayers of even lower
refractive index, such as SiO2 and 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 solar cells which apply plas-
monic back contacts with non-ordered Ag nanostructures is investigated. In the first
section, the preparation, geometrical characterization as well as the reflectance spec-
tra of Ag back contacts with various distributions of non-ordered Ag nanostructures
are presented. In the second section, the measured reflectance spectra of the plas-
monic back contacts in air are compared with reflectance spectra calculated from op-
tical simulations of LSPP resonances in isolated nanostructures on Ag back contacts.
Furthermore, based on optical simulations, the light scattering at plasmonic Ag back
contacts into the µc-Si:H layer of a thin-film silicon solar cell is evaluated with regard
to light trapping. In the third section, the light trapping of µc-Si:H solar cell proto-
types in n-i-p configuration deposited on one of the most promising type of Ag back
contact with non-ordered nanostructures is studied. Partsof the results, presented in
this chapter, have previously been published in [215].
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Figure 7.1: (a)-(d) Illustration of the preparation steps of the Ag back contacts with
non-ordered nanostructures. (e) Schematic cross-sectionof a µc-Si:H solar cell in n-
i-p configuration deposited on a plasmonic back contact withnon-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 non-ordered Ag nanostruc-
tures is presented. The nanostructures on the Ag back contact were prepared by
coating the Ag nanoparticles with a 200 nm thick dc-sputtered Ag layer and an 80 nm
thick rf-sputtered ZnO:Al layer. The preparation steps from the Ag nanoparticles to
the Ag back contacts with non-ordered nanostructures are shown in Figure 7.1 (a)-
(d). The Ag back contacts are prepared for the subsequent deposition of aµc-Si:H
thin-film solar cell in n-i-p configuration (see Figure 7.1 (e)).

Nanoparticle Formation by the Annealing of Thin Ag Films Ag nanoparticle
arrangements on silicon wafer substrates were prepared by the annealing of thermally
evaporated Ag films (see Figure 7.1 (a)-(b)). The Ag films wereannealed at a tem-
perature of 500◦C for six hours in a nitrogen atmosphere. Due to the surface tension,
the Ag films agglomerated into non-ordered arrangements of nanoparticles. In Fig-
ure 7.2, SEM images of Ag nanoparticle distributions are shown. The initial Ag
film thickness is varied from 5 nm to 30 nm. It is observed that the average size of
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Figure 7.2: SEM images of Ag nanoparticles prepared by the annealing of thin Ag
films. The thickness of the initial Ag film was 5 nm, 10 nm, 15 nm,20 nm, 25 nm
and 30 nm in (a)-(f), respectively.

the Ag nanoparticles increases gradually with increasing thickness of the initial Ag
layer [216]. For initial Ag layer thicknesses larger than 25nm, nanoparticles of radii
above 100 nm are observed. Such radii are particularly important. The optical simu-
lations of hemispherical nanostructures on Ag back contacts, presented in Chapter 5,
point out that radii above 100 nm are needed for an efficient LSPP-induced light
scattering at the back contact of thin-film silicon solar cells.

Ag Back Contacts with Non-Ordered Nanostructures For the back contact
preparation, the silicon wafer substrates with the Ag nanoparticles were covered with
a 200 nm thick dc-sputtered Ag layer and a 80 nm thick rf-sputtered ZnO:Al layer (see
Figure 7.1 (c)-(d)). In Figure 7.3 (a)-(e), AFM images of theAg back contact surface
prior to the ZnO:Al deposition are shown for five types of nanostructure distribu-
tions on Ag back contacts. The five back contacts are referredto as Type A, Type B,
Type C, Type D and Type E, respectively. They were prepared onnon-ordered nano-
particle arrangements which were obtained by the annealingof Ag films of thickness
of 10 nm, 15 nm, 20 nm, 30 nm and 40 nm. The AFM images show that the surface
texture of the Ag back contacts prior to the ZnO:Al deposition reveals non-ordered
nanostructures. These nanostructures are created by the conformal deposition of the
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Ag layer onto the Ag nanoparticles. The average size of the nanostructures on the
Ag back contact correlates to the average size of the Ag nanoparticles which, in turn,
correlate with the initial thickness of the thin Ag film priorto the annealing step.
In Figure 7.3 (f)-(j), the measured diffuse and total reflectance spectra of the five types
of back contacts in air are shown. With increasing average size of the nanostructures,
the diffuse reflectance increases from the Type A back contact to the Type E back
contact. In addition, the wavelength range of enhanced diffuse reflectance shifts to
longer wavelengths. For example, the maximum in diffuse reflectance is 45% at a
wavelength of 586 nm for the back contacts of Type B and 55% at awavelength 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 nanostructures on Ag back
contacts in air induce a size-dependent diffuse reflectancespectrum. A similar size-
dependent increase of scattering efficiency as well as a size-dependent increase of
the LSPP resonance wavelength was described in the previousSection 5.2 for LSPP-
induced light scattering at isolated hemispherical Ag nanostructures. In this section,
this correlation is investigated in more detail. The light scattering of five types of
plasmonic back contacts with non-ordered Ag nanostructures is studied with three-
dimensional electromagnetic simulations. In the first part, simulated diffuse and total
reflectance spectra calculated from optical simulations ofisolated nanostructures on
Ag back contacts in air are compared with measured reflectance spectra. In the second
part, the simulated reflectance spectra of the Ag back contacts with non-ordered nano-
structures withinµc-Si:H thin-film solar cells are presented. Furthermore, thefive
types of back contacts are evaluated regarding their ability to scatter incident light
at low optical losses into large angles in theµc-Si: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 the nanostructured back contacts
with non-ordered Ag nanostructures are compared with simulated reflectance spectra.
The optical simulations were performed with the three-dimensional electromagnetic
solver introduced in Section 2.4.3. Due to the required highresolution of the simula-
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Figure 7.3: (a)-(e) AFM images of five types of plasmonic backcontacts with non-
ordered Ag nanostructures. (f)-(g) Total reflectance (Rtot) and diffuse reflectance
(Rdiff ) of plasmonic back contacts with non-ordered Ag nanostructures.
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tion grid at metal surfaces, it is not possible to simulate a representative surface area
of the plasmonic Ag back contacts with non-regular Ag nanostructures in a single
simulation. Instead, the simulated reflectance spectra of the plasmonic back contacts
with Ag surfaces were calculated as an area weighted superposition of the simulated
reflectance spectra of isolated nanostructures on Ag back contacts.

Shape and Size Distribution of the Nanostructures on the Back Contact In
order to allow an in-depth analysis of the LSPP-induced light scattering at the various
distributions of nanostructures on the five types of back contacts, a detailed analysis
of the shape and size distribution of the nanostructures wasperformed. The AFM im-
ages of the five back contacts were analyzed with the AdvancedThreshold Algorithm
of the Particle and Pore Analysis module of the SPIP software, version 5.1.6 (Image
Metrology A/S, Horsholm, Denmark) [71]. The detection level for the algorithm was
set to the mean level of plane-fitted AFM data. It is importantto note that the choice
of detected level is a sensitive setting. For this reason, the results and trends presented
in this chapter, which are based on the detected nanostructure distribution, have been
verified for other detection levels of the nanostructure distribution. From the detec-
ted nanostructure distribution, the area-weighted base radius and the corresponding
height of the nanostructures was derived for each of the five types of the plasmonic
back contacts. Additionally, in order to stabilize the detection algorithm and to avoid
the inclusion of very small and shallow nanostructures, those nanostructures with an
height to radius aspect ratio below 0.5 and a radius below 3 nmhave been excluded.
In Figure 7.4 (a), the detected area-weighted base radius distributions of the five types
of back contact are shown. A continuous increase of the base radius of the nanostruc-
tures is presented for increasing average radius of the underlaying Ag nanoparticles
which corresponds to an increasing initial thickness of thethin Ag film prior to the
annealing step. A very broad range of nanostructure distributions exists for the vari-
ous types of back contacts. For the Type A back contact, whichwas deposited on
the smallest Ag nanoparticles, the maximum of the base radius distribution is located
around 30 nm. For the Type E back contact, which is deposited on the largest Ag
nanoparticles, the maximum in base radius distribution is located around 530 nm.
In addition, Figure 7.4 (b) shows the height of each nanostructure plotted against the
base radius for the nanostructures detected from the AFM images. For all types of
back contact, the height to radius aspect ratio of the nanostructures is located around
0.75 (indicated by the dashed line). Thus, for future analysis, it is reasonable to ap-
proximate the nanostructures by half-ellipsoids of heightto base radius aspect ratio
of 0.75.
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Figure 7.4: (a) Area-weighted base radius distribution (sum area) and (b) height
as a function of the radius of each nanostructure derived from the AFM images of
five types of Ag back contacts with non-ordered nanostructures (presented 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 non-ordered Ag nanostruc-
tures exhibit half-ellipsoidal nanostructures of variousbase radius distributions (see
Figure 7.4). In order to represent these nanostructures, optical simulations of isolated
half-ellipsoidal nanostructures on Ag back contacts were performed under variation
of the base radius from 10 nm to 700 nm. The half-ellipsoidal nanostructures are
covered by ZnO:Al and the height to base radius ratio was set to 0.75. A schematic
cross-section of the structure is shown in the inset in Figure 7.5. In Figure 7.5 (a)
and Figure 7.5 (b), the scattering efficiency and absorptionefficiency are shown for
wavelengths from 300 nm to 1100 nm. Values ofQsca andQabs above unity in-
dicate the appearance of LSPP resonances. For small radii, only a dipolar LSPP
resonance is exhibited, which shifts to longer wavelengthswith increasing base ra-
dius of the nanostructures. For radii smaller than 50 nm, theQabs dominates and for
wavelengths larger than 50 nm, theQsca clearly dominates. For radii from 10 nm
to 100 nm, the maximum inQsca increases and for larger radii, it decreases gradu-
ally while additional multipolar LSPP resonances appear atshorter wavelengths. In
addition, with increasing radius, the LSPP resonances shift to longer wavelengths.
Overall, the identified radius-dependent trends of the simulatedQsca andQabs are
similar to the trends of hemispherical Ag nanostructures embedded in a ZnO:Al half-
space (see Section 5.2).
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Figure 7.5: (a) Simulated scattering efficiency (Qsca) and (b) absorption efficiency
(Qabs) of isolated ellipsoidal Ag nanostructures on Ag surfaces covered by an 80 nm
thick ZnO:Al layer. The radius of the nanostructure is varied from 20 nm to 300 nm
and the height is set to 75% of the corresponding radius.

