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I say it is impossible that so sensible a people, under such circum-
stances, should have lived so long by the smoky, unwholesome, and
enormously expensive light of candles, if they had really known that
they might have had as much pure light of the sun for nothing.

Benjamin Franklin






1. Abstract

Multijunction solar cells provide a route to further increase the efficiency of solar
cells. By stacking different band-gap materials, thermalization losses can be de-
creased. Maximizing the efficiency of series-connected multijunction solar cells gets
complex as a variety of different layers is involved. The application of nano-scale
textures which scatter and diffract the light in order to increase the light path and
absorption. An advanced light management combining light trapping and spectral
distribution is necessary to gain maximal output. In this work, light management
in silicon-based multijunction solar cells by intermediate reflectors (IR) is studied.
As soon as the thickness of absorber layers in multijunction devices is physically
limited, IRs increase the light path in the sub cells and contribute to the match-
ing of currents and power of the sub cells in series-connected multijunction solar
cells. As each element added to a working device increases its complexity, the un-
derstanding of their interplay and underlying loss mechanisms is crucial to obtain
an improvement of the device. Thin-film silicon tandem solar cells made of hy-
drogenated amorphous and microcrystalline silicon (also called 'micromorph’) are
chosen as model system for the analysis of the optics in silicon-based multijunction
solar cells, as they are a well established industrially up-scalable technology and
exhibit the important characteristics of other multijunction cell material systems:
Thin-film layers, nano-structured surfaces, as well as physical limitations of thick-
nesses and a broad utilization of the solar spectrum. The combination of thin-film
layer stack and nano-structured surfaces demands for a treatment of the solar cell
as a nano-optical device. Motivated by the results of experimental studies, tandem
solar cells are modeled by thin-film optics and rigorous optical simulations. An
agreement, between simulation to experimental results allows for an investigation
and optimization of these devices.

First, the optical losses induced by intermediate reflectors in tandem solar cells
were studied. Therefore, tandem solar cells without and with micro-crystalline
silicon oxide intermediate reflectors were fabricated on different aluminum -doped




1. Abstract

zinc oxide front contacts which had partially been treated to decrease absorption
within the zinc oxide. Increased cell reflectance and parasitic absorption due to
the IR were observed. The comparison to tandem solar cells on non-treated front
contacts showed that in spite of the increased reflectance, parasitic absorption in
the front contacts due to the IR is negligible. The results are supported by optical
simulations of tandem solar cells with intermediate reflector which, additionally,
allowed to quantify parasitic losses. Furthermore, it is shown that the decrease of
the refractive index of the silicon oxide intermediate reflector results in a decrease
of parasitic absorption and an increase of total tandem cell current if layer thick-
nesses are adapted. In this case, parasitic reflection of light by the IR out of the
solar cell is determined to be the dominating optical loss mechanism.

Second, the reflection losses were assigned to the low spectral selectivity of re-
flection of single layer IRs. Basing on this, a 1D photonic crystal produced of
conductive and low absorptive thin-film materials which are available in-situ in
thin-film silicon solar cell production is designed for a flat layer stack. The influ-
ence of surface texture on the effectiveness of the multilayer IR is studied and it
is shown that the IR functionality remains for a textured solar cell. A multilayer
IR consisting of aluminum-doped zinc oxide (ZnO:Al) and microcrystalline silicon
oxide(pe-SiO,:H) layers was successfully integrated into a nano-textured thin-film
silicon solar cell and decreases the bottom cell losses in comparison to other IRs
while still increasing the top cell current density by AJsctop = 1.2mA/ cm?. A fur-
ther optimization of material choice and layer quantity shows that the potential of
further increasing top cell enhancement and spectral selectivity by increasing the
number of layers exists but that possible gains are low.

Third, the top cell current increase was investigated in detail. Therefore, a new
method to extract the angular distribution of light within a thin amorphous silicon
film from rigorous optical simulations was developed and applied to a-Si:H cells
on both, periodic gratings and randomly textured front structures. For photonic
structures, absorption in the silicon film is assigned to the coupling of incident
light to leaky waveguide modes by the grating. It is shown that in case of silicon
films on randomly textured surfaces, these waveguide modes are present as well
but broadened due to the superposition of a variety of distinct periods and heights.
As a quantity for light trapping in thin films, the integrated scattering intensity
I1ST could be established which describes the coupling to waveguide modes and
correlates well to the absorption enhancement in a-Si:H film with different reflec-




tors.