Simulated Reflectance Spectra vs. Measured Reflectance Spectra of Back
Contacts with Non-Ordered Plasmonic Nanostructures in Air In order to
derive the diffuse reflectance and the total reflectance spectra from the above presen-
ted simulations, the simulated spectra ofQsca andQabs of the half-ellipsoidal nano-
structures were weighted with an area-weighted base radiusdistribution of each type
of plasmonic back contact (c.f. Figure 7.3 and Figure 7.3). The resulting simulated
diffuse reflectance spectra are shown for wavelengths from 300 nm to 1100 nm in Fig-
ure 7.6 (a). For comparison, the measured diffuse reflectance spectra of the five types
of Ag back contacts are replotted in Figure 7.6 (c). It is shown that both the simulated
and measured diffuse reflectance spectra increase gradually over the total wavelength
range with increasing average base radius of the nanostructures on the back contacts
(indicated by the arrow). The shift of the maxima of the measured diffuse reflectance
to longer wavelengths with increasing base radius of the nanostructures is reproduced
in the simulated data. Since the simulated diffuse reflectance spectra are calculated
from spectra of LSPP resonances, the enhanced diffuse reflectance of the Ag back
contact is attributed to an enhanced LSPP-induced scattering of incident light at the
nanostructures. Furthermore, the simulated shift of the LSPP-induced light scattering
with increasing radius of the Ag nanostructure correlates well with the shift of the
measured diffuse reflectance maxima to longer wavelengths (see Figure 7.5). The
deviation in the total values of the measured and simulated diffuse reflectance as well
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Figure 7.6: (a) Simulated diffuse reflectance, (b) simulated total reflectance, (c) meas-
ured diffuse reflectance and (d) measured total reflectance of five types of Ag back
contacts with various distributions of non-ordered nanostructures.

as the redshift of the simulated spectra are attributed to the strong simplifications ap-
plied to derive the simulated diffuse reflectance spectra. Of particular relevance in
this regard are the strong assumptions regarding the shape of the nanostructures and
the neglected coupling between adjacent nanostructures.
The simulated and measured total reflectance of the five typesof Ag back contacts
with non-ordered nanostructures are shown in Figure 7.6 (b)and Figure 7.6 (d), re-
spectively. For all measured total reflectance spectra, a prominent minimum is located
at wavelengths around 500 nm. In addition, these minima exhibit an absorption tail
that ranges into the long wavelength range. With increasingaverage base radius of the
nanostructures of the five types of back contact (from Type A to Type E) the minimum
at wavelengths around 500 nm decreases in the measured data.For the simulated total
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reflectance spectra, this minimum is only weakly pronouncedfor the Type A, Type B
and Type C back contact where it is shifted to longer wavelengths. The correspond-
ing deviation between simulated and measured total reflectance is attributed to the fact
that the SPP-induced optical losses are underrated in the simulated total reflectance
spectra. In fact, the simulated total reflectance spectra are derived from simulations
of isolated half-ellipsoidal Ag nanostructures. For isolated Ag nanostructures, a very
efficient coupling of light to LSPPs was shown (see Figure 7.5). However, the coup-
ling of incident light to SPPs is not efficient. Thus, the SPP-induced optical losses for
textured Ag surfaces covered by ZnO:Al at wavelengths between 400 nm and 550 nm
(see Section 6.1.2) are not considered in the simulated total reflectance spectra.

7.2.2 Light Scattering into theµc-Si:H Absorber Layer

The diffuse reflectance spectra and angular scattering intensity distributions of Ag
back contacts with non-ordered nanostructures withinµc-Si:H thin-film solar cells are
to be determined for the understanding of the light-trapping effect. Since it is not pos-
sible to measure the scattering angles or scattering intensity of scattered light within
theµc-Si:H absorber layer itself, three-dimensional electromagnetic simulations were
applied. Due to the reasonable agreement between measured and simulated diffuse
reflectance of the plasmonic back contacts in air, it is expected that the simulations
of Ag back contacts within theµc-Si:H absorber layer provide realistic scattering and
diffuse reflectance.
Similar to the previous section, the simulatedQsca and the angular scattering intens-
ity distributions of isolated Ag nanostructures on Ag back contacts are weighted with
the area-weighted base radius distribution of each type of plasmonic back contact
(presented in Figure 7.4 (a)). The simulated half-ellipsoidal Ag nanostructures are
covered with an 80 nm thick ZnO:Al layer and aµc-Si:H half-space, representing the
layer stack at the rear side of aµc-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 withNon-Ordered Plas-
monic Nanostructures Covered with 80 nm ZnO:Al inµc-Si:H In Figure 7.7,
the simulated diffuse reflectance spectra of the five types ofplasmonic Ag back
contacts with non-ordered plasmonic nanostructures are shown for wavelengths from
300 nm to 1100 nm. It is observed that the diffuse reflectance increases over the total
wavelength range with increasing average base radius of thenanostructures. The av-
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Figure 7.7: Simulated diffuse reflectance of the five types ofAg back contacts at the
rear side of a thin-film silicon solar cell.

erage base radius is smallest for the Type A back contact and largest for the Type E
back contact (see Figure 7.4 (a)). Aside from the Type A back contact, incident light
is scattered within the total operational wavelength rangeof the back contact of a
µc-Si:H thin-film solar cell (500 nm< λ < 1100 nm). The Type A back contact and
the Type B back contact exhibit Ag nanostructures of radii smaller than 150 nm (c.f.
Figure 7.4). For these radii, the LSPP-induced light scattering at half-ellipsoidal Ag
nanostructures covered by ZnO:Al exists only for wavelengths smaller than 900 nm
(c.f. Figure 7.5 (a)).
Similar to the diffuse reflectance spectra of the plasmonic Ag back contacts in air
(c.f. Section 7.2.1), the highest diffuse reflectance is found for the Type D back con-
tact and the Type E back contact. However, the absolute values of simulated diffuse
reflectance of the plasmonic back contacts covered by theµc-Si:H layer are much
smaller than those in air. In Section 5.2.4, it was shown thatthe dielectric layer
stack at the rear side of theµc-Si:H solar cell, i.e. the thickness of the ZnO:Al layer,
strongly influences theQsca of half-spherical nanostructures on Ag back contacts. In
particular, for ZnO:Al thicknesses of around 80 nm, theQsca was strongly reduced
for wavelengths between 700 nm and 1100 nm in comparison withlarger ZnO:Al
thicknesses. It shall be noted that the evaluation of the diffuse reflectance of plas-
monic Ag back contacts in air can be very misleading. The diffuse reflectance and
scattering angle distribution, which are determined by LSPP-induced light scatter-
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ing, strongly depend on the dielectric material in the vicinity of the nanostructures
(see Section 5.2). As a result, the simulated diffuse reflectance of the back contacts
in a thin-film silicon solar cell is strongly reduced when compared with the diffuse
reflectance simulated for the back contacts in air (c.f. Figure 7.6 (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 the scattering of incident light into
large angles in theµc-Si:H absorber layer ofµc-Si:H thin-film solar cells. From the
simulated data, the angular scattering intensity distribution of the Ag back contacts
with non-ordered Ag nanostructures is evaluated. To give anexample, in Fig-
ure 7.8 (a), the normalized scattering intensity distribution of light scattered at the
Type D back contact is shown as a function of the scattering angle in theµc-Si:H layer
and the wavelength. The considered wavelength range is set to the operating spectral
range of the back contact (500 nm< λ < 1100 nm). It is shown that the incident light
at the back contact is scattered into a broad angle distribution in theµc-Si:H absorber
layer of the thin-film silicon solar cell (see Figure 7.8 (a)). A substantial amount of
the scattered light is scattered to large angles. In order tocompare the light scattering
at the five types of plasmonic Ag back contacts with non-ordered Ag nanostructures,
in Figure 7.8, the average absorption, diffuse reflectance and specular reflectance are
shown for the five types of back contacts with non-ordered nanostructures. The frac-
tions of the diffusively reflected light which are scatteredbeyond the total internal
reflection angle of a flatµc-Si:H/ZnO:Al interface and a flatµc-Si:H/air interface are
given. The data was averaged over the operational wavelength range of the back con-
tact in aµc-Si:H thin-film solar cell (500 nm< λ < 1100 nm). For all back contacts
investigated, a large amount of incident light is reflected specularly. This is an in-
dication for a low light trapping in solar cells with these back contacts. The amount
of diffusively reflected light at the back contacts increases from the Type A back
contact to the Type E back contact. Moreover, the amount of incident light which
is scattered beyond the critical total internal reflection angles at a flatµc-Si:H/air
or µc-Si:H/ZnO:Al interface, increases from the Type A back contact to the Type E
back contact. Consequently, we expect the best light trapping for the back contact
of Type E and Type D. To give an example, for the Type D back contact 24% of the
incident light are reflected diffusively, whereof 15% and 10% of the incident light
are scattered to angles beyond the total internal reflectionangle of a flatµc-Si:H/air
andµc-Si:H/ZnO:Al interface, respectively. Thus, the relativeamount of diffusively
reflected light which is reflected to large angles is significant. Nevertheless, due to
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Figure 7.8: (a) Angular scattering intensity distributioninto µc-Si:H of the Type D Ag
back contact with non-ordered nanostructures. (b) Simulated diffuse reflectance of
the Type D back contact. Total diffuse reflectance and the fraction thereof indicating
the amount of the light scattered beyond the total internal reflection angle of a flat
µc-Si:H/ZnO:Al interface and a flatµc-Si:H/air interface.

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

Simulated Absorptance of Ag Back Contacts with Non-OrderedNanostructures
In addition to the specular and diffuse reflection, the average absorptance of incident
light in the five types of plasmonic Ag back contacts with non-ordered Ag nanostruc-
tures is shown in Figure 7.8 (b). While the fraction of diffusively reflected light is
smallest for the Type A back contact, the average absorptance is maximal for this
back contact. Due to the small radius of the Ag nanostructures at the Type A back
contact, the LSPP resonances in these nanostructures induce strong absorption losses
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as explained in Section 5.2. For nanostructures of radii smaller than around 80 nm
which are mostly existent for the Type A back contact, the highest values ofQabs

are shown in Figure 7.6 (b). With increasing radius of the nanostructures on the back
contacts, the absoprtance decreases from the Type A back contact to the Type C back
contact. As the radius of the nanostructures on these types of back contacts increases,
theQabs of these nanostructures decreases (see Section 5.2). For the Type D and
Type E back contacts, the absorptance increases with respect to the Type C back con-
tact. These back contacts are most promising for light trapping as they exhibit the
highest diffuse reflection. The increase in absorption of the Type D and Type E back
contact is attributed to the increase in surface coverage ofnanostructures on these
back contacts as well as the appearance of absorptive multipolar resonances for radii
larger than 150 nm at wavelengths larger than 500 nm.

7.3 Prototypeµc-Si:H Thin-Film Solar Cell

The light trapping ofµc-Si:H solar cells in n-i-p configuration deposited on the
Type D Ag back contact with non-ordered nanostructures is studied. The Type D
back contact exhibits an average nanostructure base radiusof around 300 nm and a
strongly enhanced diffuse reflectance for wavelengths longer than 500 nm. For these
wavelengths incident light reaches the rear side of a thin-film silicon solar cell (see
Figure 7.7). An approximately 1.1 µm thickµc-Si:H solar cell in n-i-p configuration
was deposited by plasma enhanced chemical vapor depositionon the Type D Ag back
contact and, for comparison, on a flat back contact and a randomly textured Ag back
contact. For details on the preparation of the solar cells and the randomly textured
back contact, see Section 2.1.1 and [45]. A schematic cross-section of the complete
solar cell design is shown in Figure 7.1 (e). All solar cells shown here were deposited
in the same deposition run.
In Figure 7.9 (a), the measuredEQE spectra of the threeµc-Si:H solar cells depos-
ited on the flat back contact, the random texture back contact, and the Type D Ag back
contact with non-ordered nanostructures are shown. For wavelengths from 520 nm
to 1100 nm, theEQE of the solar cell deposited on the Type D back contact is sig-
nificantly enhanced in comparison with theEQE of the solar cell deposited on the
flat back contact. This enhancement shows that due to LSPP-induced light scattering
at the Ag back contact with non-ordered nanostructures, a substantial amount of in-
cident light is guided inside theµc-Si:H absorber layer of the solar cell. This leads to
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Figure 7.9: External quantum efficiency (EQE) of threeµc-Si:H solar cells in n-i-p
configuration codeposited on the flat back contact, the random texture back contact,
and the Type D back contact with non-ordered Ag nanostructures.

an enhanced generation of charge carriers and, in turn, an enhancement ofJsc from
18.4 mA/cm2 to 20.5 mA/cm2. However, theEQE as well asJsc of the solar cell
applying the state-of-the-art random texture for light trapping is even larger. Thus,
for the given nanostructure distributions at the Type D backcontact, the light trapping
is not competitive with the state-of-the-art texture for light trapping. Similar results
have been reported in the literature for textured Ag back contacts [181, 216]. How-
ever, in this study very regular shapes of nanostructures have been investigated which
allowed an in-depth analysis of the LSPP-induced light scattering. Most important,
for the first time, it was shown that the enhanced diffuse reflectance of the Ag back
contacts in air correlates well to LSPP-induced light scattering at the non-ordered Ag
nanostructures. The low light-trapping effect of the solarcells with Ag back contacts
with non-ordered nanostructures is attributed to the low diffuse reflectance of incident
light at the Type D back contact into theµc-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 contacts with non-ordered Ag
nanostructures in aµc-Si:H thin-film solar cell prototype was studied. A simple
way of fabricating non-ordered plasmonic nanostructures on Ag back contacts was
presented. Non-ordered Ag nanoparticles, which were prepared via thermally-
induced agglomeration of Ag films, were coated with a Ag layerand an 80 nm
thick ZnO:Al layer. Back contacts with various Ag nanostructure distributions were
prepared. Their Ag nanostructures exhibited half-ellipsoidal shape with base radii
between 10 nm and 700 nm.
Three-dimensional electromagnetic simulations were applied to study the reflectance
spectra of five types of Ag back contacts with non-ordered nanostructures. Measured
reflectance spectra of the back contacts in air were comparedwith reflectance spectra
calculated from optical simulations of LSPP resonances in isolated nanostructures
on Ag back contacts. Due to a qualitatively good agreement between the measured
and simulated reflectance spectra of the various types of Ag back contacts with non-
ordered nanostructures, the enhanced diffuse reflectance of the back contacts was
attributed to LSPP-induced light scattering at the nanostructures on the back contact.
In addition, based on optical simulations, the light scattering at the plasmonic Ag
back contacts into theµc-Si:H absorber layer of a thin-film silicon solar cell was
discussed. The diffuse reflectance of the plasmonic back contacts covered with
µc-Si:H was below 35% for all types of realized back contacts.
A µc-Si:H solar cell in n-i-p configuration fabricated on one type of plasmonic Ag
back contact showed a significantly enhancedEQE for wavelengths longer than
500 nm when compared with a flat solar cell. The correspondinglight-trapping
effect was attributed to LSPP-induced light scattering at nanostructures on the back
contact. However, in comparison with the random texture back contacts, the light
trapping produced by the Ag back contact with non-ordered nanostructures was low.
Most probably due to the low diffuse reflection of light at theAg back contacts with
non-ordered nanostructures, the overall light trapping was low. Based on future
simulation-based optimizations of the shape, size as well as embedding layer stack
of the Ag nanostructures, an additional improvement potential of the light-trapping
effect should be researched.



Chapter 8

Plasmonic Reflection Grating
Back Contacts

This chapter reports on the prototyping and the optical simulation of µc-Si:H thin-
film solar cells applying plasmonic reflection grating back contacts. The plasmonic
reflection grating back contacts are formed by Ag nanostructures which are arranged
in a square lattice at the back contact of the solar cell. In the first section, the elec-
trical and optical characteristics of prototype µc-Si:H solar cells deposited on the
plasmonic reflection grating back contacts are compared with reference solar cells
deposited on flat back contacts and on randomly textured backcontacts. Based on
the optical simulations of plasmonic reflection grating back contacts, the light trap-
ping is explained from the perspective of geometrical optics. In the second section,
full three-dimensional electromagnetic simulations of entire solar cell prototypes ap-
plying plasmonic reflection grating back contacts are presented. An excellent agree-
ment between simulated and measured spectral response of the prototype solar cells
is presented. This agreement allowed a simulation based optimization of the geomet-
ric parameters of the plasmonic reflection grating back contact. In the last section,
the light-trapping effect caused by the plasmonic reflection grating back contact is
explained from the perspective of leaky waveguides. Parts of the results presented in
this chapter have previously been published in [173,217].
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Figure 8.1: (a) Schematic cross-section ofµc-Si:H type solar cells in n-i-p configura-
tion deposited on a plasmonic reflection grating back contact. The three-dimensional
layer stack of the front contact and reflection grating back contact is shown schemat-
ically in (b) and (c), respectively.

8.1 Prototypeµc-Si:H Thin-Film Solar Cell

In order to demonstrate the light trapping caused by plasmonic reflection grating back
contacts,µc-Si:H solar cells in n-i-p configuration with an active cell area of 0.25 cm2

were fabricated (see Figure 8.1). The performance of the solar cells deposited on a
flat reference substrate, a randomly textured substrate andnano-imprinted patterned
substrates with square lattice arranged nano-cubes are compared. The flat solar cell
serves as a reference solar cell without light trapping. Thesolar cell deposited on
the randomly textured back contact is the best reference solar cell which applies the
state-of-the-art random texture for light trapping (see Section 3.2 and [45,158,160]).

8.1.1 Back Contact and Solar Cell Preparation

Preparation of the Plasmonic Reflection Grating Back Contact The pat-
terned substrates with square lattice arranged nano-cubesare formed by a nanoim-
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Figure 8.2: (a) Schematic figure of the nanoimprinted substrate with square lattice
arranged cubic nanostructures as well as the Ag surface. (b)-(c) Scanning electron
microscopy image of the surfaces of the plasmonic reflectiongratings of various peri-
ods.

print process using a soft polymer mold (see Section 4). On top of the 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 conformal deposition of Ag,
the Ag surface reveals half-ellipsoidal nanostructures ofradii of around 110 nm and
height of around 80 nm, forming the plasmonic reflection grating back contact sur-
face. In Figure 8.2, the Ag surface of the plasmonic reflection grating back contacts
prior to the deposition of the ZnO:Al is shown for various periods. For the reference
solar cells, a flat Ag/ZnO:Al back contact and a Ag/ZnO:Al back contact with the
state-of-the-art random texture for light trapping was prepared. The reference sub-
strate with the randomly textured back contact was preparedby wet-chemical etching
of rf-sputtered ZnO:Al for 40 s in 0.5 w/w% HCl, resulting in aroot mean square
roughness of 139 nm (see Section 3.2).

Preparation of µc-Si:H Thin Film Solar Cell On top of the three types of back
contacts, aµc-Si:H thin-film solar cell in n-i-p configuration was deposited by plasma
enhanced chemical vapor deposition (for details see Section 2.1.1) The thicknesses
of the n-doped, intrinsic and p-dopedµc-Si:H layer are around 15 nm (± 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 with Ag finger electrodes
were deposited. A schematic cross-section of the complete solar cell is shown in Fig-
ure 8.1. The geometrical data therein is taken from scanningelectron microscopy im-
ages of the solar cell cross-section (prepared by focused ion beam) as well as atomic
force microscopy measurements of the interfaces in betweendifferent preparation
steps. Due to the non-conformal growth of theµc-Si:H layers, the nanostructure of
the substrate is leveled and broadened significantly at the front side of the solar cell.
Thus, instead of protrusions of radius of 110 nm and height of80 nm, at the front
side of the solar cell the periodic half-ellipsoidal structures 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 measuredEQE spectra of the threeµc-Si:H solar cells deposited
in the same conditions on a flat back contact, a back contact with the state-of-the-art
random texture for light trapping, and a plasmonic reflection grating back contact
with square lattice period of 500 nm are shown. For wavelengths from 550 nm to
950 nm, theEQE of the solar cell deposited on the plasmonic reflection grating
back contact is significantly enhanced in comparison with theEQE of the solar cell
deposited on the flat back contact. This enhancement shows that the plasmonic re-
flection grating back contact is capable of guiding a substantial amount of incident
light inside theµc-Si:H absorber layer of the solar cell, leading to an enhanced gen-
eration of charge carriers. This corresponds to aJsc enhancement from 17.7 mA/cm2

to 21.0 mA/cm2. As a comparison, the highestJsc measured at a reference solar cell
deposited on the randomly textured back contact is only 20.8mA/cm2. Particularly in
the wavelength range from 580 nm to 800 nm, the solar cell applying the plasmonic
reflection grating back contact exhibits a strongly enhanced averagedEQE which
indicates an enhanced light trapping in comparison with thesolar cell applying the
state-of-the-art random texture.
A qualitatively similar enhancement inEQE as described for the plasmonic reflec-
tion grating period of 500 nm was found for plasmonic reflection grating back contact
of larger periods of 600 nm, 800 nm and 1000 nm. In Table 8.1, the corresponding
Jsc are shown. The largest enhancement ofJsc for the given solar cell structures is
found for a period of 500 nm. Only for this period, an enhancement ofJsc in compar-
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Figure 8.3: (a) External quantum efficiency (EQE), (b) total reflectance (Rtot) and
(c) non-specular reflectance (Rnon−spec) of µc-Si:H solar cells in n-i-p configuration
applying a flat back contact, a back contact with the state-of-the-art random texture
for light trapping and a plasmonic reflection grating back contact (period of 500 nm).

ison with the solar cells deposited in the same conditions onthe back contact with the
state-of-the-art random texture for light trapping is observed. With increasing period,
the measuredJsc decreases. This decrease is attributed to two reasons. First, the sur-
face coverage of the scattering Ag nanostructures decreases with increasing period.
Second, the angles of the diffraction orders of the plasmonic reflection grating de-
crease with increasing period, resulting in less efficient light trapping. This trend has
been described in detail in Section 5.3.