Fourth, absorption and transmission enhancements are investigated on a variety
of periodic and randomly textured substrates. In a broad experimental and sim-
ulation study, tandem solar cells on various substrates have been deposited and
reproduced by rigorous optical simulations. An artificial modification of the sub-
strate texture, revealed the font texture scattering distribution and the surface
angles at the IR to be the decisive surface parameters to determine the effective-
ness of the IR. A large dependence of the functionality of the IR on the angular
intensity distribution in the top cell is observed. In particular, two different reflec-
tion modes of the IR are observed: In reflection mode (A) below the critical angle
of total internal reflection, light propagates into the IR and the reflectance was
dependent on interference of the incident light and light reflected at the back IR
interface. The effectiveness of the IR on surface textures comprising low surface
angles and low parallel wave vector transfer as APCVD SnOs:F or sputter-etched
ZnO:Al textures can be well reproduced by a thin-film model applying the angular
scattering distribution at the front side. If the critical angle is surpassed, light
was totally internally reflected and tunnels through the IR as an evanescent wave.
This reflection mode (B) results in large absorption enhancements for thick inter-
mediate layers but is always connected to reflection losses. A spectral reflectance
parameter SRP was introduced. It was used as a tool to analyze the influence
of IR refractive index and thickness on the absorption enhancement and bottom
cell transmission losses. The theory was successfully applied to understand the in-
terplay of front side texture and IR reflectance on the relevant randomly textured
surfaces. The study of the IR effectiveness on photonic structures emphasized the
importance to examine the waveguide modes, which do not just increase top cell
enhancement, but further induce parasitic reflection losses in the NIR range which
are disadvantageous to the current of further bottom cells. The analysis reveals
that these losses can be decreased by broadening the resonances as it is the case
in randomly textured solar cells. Simulations on tandem solar cells on LPCVD

ZnO:B reproduce the results of previous experimental studies.
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2. Zusammenfassung

Stapelsolarzellen stellen eine vielversprechende Methode dar, die Effizienz von So-
larzellen weiter zu steigern. Durch das Aufeinanderstapeln von Materialien un-
terschiedlicher Bandliicken konnen Thermalisierungsverluste erheblich verringert
werden. Da eine Vielzahl unterschiedlicher Schichten involviert sind, ist die Max-
imierung des Wirkungsgrades serienverschalteter Stapelsolarzellen auflert komplex.
Eine weitere Herausforderung stellt die Anwendung nanoskopischer Texturen dar,
die das Licht streuen und beugen; und so den Lichtweg innerhalb des Absorbers
und folglich die Absorption erhéhen. Ein ausgekliigeltes Management des Lichtes,
welches sowohl das Einfangen des Lichtes, als auch seine spektrale Verteilung bein-
haltet, ist notwendig, um den bestmoglichen Ertrag zu erzielen. In der vorliegenden
Arbeit wird Lichtmanagement in Silizium-basierten Stapelsolarzellen durch Zwis-
chenreflektoren untersucht. Zwischenreflektoren erméglichen durch partielle Riick-
reflexion eine Erhohung des Lichtwegs im Absorber und folglich auch der Absorp-
tion in der vorgeschalteten Topzelle mit hoherer Bandliicke. Im Fall physikalisch
limitierter Schichtdicken ermoglicht ein Zwischenreflektor auflerdem eine Strom-
Anpassung zwischen Top- und Bottomzelle in serienverschalteten Stapelsolarzellen.
Da durch jedes optische Element die Komplexitat des Gesamtsystems erhoht wird,
ist ein Verstandnis des Zusammenspiels der unterschiedlichen optischen Kompo-
nenten, sowie der einzelnen Verlustmechanismen entscheidend fiir das Design eines
verbesserten Bauteils. Als Modellsystem werden in dieser Arbeit Diinnschichtsilizium-
Solarzellen aus amorphem und mikroristallinem Silizium verwendet. Diese stellen
sowohl ein weitverbreitetes, industriell hochskalierbares System dar; vereinen aber
auch die Charakteristika anderer Stapelsolarzellen: Diinne Schichten, nano-strukturierte
Oberfldachen sowie eine physikalische Limitierung der Dicken und eine breite Aus-
nutzung des Sonnenspektrums. Die Kombination von komplexen Diinnschicht-
stapeln und nano-strukturierten Oberflichen bedarf einer nano-optischen Betra-
chtung der Solarzelle. Motiviert durch die Ergebnisse experimenteller Studien,
wurden Solarzellen durch Diinschicktoptik und rigorose optische Simulationen auf
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Hochleistungsrechnern modelliert. Eine gute Ubereinstimmung zwischen Simula-
tion und Experiment ermdglicht hierbei die Untersuchung und Optimierung solcher
Solarzellen. Der Ergebnisteil dieser Arbeit ist in vier Teile unterteilt:

Zuerst werden optische Verluste durch Zwischenreflektoren in Tandemsolarzellen
untersucht. Dazu wurden Tandemsolarzellen ohne und mit mikokristallinen Siliziu-
moxid Zwischenreflektoren auf unterschiedliche Vorderseitenkontakte aufgebracht,
die fiir eine Verringerung der parasitdren Absorption im Vorderseitenkontakt be-
handelt wurden. Erhohte Zellreflexion und parasitiare Absorption durch den Zwis-
chenreflektor konnten so festgestellt werden. Beim Vergleich von Tandemsolarzellen
auf nicht behandelten und behandelten Substraten zeigte sich, dass trotz erhohter
Reflexion parasitdre Absorption in den Frontkontakten keine wesentliche Rolle
spielt. Die Ergebnisse konnten durch optische Simulationen der Stapelsolarzellen
bestétigt und quantifiziert werden. Auflerdem konnte gezeigt werden, dass sich eine
Verringerung des Brechungsindexes des Zwischenreflektors in einer Verringerung
der parasitdaren Absorption und einer Erh6hung der Gesamtstromdichte auswirkt.
In diesem Fall ist der dominierende Verlustmechanismus die unvollstandige Ab-
sorption.