Reflectance In order to investigate the light trapping in the solar cellsdepos-
ited on the plasmonic reflection grating back contact and therandomly textured back
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contact, the measured total and non-specular reflectance ofthe corresponding solar
cells are compared in Figure 8.3 (b) and Figure 8.3 (c), respectively. For the solar
cell deposited on the randomly textured back contact, most of the reflected light is
diffusively reflected. For this solar cell, the light trapping is caused by light scatter-
ing at the randomly textured interfaces into broad angle distributions in theµc-Si:H
absorber layer. Consequently, theEQE exhibits much less pronounced interference
fringes than the flat solar cell and the light reflected from the solar cell is mostly re-
flected diffusively (i.e., the light is reflected non-specularly). In contrast, the light
reflected at the solar cell deposited on the plasmonic reflection grating back con-
tact is mostly reflected specularly. Similar to the flat solarcell, theEQE exhibits
well-pronounced interference for wavelengths larger than500 nm. In conclusion,
theEQE and reflectance clearly show that the light trapping effect caused by the
plasmonic reflection grating back contact differs conceptually from 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 the light trapping effect and
possible enhancement ofJsc, it needs to be ensured that the other solar cell paramet-
ers are not affected. Other than theJsc, theFF and theVoc are directly proportional
to the efficiency of a solar cell. A substrate dependent change in the growth of the
µc-Si:H material that affects in particular theFF andVoc was reported in the literat-
ure [202,203]. In Table 8.1, all solar cell parameters for the solar cells investigated in
this section are shown. The flat reference solar cell and the solar cell deposited on the
plasmonic reflection grating back contact have been co-deposited. Due to the very
similar Voc of these solar cells, it is evidenced that the electric characteristics and,
in turn, the material properties of theµc-Si:H absorber layer of these solar cells are
comparable. This has been confirmed additionally by Raman measurements which
showed very similar crystallinities for theµc-Si:H materials. The differences in the
surfaces of the flat and plasmonic reflection grating back contacts are small, as the
nanostructures are flat when compared with the randomly textured back contact. For
this reason, the growth and material quality of theµc-Si:H layers is comparable in
the solar cell deposited on the flat back contact and plasmonic reflection grating back
contacts. However, for the reference solar cell deposited on the randomly texture
back contact, theVoc is enhanced by around 15 mV. This enhancement ofVoc can be
observed for all reference solar cells. It is expected that the growth of theµc-Si:H
material on the back contacts differs for the random textureand the flat texture of the
back contact. This results in a change ofVoc of the solar cell [202,203].



8.1 Prototypeµc-Si:H Thin-Film Solar Cell 113

Several of the solar cells deposited on the plasmonic reflection grating back contact
suffer from shunts and, in turn, a decreased shunt resistance. As a result, for most of
the solar cells deposited on the plasmonic reflection grating back contact, theFF is
decreased in comparison with the flat solar cell. However, for the solar cell deposited
on the plasmonic reflection grating of a period of 500 nm, a similar FF is observed
as measured for the flat reference solar cell. In conclusion,the electrical properties of
the solar cells deposited on the plasmonic reflection gratings did not deteriorate signi-
ficantly. µc-Si:H solar cells with enhancedJsc, highFF and highVoc 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 independent series ofµc-Si:H
solar cells. In order to avoid an overestimation of the lighttrapping caused by the
plasmonic reflection grating back contact, theEQE andJsc shown in this chapter are
compared with the best results measured for solar cells witha back contact with the
state-of-the-art random texture for light trapping (deposited at the same conditions).

type of plasmonic reflection grating with period: flat random
back contact 500 nm 600 nm 800 nm 1000 nm texture
Jsc [mA/cm2] 21.0 19.9 18.66 18.28 17.7 20.8
Voc [mV] 486 485 481 487 486 498
FF 0.715 0.658 0.661 0.639 0.714 0.696

Table 8.1: Short-circuit current density (Jsc), open-circuit voltage (Voc) and fill factor
(FF ) of µc-Si:H solar cells in n-i-p configuration with integrated plasmonic reflection
grating back contacts of various periods and for comparisonwith a flat back contact
and a back contact with the state-of-the-art random texturefor light 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 cross-sections of the two
solar cells deposited on a back contact with the state-of-the-art random texture for
light trapping and a plasmonic reflection grating back contact of period of 500 nm
are shown, respectively. The cross-sections have been prepared with a focused ion
beam. Due to the material dependent interaction of the incident electron beam with
the specimen, the SEM images show a layer dependent materialcontrast. From the
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Figure 8.4: Scanning electron microscopy image of a cross-section ofµc-Si:H solar
cells in n-i-p configuration applying (a) a back contact withthe state-of-the-art ran-
dom texture for light trapping and (b) a plasmonic reflectiongrating back contact
(period of 500 nm). The cross-section was prepared by focused ion beam. In addi-
tion, the light propagation in the solar cell is illustrated.

cross-section images, two-dimensional information on thegrowth of the solar cell
layers on the different types of back contact is derived. Comparing the solar cell de-
posited on the randomly textured back contact and the plasmonic reflection grating
back contact, the difference in the geometrical structure is observed. The Ag nano-
structures of the plasmonic reflection grating back contactare arranged periodically
and they are relatively small compared with the large structures 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 solarcells. Although near-field
effects are a constitutive element of light-scattering interfaces in the solar cells under
study, it is possible to explain the fundamentals of the light trapping by light propa-
gation in the solar cell with geometrical optics. For the solar cells deposited on the
randomly textured back contact, light trapping is caused bythe scattering of incident
light off the randomly textured interfaces into broad angledistributions in theµc-Si:H
absorber layer [160]. The light scattering occurs both at the front and back contact of
the solar cell resulting in a light path enhancement in theµc-Si:H absorber layer of
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Figure 8.5: (a) Schematic cross-section of the simulated layer stack representing the
plasmonic reflection grating back contact. (b) Non-specular reflectance (Rnon−spec),
specular reflectance (Rspec) and absorptance (A) calculated from three-dimensional
simulations of the plasmonic reflection grating back contact. (c) Scattering intensity
distribution of the diffracted light at the plasmonic reflection grating as a function
of the scattering angle and the wavelength. Light scatteredbeyond the total internal
reflection angle ofµc-Si:H/air (red line) will be reflected totally at a perfectlyflat
front side of the solar cell.
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the solar cell. As a result, theEQE and, in turn, theJsc of the solar cell are enhanced.
For the solar cell deposited on the plasmonic reflection grating, only a small portion
of incident light is scattered at the front interface. Lighttrapping in these devices is
exhibited by the scattering of incident light at the plasmonic reflection grating back
contact. In Section 5.3, it was shown that plasmonic reflection gratings diffracts in-
cident light with high efficiency at the back contact of a thin-film silicon solar cell
into large angles in the silicon absorber layers. These simulations have been repeated
for the geometry realized in the prototype under study.
In Figure 8.5, the simulated absorptance, specular reflectance and non-specular
reflectance as well as the simulated scattering intensity distribution of the non-
specularly reflected light of the plasmonic reflection grating back contact in the above
investigated prototypes is shown. The period is set to 500 nm. Figure 8.5 (b) shows
that in the entire wavelength range of interest from 500 nm to1100 nm, a substan-
tial amount of incident light at the back contact is reflectednon-specularly. This
non-specularly reflected light is diffracted into diffraction orders of the grating. In
particular, for wavelengths between 580 nm and 800 nm more than 35% of incident
light is reflected non-specularly and the absorption at the back contact is less than
12% for all wavelengths. In the same spectral range, the solar cell applying the plas-
monic reflection grating back contact exhibits an enhancedEQE in comparison with
the solar cell applying the state-of-the-art random texture (see Figure 8.3 (a)). Due
to the grating, the scattering angles of the back contact aredefined by the diffraction
orders. In Figure 8.5 (c), the normalized scattering intensity into these diffraction or-
ders is shown as a function of the wavelength and scattering angle. For wavelengths
longer than 500 nm, the minimum scattering angles of all diffraction orders are larger
than the total reflection angle of a flatµc-Si:H/air interface.
As a result, the light path of the light scattered into the diffraction orders in the in-
trinsic µc-Si:H layer of a thin-film silicon solar cell is enhanced twofold. First, the
light path is simply enhanced by the scattering angle. Second, considering the nearly
flat front interface of the solar cell, incident light which is diffracted at the plasmonic
reflection grating back contact to angles beyond the angle oftotal reflection of the
µc-Si:H/air interface will be reflected totally at the front side. The resulting enhanced
light path leads to an enhancedEQE andJsc. Furthermore, due to the reciprocity of
all light paths, such light reflected totally at the front side will be either reflected or
diffracted antiparallel to normal incidence at its second incidence on the plasmonic
reflection grating back contact (see Figure 8.4). For this reason, the reflected and
reemitted light from the solar cell deposited on a plasmonicreflection back contact
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must be specular. This finding correlates well with the measured reflectance spectra
of both types of solar cells, shown in Figure 8.3. For the solar cells deposited on
the plasmonic reflection grating back contact almost no non-specular reflectance is
found, which is in contrast to the state-of-the-art light trapping.

8.2 Optical Simulations of the Solar Cells

In the previous section, prototypes ofµc-Si:H solar cells in n-i-p configuration ap-
plying plasmonic reflection grating back contacts were shown. An introduction into
the simulation method was presented in Section 2.4.2. In this section, full three-
dimensional electromagnetic simulations of entire solar cell prototypes applying
plasmonic reflection grating back contacts are presented. An excellent agreement
between simulated and measured spectral response of the prototype solar cells is
presented. This agreement allowed a simulation based optimization of the geometric
parameters of the plasmonic reflection grating back contact.

8.2.1 Optical Simulations of the Prototype Solar Cells

Two types ofµc-Si:H prototype solar cells in n-i-p configuration are simulated: (i) flat
solar cells and (ii) solar cells applying plasmonic reflection grating back contacts.
Cross-sections of these solar cell designs are shown in Figure 8.6 (a) and Fig-
ure 8.6 (d), respectively. The geometrical data therein is taken from the prototype
preparation, SEM images of the prototypes cross-sections as well as AFM measure-
ments of the interfaces in between different preparation steps of the solar cell. Within
the geometrical uncertainties described in Section 8.1.1,the layer thicknesses have
been set such that the simulatedEQE fits best to the experimentalEQE of the flat
solar cell.
In order to illustrate the simulated electric field, the absolute electric field is given
in a cross-section of a solar cell applying a flat back contactin Figure 8.6 (b)-(c)
and a plasmonic reflection grating back contact of 500 nm period in Figure 8.6 (e)-
(f). For both solar cells, the absolute electric field is shown in a plane parallel and a
plane perpendicular to the polarization of the incident electromagnetic wave at nor-
mal incidence. This electromagnetic wave is polarized parallel to the grating vector
of the square lattice unit cell of the plasmonic reflection grating back contact. It has
a wavelength of 720 nm and an electric field strength of 1 V/m. For the flat solar cell
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Figure 8.6: Schematic cross-section of theµc-Si:H solar cell deposited on (a) a flat
back contact and (d) a plasmonic reflection grating back contact of 500 nm period.
Simulated absolute electric field in the plane perpendicular and the plane parallel
to the polarization of the incident electromagnetic wave in(b),(c) and (e),(f), respect-
ively. The incident electromagnetic wave has a wavelength of 720 nm and is polarized
parallel to the grating vector of the square lattice unit cell of the grating.

the electric field is identical in both planes. It is solely determined by the Fabry-Perot
interferences created by the dielectric layer stack of the solar cell and the highly re-
flecting Ag back contact. In contrast, for the solar cells deposited on the plasmonic
reflection grating back contact, the electric field exhibitsa three dimensional pattern
due to the diffraction of incident light at the grating. It shall be noted that for the
plane parallel to the polarization of the incident light, the enhanced electric-fields in
the vicinity of the nanostructure indicate the LSPP resonance of the nanostructure
(see Section 5.3 and Section 5.1). As expected, for the planeperpendicular to the
polarization of the incident electromagnetic wave, this enhancement of the electric
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Figure 8.7: Simulated (red or blue line, open squares) and measured (black line)
external quantum efficiency (EQE) of a µc-Si:H solar cell in n-i-p configuration
deposited on a flat substrate. (a) The simulatedEQE is shown for a single solar cell
layer stack. (b) The simulatedEQE is shown for a simple moving average with a
final resolution of 10 nm of three solar cell layer stacks. Theintrinsic µc-Si:H layer
thickness of 1082 nm is varied by± 25 nm.

field is not existing as the plasmonic resonance oscillates in plane 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 three-dimensional layer specific
absorption profiles assuming a perfect collection of the generated charge carriers in
the intrinsicµc-Si:H layer and collection efficiency of 50% in the n-dopedµc-Si:H
layer. In Figure 8.7 (a), the simulatedEQE data of a single flatµc-Si:H solar cell
is compared with experimentalEQE data. The data is shown for wavelengths from
300 nm to 1100 nm. A very good agreement between the experimentalEQE and the
simulation of a single solar cell is shown for theEQE in the wavelength range from
300 nm to 550 nm. For longer wavelengths, due to the lower absorption in µc-Si:H,
incident light reaches the back contact and interferences appear in theEQE due to
the flat solar cell layer stack. In the simulated data, only the spectral position of the
interferences is comparable with the experimentalEQE. The modulation depth of
the interferences in the simulatedEQE data strongly exceeds the modulation depth
of the interferences in the experimentally measuredEQE. There are three reasons for
this deviation: Firstly, the spectral resolution of theEQE measurement setup used
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in this work is around 10 nm (see Section 2.1.3). Thus, the very steep modulations
of bandwidth of similar size than the resolution of the measurement setup can not
be resolved accurately. Secondly, the deposition of the dielectric layers in theµc-
Si:H solar cell layer stack is inhomogeneous. As the maximumspot diameter of the
EQE measurement setup is of around 3 mm, a modulation of the layerthicknesses
over the spot size needs to be considered when comparing simulatedEQE data with
experimental values. Thirdly, due to a residual roughness of the flat ZnO:Al substrate
and a growth-induced roughness of theµc-Si:H layer, the solar cell deposited on a flat
substrate is not perfectly flat. The residual roughness in the 10 nm range reduces the
modulation depth of the interference fringes in theEQE. One way to compensate
for the deviation between the simulated and experimentalEQE is to average the
simulatedEQE data of the flat solar cells of various layer thicknesses. Forthis
reason, the simulatedEQE data of threeEQE spectra of flatµc-Si:H solar cells with
i-layer thicknesses of 1082 nm± 25 nm is averaged. In addition, a simple moving
average of 10 nm spectral width was applied to consider the resolution of theEQE

measurement setup. The resulting averaged simulatedEQE is in excellent agreement
with the measuredEQE 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 simulatedEQE data ofµc-
Si:H solar cell in n-i-p configuration deposited on a plasmonic reflection grating back
contact is compared with experimental data (schematic cross-section in Figure 8.6).
Except for the change in the surface texture the same geometrical parameters and
optical data were applied as used for the flat solar cell. In Figure 8.8 (a), theEQE

data of a single simulation at a fixed intrinsicµc-Si:H layer thickness of 1082 nm is
shown. Similarly to the simulatedEQE data of flat solar cells, a very good agreement
between simulated and experimentalEQE data is shown for wavelengths smaller
than 550 nm. For longer wavelengths, the positions of the interferences are repro-
duced in the simulations. In contrast to the flat solar cell, the simulatedEQE data
of the solar cell applying a plasmonic reflection grating back contact reveals very
sharp resonances. For these resonances, high enhancementsof the electric field are
observed in the intrinsicµc-Si:H layer, which are attributed to the resonant coup-
ling of incident light into waveguide modes of the periodic solar cell design. In the
case of a plasmonic reflection grating back contact, the grating at the back contact
allows the incident light to couple to the waveguide modes ofthe solar cell layer
stack. A detailed analysis of these modes is the subject of the following Section 8.3.
As the bandwidth of these modes is very narrow (from 2 nm to 6 nm), they cannot
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Figure 8.8: Simulated (red or blue line, open squares) and measured (black line)
external quantum efficiency (EQE) of a µc-Si:H solar cell in n-i-p configuration
deposited on a plasmonic reflection grating back contact of period of 500 nm. (a)
The simulatedEQE is shown for a single solar cell layer stack. (b) The simulated
EQE is shown for a simple moving average with a final resolution of10 nm of three
solar cell layer stacks. The intrinsicµc-Si:H layer thickness of 1082 nm is varied by
± 25 nm.

be resolved in the measuredEQE data. Thus, in order to compensate for the ex-
perimental imprecisions, similarly to the case of the flat solar cell, a simple moving
average of averagedEQE spectra of three simulated solar cells is applied. This way,
for the solar cell applying a plasmonic reflection grating back contact, a very good fit
between simulations and experimentalEQE is shown for the total wavelength range
of interest (see Figure 8.8 (b)).
In summary, the comparison of simulatedEQE data and measuredEQE data of the
prototype solar cells showed an excellent agreement when taking into account exper-
imental variations such as the variation of the thickness ofthe layers in the solar cell.
Thus, the light trapping effect caused by the plasmonic reflection grating is quantified
very well in the simulations. As a consequence, the simulations of solar cells depos-
ited on a plasmonic reflection grating back contact have a predictive power when
optimizing geometrical parameters of these solar cells.

Simulated and ExperimentalJsc of the Prototype Solar Cells with Plasmonic Re-
flection Grating Back Contacts In Figure 8.9, the simulated and experimental
Jsc of µc-Si:H prototype solar cells deposited on plasmonic reflection grating back
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Figure 8.9: Comparison of the simulated and the measured short-circuit current dens-
ity (Jsc) of µc-Si:H solar cells in n-i-p configuration deposited on plasmonic reflection
grating back contacts of periods ranging from 500 nm to 1000 nm. The Ag nano-
structures are of half-ellipsoidal shape (radius of around110 nm and height ofaround
80 nm). They are arranged in square lattice.

contacts of square lattice periods between 500 nm and 1000 nmare compared. As
a comparison, theJsc of flat solar cells and randomly textured solar cells is shown.
For all periods, qualitatively similarEQE enhancements are found in the wavelength
range from 550 nm to 1000 nm (not shown). Both in the simulatedand experimental
results, the largest enhancement ofJsc for the given solar cell structures is found for
a period of 500 nm. With increasing period, the measuredJsc decreases. A similar
decrease inJsc is calculated from the three-dimensional simulations. Overall, for all
periods, the simulated absolute values ofJsc agree well with the measured values,
allowing a future optimization of geometrical parameters such as the size and shape
of the nanostructures.

Evaluation of the Parasitic Losses in the Prototype Solar Cells From the
electromagnetic simulations ofµc-Si:H solar cells in n-i-p configuration, three-
dimensional absorption profiles were calculated allowing alayer specific evaluation
of the absorption. It shall be noted that this information isnot accessible with ex-
perimental techniques. In Figure 8.10, this layer specific absorption is shown for
wavelengths from 500 nm to 1100 nm. In this wavelength range,both solar cells
differ in their light trapping and consequently theEQE differs (c.f. Section 8.1). For
both solar cells, most of the absorbed light is absorbed in the intrinsicµc-Si:H layer
which contributes completely to theJsc of the solar cell. For the n-doped and p-doped
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Figure 8.10: Simulated absorptance (A) differentiated for each layer of the flat solar
cell (a) and the solar cell deposited on a plasmonic reflection grating back contact (b).

layers the charge carrier collection efficiencies are not known. They were treated as
free parameters. A good agreement between simulated simulatedEQE and experi-
mentalEQE of theµc-Si:H thin-film solar cells in the previous sections was obtained
for collection efficiencies of 0%, 100% and 50% in the p-doped, intrinsic and n-doped
µc-Si:H layer, respectively. Based on these estimates, the parasitic losses in the solar
cells can be identified. For wavelengths up to 550 nm, most of the parasitic absorption
losses appear in the p-dopedµc-Si:H layer of the solar cells. For longer wavelengths,
the absorption in the ZnO:Al front contact, the n-dopedµc-Si:H layer and the back
contact, consisting of the Ag layer, and the back ZnO:Al layer gains relevance.
As reported in the previous section, the light trapping found for the solar cells de-
posited on the plasmonic reflection grating back contact enhances the absorption in
the intrinsicµc-Si:H layer. This enhancement results in an increase inJsc of around
3.3 mA/cm2. The parasitic losses in the back contact and the n-dopedµc-Si:H layer
increase strongly as shown in Figure 8.10 (b). For wavelengths longer than 750 nm,
33% of the light absorbed in the solar cell is absorbed by either the n-dopedµc-Si:H
layer or the back contact. By comparing theEQE data of the solar cells presented
in Figure 8.10 (a) and Figure 8.10 (b), an increase in the parasitic losses in Ag by a
factor of 4.3 is identified. Thus, the enhanced light trapping found for the solar cells
deposited on the plasmonic reflection grating comes at the cost of an enhanced ab-
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sorption in the Ag layer. The LSPP resonances in the nanostructured Ag layer scatter
incident light but also induce losses, leading to an enhanced absorption. In addition,
due to the light trapping, light is guided in the solar cell layer stack and will interact
more often with the plasmonic reflection grating back contact, leading to a further
increase of the absorption in the Ag layer. Consequently, inorder to improve the per-
formance of the plasmonic reflection grating back contact, it is important to increase
the diffraction-induced light trapping and to decrease theoptical losses in the back
contact. For further optimizations, the enhanced absorption in the Ag layer might
become a limiting factor.

8.2.2 Optimization of the Light-Trapping Effect

A very good agreement between simulatedEQE and measuredEQE of the pro-
totype solar cell applying a plasmonic reflection grating back contact was demon-
strated in the previous Section 8.2.1. This agreement allows a realistic simulation
based optimization of the geometrical parameters of the plasmonic reflection grating
back contact. In order to identify the potential of the plasmonic reflection grating
back contact for light trapping inµc-Si:H solar cells, three-dimensional electromag-
netic simulations are applied in this section. The simulations are based on the same
solar cell layer thicknesses and the same optical data as previously applied for the
simulation of the solar cell prototypes.

Optimization of Jsc In Figure 8.11 (a), a schematic cross-section of the solar
cell design under study is shown. In this optimization, boththe radius and the period
of plasmonic reflection grating back contacts are varied. For simplification, half-
spherical Ag nanostructures are investigated. The solar cell layer stack configuration
is assumed to be perfectly conformal. In Figure 8.11 (b), thesimulatedJsc of the solar
cells applying plasmonic reflection gratings of radii ranging from 50 nm to 500 nm
and periods ranging from 150 nm to 1400 nm is shown. Only thoseplasmonic reflec-
tion grating back contacts are considered where the diameter of the nanostructure is
smaller than the period of the grating. It is shown that independently of the period of
the Ag nanostructure, for radii smaller than the thickness of the ZnO:Al layer (80 nm),
theJsc remains below 18.0 mA/cm2. This value is close to theJsc of the flat solar
cell (17.7 mA/cm2). Therefore, there is no significant light-trapping effectin these
solar cells.
As described in Section 5.2, the plasmonic resonances of half-spherical Ag nano-
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Figure 8.11: (a) Schematic cross-section of aµc-Si:H solar cell in n-i-p configuration
applying a plasmonic reflection grating back contact. (b) Map of the simulated short-
circuit current density (Jsc) of µc-Si:H solar cells in n-i-p configuration applying a
plasmonic reflection grating back contact as a function of the period of the plasmonic
reflection grating and the radius of the half-spherical Ag nanostructures.

structures of radii of 50 nm embedded in ZnO:Al are located atwavelengths smaller
than 600 nm, where only a small fraction of the incident lightreaches the back con-
tact. The plasmon-induced absorption is much higher for small Ag nanostructures.
With increasing radius of the nanostructures, the LSPP resonances shifts to longer
wavelengths and the relative plasmon-induced light scattering increases. This in-
creased light scattering into large angles in theµc-Si:H layer allows a better coupling
of incident light into the solar cell (see Section 5.3). As a result, with an increasing
radius of the Ag nanostructures, the plasmonic reflection grating back contact induces
a larger light trapping in the solar cell and theJsc increases (see Figure 8.11). For a
fixed radius, highestJsc values are found for the small periods. In these configura-
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tions, the surface coverage of the nanostructures is large such that the fraction of the
incident light which is diffracted into the diffraction orders at the plasmonic reflec-
tion grating back contact is enhanced (c.f. Section 5.2). With an increasing period,
the surface coverage of the scattering Ag nanostructures decreases. As a result, the
amount of incident light that is diffracted by the plasmonicreflection grating back
contact decreases and the light trapping in the solar cells is reduced.

Maximum Jsc Enhancement For radii larger than 200 nm, highest values of
Jsc above 24 mA/cm2 and in some cases close to 25 mA/cm2 are found. Consider-
ing theJsc of 17.7 mA/cm2 for a flat solar cell, the maximum identified potential in
Jsc enhancement of the plasmonic reflection grating back contact for the given solar
cell layer stack thicknesses is of around 7 mA/cm2. This is significantly larger than
the experimentalJsc enhancement of 3.3 mA/cm2 for a non-optimized plasmonic re-
flection grating back contact (c.f. Section 8.1). Furthermore, the simulated potential
presented here is a lower limit. Other geometries of the Ag nanostructures, unit cells
of the plasmonic reflection grating or embedding material ofthe plasmonic reflection
grating back contact might lead to a larger light trapping inµc-Si:H thin-film solar
cells. For other solar cell configurations, such as tandem solar cells or p-i-n configur-
ations, the potential will be different and needs to be evaluated in detail.
From an experimental point of view, it is expected that it is much more challenging
to deposit a high qualityµc-Si:H material on a very corrugated plasmonic reflection
grating back contact substrate. The growth of theµc-Si:H material depends strongly
on the texture of the substrate [202, 203]. Thus, plasmonic reflection grating back
contacts which have lower modulation depth at highestJsc are preferred. For the
solar cells investigated in this section, plasmonic reflection gratings with nanostruc-
ture radii from 200 nm to 250 nm and periods from 600 nm to 800 nmare most
promising (see Figure 8.11).

8.3 Leaky Waveguide Perspective on the Light-
Trapping Effect

The light trapping effect ofµc-Si:H thin-film solar cells applying plasmonic reflec-
tion grating back contacts was explained in Section 8.1.3 byan enhancement of the
lengths of the light path in theµc-Si:H absorber material. This enhancement is caused
by the diffraction of incident light at the back contact beyond the total internal reflec-
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tion angle of theµc-Si:H/air interface which is relevant for the total internal reflection
at the front interface. The explanation is correct within the perspective of geometrical
optics. However, it neglects the wave nature of propagatinglight within the solar
cell as well as near-field effects. For this reason, the explanation is incomplete and
several aspects like the appearance of vary narrow resonances in theEQE cannot
be explained in this persepctive (see Section 8.2.1). This section provides a more
fundamental analysis on the light trapping in thin-film silicon solar cells with plas-
monic reflection grating back contacts. The light trapping is explained on the basis
of leaky waveguide modes in the dielectric layer stack of thesolar cell which couple
to incident light.

Electric Field in the µc-Si:H Solar Cells In Figure 8.12 (a), the simulated
EQEs of µc-Si:H solar cells applying a flat back contact and a plasmonicreflection
grating back contact are compared for the wavelength range relevant for the light
trapping (sameEQEs as shown in Figure 8.7 (a) and Figure 8.8 (a)). In addition,
the relative enhancement of theEQE is shown in Figure 8.12 (b). For wavelengths
longer than 650 nm, several resonances of enhancedEQE are shown for the solar cell
applying the plasmonic reflection grating back contact. These resonances have a full
width half maximum value of only a few nanometers. For four distinct wavelengths
of such resonances, the absolute electric field in a cross-section of the solar cell with
the plasmonic reflection grating back contact is compared with the absolute electric
field of the flat solar cell (see Figure 8.12 (c)). The electricfield in the flat solar cell
is dominated by the Fabry-Perot interferences of the dielectric layer stack of the solar
cell and the highly reflecting Ag back contact. For the Fabry-Perot interferences, the
local electric field strength is maximal 2 V/m, which is twicethe incident electric
field strength of 1 V/m. In contrast, for the solar cell with the plasmonic reflection
grating back contact, the electric field exhibits a three-dimensional pattern. Some
of these patterns exhibit regions of strongly enhanced electric field strength above 4
V/m. Considering that the absorption is proportional to thesquare of the electric field
strength these patterns result in significantly enhancedEQE. The patterns are created
by the superposition of electroamgentic waves which are diffracted at the plasmonic
reflection grating back contact such that they are reflected multiple times within the
solar cell (see Section 8.1.3). Due to local superpositionsof electromagnetic waves of
multiple reflections, the local electric field strength can be a multiple of the incident
electric field strength. In addition, it shall be noted that the electric field in the vicinity
of the Ag nanostructure in Figure 8.12 (c) is strongly enhanced. This enhancement is
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Figure 8.12: (a) Simulated external quantum efficiency (EQE) of µc-Si:H solar cells
applying a flat back contact and a plasmonic reflection grating back contact of 500 nm
period (shown in Figure 8.6). (b) RelativeEQE enhancement (rel. EQEenh.) of the
solar cell applying the plasmonic reflection grating back contact in comparison with
the flat cell. (c) Simulated absolute electric field in a cross-section of the flat solar
cell (grey frame) and the solar cell with the plasmonic reflection grating back contact
(red frame) at wavelengths of 755 nm, 790 nm, 890 nm and 1080 nm. The absolute
electric field is given in the plane of polarization of the incident electromagnetic wave.
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Figure 8.13: Relative enhancement of the external quantum efficiency
(rel. EQEenhancement) of the solar cell applying the plasmonic reflection grating
back contact in comparison with the flat solar cell as a function of the wavelength
and the period of the plasmonic reflection grating (schematic cross-section of solar
cell in Figure 8.6).

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

Leaky Waveguide Modes in Solar Cells with Plasmonic Reflection Grating Back
Contact Another terminology of the multiple internal reflection of the light
within the layer stack of the solar cell is that the light diffracted at the plasmonic
reflection grating back contact couples into guided modes (see Section 2.2.2). These
modes are supported by the high refractive indexµc-Si:H layers of the solar cell. In
explicite, the dielectric layer stack of the solar cell represents a planar dielectric wave-
guide which is corrugated by the plasmonic reflection grating back contact and the
front side texture. Thus, the patterns of enhanced electricfield strength shown in Fig-
ure 8.12 for solar cells applying the plasmonic reflection grating back contact, belong
to waveguide modes. As the incident light on the solar cell couples to the waveguide
mode and vice versa, these modes are called leaky waveguide modes. Depending on
the coupling efficiencies of incident light to these leaky waveguide modes, the en-
hancement of the electric field pattern belonging to a certain waveguide varies. As a
result, theEQE exhibits resonances which correspond to resonance wavelengths of
efficient coupling of incident light to a certain leaky waveguide mode.
For theµc-Si:H solar cell prototypes under study, the coupling of theleaky waveguide
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Figure 8.14: Absolute electric field of the first orders of thetransverse electric (TE)
and transverse magnetic (TM) modes in vertical direction ofthe flatµc-Si:H solar cell
layer stack for the wavelength of 650 nm.

modes to the incident light is caused by the plasmonic reflection grating back contact.
Depending on the period of the plasmonic reflection grating,the diffraction angles at
the back contact vary. This affects the resonance wavelength of the leaky waveguide
modes. In order to illustrate this, the relativeEQE enhancement of the solar cells
with the plasmonic reflection grating back contacts is shownin Figure 8.13. The
relativeEQE enhancement is shown as a function of the period of the plasmonic
reflection grating and the wavelength. The dispersive characteristic of the waveguide
modes is observed. In fact, a large number of waveguide modesinduce resonances
of enhancedEQE. The differences in the value of the relativeEQE enhancement
for different leaky waveguide modes show the variation of the coupling 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 (TM) guided modes can be
calculated numerically. A guided mode in the flat solar cell is an eigensolution of the
time-harmonic Maxwell’s equations. The numerical calculations of this eigenvalue
problem were carried out with the Propagation Mode Solver ofJCMsuite (for more
details, see Appendix B). As a result, for a given wavelength, the wavevector (kx(λ))
of an numerical eigensolution to the time-harmonic Maxwell’s equations is given as
well as the electric and magnetic field. In Figure 8.14, the electric field intensity of
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the first orders of the TE and TM modes with the highest modal overlap with the
µc-Si:H layer are shown in vertical direction of the flat solar cell layer stack. Due to
the lateral uniformity of the flat solar cell iny-direction as well asx-direction, the
electric field is homogeneous in these directions.

Comparing the Waveguide Modes of the Flat Solar Cell to the Relative EQE En-
hancement of the Solar Cells with Plasmonic Reflection Grating Back Contact
The waveguide modes calculated for a flat solar cell are compared hypothetically with
the leaky waveguides of the solar cell applying a plasmonic reflection grating back
contact. For the waveguide modes calculated for the perfectly flat solar cell layer
stack (see Figure 8.14), a coupling to propagating electromagnetic waves outside of
the solar cell is prohibited. For the coupling, a perturbation of the perfect planar geo-
metry is essential. For the solar cells applying the plasmonic reflection grating back
contact, the coupling is provided by the diffraction of incident light at the plasmonic
grating coupler at the back contact. To compare the calculated waveguide modes of
the perfectly flat solar cell layer stack to the leaky waveguide modes of the solar cell
with plasmonic reflection grating back contact (see Figure 8.13), the periodicity of
the electric fields in the latter geometry needs to be considered. This periodicity is
determined by the grating constant (Gmn) of the plasmonic reflection grating back
contact which is parallel to the direction of propagation ofthe considered waveguide
mode:

|kx,y(λ)| =
2π

Gmn · p , (8.1)

wherekx,y(λ) is the wavevector of the waveguide mode in the two dimensional x/y-
plane. From Eq. (8.1) for a givenGmn andkx,y(λ), the corresponding period (p) of
a waveguide mode which couples to a two-dimensional gratingis derived. This way,
the dispersions of the waveguide modes of flat solar cells arecalculated and com-
pared with the dispersion of the leaky waveguide modes of thesolar cell applying
a plasmonic reflection grating back contact. In Figure 8.15 (a)-(d), for the grating
constantsG10,G11, G20, G21 andG22, the calculated dispersions of the waveguide
modes of the flat solar cell are superimposed on the simulatedrelativeEQE enhance-
ment map of the solar cells applying the plasmonic reflectiongrating back contact. It
is shown that all leaky waveguide modes observed in the simulatedEQE enhance-
ment map can be correlated well to a waveguide mode of the flat solar cell. In partic-
ular, the bands of enhancedEQE in the 700 nm to 1100 nm range correlate well to
the calculated waveguide modes in the flat device. Deviations between the calculated
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Figure 8.15: Relative enhancement of the external quantum efficiency
(rel. EQEenhancement) of the solar cell applying the plasmonic reflection grating
back contact and calculated dispersion of the waveguide modes of a flat solar cell
(red and blue lines) for the grating constantsG10,G11, G20, G21 andG22.



8.4 Conclusion 133

waveguide modes of flat solar cells and the leaky waveguide modes are attributed to
geometric deviations of the flat solar cell and the corrugated solar cell with plasmonic
reflection grating back contact. All modes which contributesignificantly to theEQE

enhancement of the solar cells applying the plasmonic reflection grating back contact
can be associated with the waveguide modes of the flat solar cell. For a complete
nomenclature, the variablesm andn of the two-dimensional grating constantGmn

and the number and type (TE or TM) of the waveguide mode are sufficient.
In conclusion, theEQE enhancement reported for the solar cells applying the plas-
monic reflection grating back contact is caused by a couplingof incident light into
leaky waveguide modes of the solar cell layer stack. The solar cells which apply a
plasmonic reflection grating back contact can be imagined asflat planar waveguides
with perturbations, i.e., the plasmonic reflection gratingback contact. These perturb-
ations enable the coupling of the incident light into the waveguides. In future, it is of
great interest to study the coupling of incident electromagnetic waves to waveguide
modes.

8.4 Conclusion

In this chapter, the implementation and optical simulationof plasmonic reflection
grating back contacts inµc-Si:H thin-film solar cells in n-i-p configuration were
presented. Prototypes of the solar cells applying the plasmonic reflection grating
back contact were shown which exhibit a significantly enhancedEQE andJsc when
compared with flat solar cells. For a period of the plasmonic reflection grating of
500 nm, even an enhancedJsc was observed in comparison with the state-of-the-art
random texture for light trapping in thin-film silicon solarcells. Thus, experimentally
the potential of light trapping via plasmonic reflection grating back contacts and, in
more general terms, of nanostructures at the back contact inthin film silicon solar
cell, has been demonstrated.
An excellent agreement was presented between the simulatedand the measuredEQE

of the prototype solar cells. Based on this agreement, a simulation based optimiza-
tion of the geometric parameters of the plasmonic reflectiongrating back contact was
conducted. A large improvement potential of thin-film silicon solar cells applying
plasmonic reflection grating back contacts was presented.
In addition, three-dimensional electromagnetic simulations were applied in this
chapter to explain the working principle of the plasmonic reflection grating back
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contacts. First, the light propagation in the solar cell wasanalyzed from the more
intuitive perspective of geometrical optics. Second, the light trapping caused by the
plasmonic reflection grating back contact in the solar cellswas explained from the
perspective of waveguide theory.



Chapter 9

Conclusion and Outlook

In this work, plasmon-induced optical losses at textured Agback contacts and plas-
monic light-trapping with nanostructured Ag back contactsin thin-film silicon solar
cells were studied. Electromagnetic simulations of various plasmonic effects at na-
notextured Ag back contacts along with solar cell prototypes were presented. The
studies applied microcrystalline silicon solar cells which are commonly used as bot-
tom solar cells of tandem thin-film silicon solar cell devices. In this type of solar
cell, light trapping is particularly relevant for light in the infrared and near-infrared
(500 nm< λ < 1100 nm). For light-scattering plasmonic nanostructures placed
at the rear side of the solar cell, the operating spectral range of the plasmonic back
contacts matches this wavelength range.

Conclusion First, the development of the ultra violet nanoimprint lithography
was presented. It was used in this work as a technology platform for the replication of
nanotextures for light trapping in solar cells. Two types oftexture were replicated at
very high precision: randomly textured ZnO:Al substrates and periodic nanotextures.
It was found that the ultraviolet nanoimprint lithography opens new possibilities to
replicate novel textures for light trapping such as plasmonic grating structures.
The investigation of plasmonic back contacts started with anumerical study on the
light-matter interaction of Ag nanostructures which exhibit localized plasmonic res-
onances. The applied three-dimensional electromagnetic simulation method proved
to be a powerfull tool for the simulation of plasmonic effects. It allowed an in-depth
analysis of the absorption characteristic and scattering characteristic of nanostruc-
tures on the Ag back contact at the rear side ofµc-Si:H solar cells. It was shown
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that the size, shape, embedding dielectric layers and arrangement of the nanostruc-
tures have to be chosen carefully in order to scatter incident light at high efficiency
and low optical losses at the plasmonic back contact. For example, for small Ag
nanostructures of dimension below 100 nm, localized plasmons were found to induce
strong optical losses. Only for Ag nanostructures of radiuslarger than 200 nm, plas-
monic nanostructures on Ag back contacts scatter incident light at high efficiencies
into large angles in theµc-Si:H absorber layer of the solar cell. The latter is required
for light trapping in thin-film silicon solar cells. Both, periodic and isolated Ag nano-
structures showed promising potential for light trapping in solar cells. A particular
advantage for the periodic arrangement of plasmonic nanostructures on the Ag back
contact, called plasmonic reflection grating back contacts, is the possibility to control
the scattering angles of the plasmonic back contact via the diffraction orders.
In addition to plasmon-induced light scattering, plasmon-induced optical losses of
small nanostructures on randomly textured Ag back contactswere studied. It was
shown that even at a comparably low surface coverage of smallhemispherical Ag
nanostructures (dimensions below 200 nm) at the back contact, the LSPP resonances
induce strong optical losses. Thus, it was concluded that inaddition to propagating
plasmon-induced absorption losses which have been discussed in the literature, also
localized plasmon induced optical losses decrease the reflectivity of randomly tex-
tured Ag back contacts in state-of-the-art thin-film silicon solar cells. Due to the shift
of the plasmonic resonances to shorter wavelengths with decreasing refractive index
of the embedding material, their impact on the solar cell performance is reduced if
interlayers of low refractive index are used at the rear sideof the solar cell. The effect
is demonstrated by comparing aµc-Si:H thin-film solar cell with and without ZnO:Al
interlayer at the back contact. For dielectric interlayersof even smaller refractive
than ZnO:Al an additional, but small, potential for increasing the reflection at the
back contact was demonstrated inµc-Si:H thin-film solar cells.
Next, the light-trapping effect of plasmonic back contactswith non-ordered Ag nano-
structures in aµc-Si:H thin-film solar cell prototype was studied. Ag back contacts
with various distributions of non-ordered half-ellipsoidal Ag nanostructures were pre-
pared. Their reflectance spectra in air are qualitatively well reproduced by reflectance
spectra calculated from electromagnetic simulations of localized plasmon resonances
in isolated nanostructures on Ag back contacts. This allowed the measured enhanced
diffuse reflection at the back contacts to be attributed to plasmon-induced light scat-
tering at the nanostructures at the back contacts. As a consequence, the light trapping
demonstrated in aµc-Si:H solar cell prototype in n-i-p configuration, which applies
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one promising type of plasmonic Ag back contacts with non-ordered Ag nanostruc-
tures, was attributed to plasmon-induced light scattering. However, due to the overall
low diffuse reflectance of the Ag back contacts with non-ordered nanostructures into
theµc-Si:H layer, the light trapping effect of the prototype solar cell is low.
Finally, µc-Si:H thin-film solar cells with plasmonic reflection grating back contacts
were studied. These solar cells exhibited a very good light trapping. For an optim-
ized period of the plasmonic reflection grating back contact, even an enhanced light
trapping in comparison with the state-of-the-art random texture was shown. Thus,
experimentally the potential of light trapping via plasmonic reflection grating back
contacts was demonstrated. Based on electromagnetic simulation, the light trapping
caused by the plasmonic reflection grating back contact was explained in the intuitive
perspective of geometrical optics as well as in terms of waveguide theory. An excel-
lent agreement was achieved between the measured and simulated spectral response
of the prototype solar cells. This allowed a simulation based optimization of the geo-
metric parameters of the plasmonic reflection grating back contact.
It shall be highlighted that the demonstrated light-trapping effect of plasmonic reflec-
tion grating back contacts is the first experimental proof that plasmonic nanostruc-
tures can induce a light-trapping effect competitive with the state-of-the-art random
texture for light trapping in microcrystalline thin-film silicon solar cells. Moreover,
based on optical simulations, an additional significant improvement potential for thin-
film silicon solar cells with plasmonic reflection grating back contacts was identified.

Outlook For all types of solar cells, light trapping is essential as it allows in-
cident light to be guided in optically thin absorber layers.This way, the material
consumption is reduced or the short-circuit current density is enhanced and the ma-
terial requirements are decreased. Thus, the presented findings of plasmonic light
trapping as well as approaches presented in this work to design the plasmonic back
contacts are of great interest for many other solar cell technologies. The most prox-
imate type of solar cell technology to the studied thin-film silicon solar cells are thin
crystalline silicon solar cells. Currently, crystalline silicon solar cells process crystal-
line silicon wafers of thicknesses ranging from 250 µm to 100µm [25]. In order to
decrease the material costs, several groups currently workon reducing the thickness
of the crystalline silicon absorber layer down to a few micrometers [218, 219]. With
decreasing thickness, the absorptance of the wafers decreases and light trapping will
become an important aspect for silicon wafer based photovoltaics which today have
a share of around 88% of the annual solar cell production. As the spectral range for
light-trapping in thin crystalline silicon solar cells is similar to the spectral range in
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µc-Si:H thin-film solar cells, the presented results on plasmonic light trapping are
very usefull to design and prototype plasmonic reflection grating back contacts at the
rear side of crystalline silicon solar cells.
For the plasmonic reflection grating back contacts inµc-Si:H thin-film solar cells,
based on the electromagnetic simulations, a large improvement potential was iden-
tified in this work. In future studies, this improvement potential shall be addressed
by optimizing the geometrical parameters of the plasmonic reflection grating back
contacts. In addition, the electromagnetic simulations shall be employed to identify
further optimization potential of the plasmonic reflectiongratings. Hexagonal grat-
ings and combinations of different gratings shall be investigated. Moreover, the plas-
monic reflection grating back contacts shall also be appliedto single junctiona-Si:H
thin-film solar cells in p-i-n configuration as well as tandemthin-film silicon solar
cells.
In general, the combination of three-dimensional electromagnetic simulations and
prototyping of plasmonic devices proved to be an efficient approach to study plas-
monic light-trapping concepts. Making use of these combined methods will allow an
efficient and accelerated development of novel nano-optical light-trapping concepts
and solar cell designs in future studies. In particular, regarding the prototyping of
new nano-optical light trapping concepts, the UV-NIL provides a new technology
platform. The applied three-dimensional electromagneticsolver proved to be an effi-
cient method to design periodic nanophotonic textures for light trapping in thin-film
solar cells.
In this work, solely plasmonic Ag nanostructures have been studied. Due to the
scarcity of the noble metal Ag, and to address the related high material cost, alternat-
ive metals such as Cu and Al shall be explored in future with regard to plasmonic and
nanophotonic effects in solar cells. Alternatively, due topresumably lower optical
losses, dielectric grating structures at the rear side of a solar cell are of great interest
in order to replace metal reflection gratings.
Finally, understanding the broadband light trapping with multiple narrow leaky wave-
guide resonances in periodic solar cell devices is a matter of on-going research. Sev-
eral fundamental aspects, such as the role of the coupling efficiency between incident
light and waveguide modes, shall be looked at in future work.In general, it is believed
that a deeper understanding of light trapping in thin-film silicon solar cells requires a
leaky waveguide perspective.
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Optical Parametrization

The presented three-dimensional electromagnetic simulations of solar cell devices
rely on realistic optical data. The optical data sets applied in this work are taken
from measurements of state-of-the-art materials which areprepared at the IEK5-
Photovoltaik (Forschungszentrum Jülich GmbH) for the preparation of thin-film sil-
icon solar cells. The real part and the imaginary part of the complex refractive index
ñ(λ) = n(λ) + iκ(λ) is shown for each material applied in this work. Following
the standard conventions, the real part of the complex refractive indexn(λ) is simply
called the refractive index and the imaginary part of the complex refractive index
κ(λ) is called extinction coefficient.

Optical Data of Dielectrics The optical data of the dielectric materials applied
in this work was determined by combining photothermal deflection spectroscopy,
transmission and reflection measurements and ellipsometrymeasurements. Details
of the measurements are presented in [74, 75]. The data of theintrinsic, p-doped
and n-dopedµc-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 (n) and extinction coefficient (κ) of intrinsic, p-doped
and n-dopedµc-Si:H prepared by PECVD for thin-film silicon solar cells.
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Figure A.2: Refractive index (n) and extinction coefficient (κ) of intrinsic, p-doped
and n-dopeda-Si:H prepared by PECVD for thin-film silicon solar cells.
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Figure A.3: Refractive index (n) and extinction coefficient (κ) 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 that theoptical data of thermally
evaporated Ag films is influenced strongly by the substrate and growth of Ag crys-
tallites in the Ag layer [73]. In fact, the quality of the Ag material is seldomly as
good as reported in the standard reference for crystalline Ag [72]. In the presented
work, the optical data of Ag is taken from ellipsometry measurements of a reference
set of 500 nm thick thermally evaporated Ag layers depositedon glass substrate. In
Figure A.4, the applied optical data of Ag is compared with the reference data from
literature.
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Figure A.4: The measured refractive index (n) and extinction coefficient (κ) 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 waveguide modes are eigen solu-
tions of an eigenvalue problem decribed in the section. In this work, the solutions of
this eigenvalue problem which provide the transversal electric (TE) and transversal
magnetic (TM) waveguide modes are calculated numerically with the Propagation
Mode Solver of JCMsuite [122]. Here we follow the description of the eigenvalue
problem given in [123].

In general, a waveguide mode in a flat layer stack is given as aneigensolution of
the time-harmonic formulation of Maxwell’s equations. This formulation exhibits a
time-harmonic dependency in plane with the layer stack (in this case thez-direction):

Eth(x) = Eth,GM(x, y) · e(ikzz) (B.1)

Hth(x) = Hth,GM(x, y) · e(ikzz), (B.2)

wherekz is the propagation constant in plane with the layer stack. Itis sufficient to
discuss the magnetic case as all considerations are valid for the electrical case if one
interchangesHth andEth andǫ andµ.
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The magnetic field can be written as:

Hth,GM(x) =
[

H⊥(x, y)

Hz(x, y)

]

· e(ikzz), (B.3)

(B.4)

which gives

∇× Hth(x) =
[

ikzP −P∇
−∇⊥ 0

] [

H⊥(x, y)

Hz(x, y)

]

· e(ikzz), (B.5)

with

P =

[

0 −1

1 0

]

and ∇⊥ =

(

∂x
∂y

)

. (B.6)

Applying this formulation of magnetic field to the time harmonic Maxwell’s equa-
tions shown for the electric field in Eq. (2.20) and Eq. (2.19)gives:

[

P∇⊥ǫ
−1
z ∇⊥ · P − k2zPǫ−1

⊥ P −ikzPǫ−1
⊥ P∇⊥

−ikz∇⊥ · Pǫ−1
⊥ P ∇⊥ · Pǫ−1

⊥ P∇⊥

] [

H⊥(x, y)

Hz(x, y)

]

=

ω2

[

µ⊥ 0

0 µz

] [

H⊥(x, y)

Hz(x, y)

]

, (B.7)

with

ǫ =

[

ǫ⊥ 0

0 ǫz

]

and µ =

[

µ⊥ 0

0 µz

]

. (B.8)

Then, Eq. (B.7) is a quadratic eigenvalue problem ofkz which is solved in this work
by the Propagation Mode Solver of JCMsuite [122,123].
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A Absorptance -
Amax Maximal absorptance -
AFM Atomic force microscopy
B Magnetic induction vector T
c0 Speed of light in vacuum m/s
D Dielectric displacement vector C/m2

E Electric field vector V/m
E0 Electric field strength (vector) V/m
EQE External quantum efficiency -
FEM Finite element method
FF Fill factor -
Gmn Two-dimensional grating constant
H Magnetic field vector A/m
HCl Hydrochloric acid
Jext External electric current density (vector) A/m2
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k Wavevector 1/m
LSPP Localized surface plasmon polariton
ñ Complex refractive index -
n Real part of the refractive index -
NIL Nanoimprint lithography
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PECVD Plasma enhanced chemical vapor deposition
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Qsca Scattering efficiency -
Q̄sca Averaged scattering efficiency -
Q̄abs Averaged absorption efficiency -
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SEM Scanning electron microscopy
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TCO Transparent conductive oxide
TE Transversal electric
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UV-NIL Ultra violet nanoimprint lithography
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Voc Open-circuit voltage mV
ZnO:Al Aluminium doped zinc oxide
α Absorption coefficient 1/cm
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ǫ Dielectric constant -
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η Energy conversion efficiency -
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µ Relative permeability -
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Klomfaß, Hilde Siekmann, Wilfried Reetz for technical assistance and sample pre-
paration.
Prof. Dr. Helmut Stiebig for introducing me into the field of plasmonics and the
field of thin-film silicon solar cells.
Susanne Griesen, Astrid Nogga and Andrea Mühlheims for adminstrative support.
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