In einem zweiten Teil wird eine Strategie gegen die hohe parasitdre Absorption
durch spektrale Selektivitdt entwickelt. Eindimenisonale photonische Kristalle
aus leitfahigen und transparenten Materialien, die in-situ bei der Deposition von
Diinnschichtsolarzellen abgeschieden werden konnen, werden fiir eine flache, nicht-
texturierte Zellkonfiguration designt. Ein Mehrlagenzwischenreflektor aus Aluminium-
dotiertem Zinkoxid und mikrokristallinem Siliziumoxid wurde numerisch optimiert
und in nanotexturierte Tandem-Diinnschichtsolarzellen integriert. Der Mehrla-
genzwischenreflektor verringert die Verluste in der Bottomzelle im Vergleich zu
herkémmlichen Zwischenreflektoren erheblich. Die Kurzschlusstromdichte in der
Topzelle konnte um AJy top = 1.2mA/ cm? erhéhen werden. Eine weitere Opti-
mierung der Materialwahl und Schichtzahl zeigt, dass die experimentell umgestezte
Konfiguration nahezu die maximale Verbesserung fiir reale Materialien darsetllt
und auch unter hoherem Aufwand nur sehr geringe Verbesserungen erzielt wer-
den.

Im dritten Teil wird die Verldngerung des Lichtwegs in der Topzelle detailliert un-
tersucht. Dazu wurde eine Methode entwickelt. aus rigorosen optischen Simulatio-
nen die Verteilung von Wellenvektoren in diinnen Absorberschichten zu bestimmen
und dariiber die Absoprtion in der Schicht zu extrahieren. Die Auswertung wurde
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fiir eine Serie von optischen Simulation von amorphen Siliziumschichten sowohl
auf periodischen Gittern, als auch auf ungeordneten, stochastischen Strukturen
angewendet. Fir optische Gitter kann die Absorption in der Siliziumschicht auf
das Ankoppeln des einfallenden Sonnenlichtes in 'leaky’ [engl. undichte] Welleiter-
moden durch Interaktion mit dem Gitter zuriickgefithrt werden. Es wird gezeigt,
dass im Fall von Siliziumschichten auf ungeordneten, stochastischen Strukturen,
diese Wellenleitermoden auch vorhanden sind und das Lichte an sie koppeln kann.
Die Resonanzen werden allerdings durch die Uberlagerung unterschiedlicher Raum-
frequenzen und Hohen stark verbreitert. Die Kopplung an Wellenleitermoden
wird quantitativ durch die Grofle der integrierten Streuintensitét .51 beschrieben.
Diese Grofie korreliert zu den tatséchlich in Experimenten gemessene Erhohung der
Absorption in Topzellen aus amorphem Silizium bei unterschiedlichen Zwischen-
und Riickreflektoren und liefert so eine gute Erklarung des Verhaltens von

Der vierte Teil widmet sich der Untersuchung der Aborptionserh6hung in Top-
und Botttomzelle fiir eine Vielzahl verschiedener periodischer und ungeordneter,
stochastischer Oberflichentexturen. In einer breit-angelegten experimentellen und
Simulationsstudie, wurden Tandemsolarzellen auf verschiedenen Substraten de-
poniert und durch rigorose optische Simulationen reproduziert. Eine kiinstliche
Modifikation der Oberflachentextur zeigt, dass die Streuwinkelverteilung an der
Frontseitentextur, sowie die Oberflichenwinkel am Zwischenreflektor die entschei-
denden Parameter zur Bestimmung der Effektivitéit eines Zwischenreflektors sind.
Eine starke Abhéangigkeit der Funktionsweise des Zwischenreflektors von der inter-
nen Winkelverteilung in Topzelle wurde beobachtet. Es lassen sich zwei Reflex-
ionsmodi unterscheiden: Im Reflexionsmodus A (unterhalb des kritischen Winkels
der Totalreflexion) propagiert das Licht in den Zwischenreflektor und die Reflexion
wird durch Interferenz ein und auslaufender Welle bestimmt. Die Wirkungsweise
des Zwischenreflektors auf Oberflachentexturen, die niedrige Oberflichenwinkel
und kleine Wellenvektoriibertrage aufweisen kann durch dieses Model sehr gut
durch ein flaches Diinnschichtmodel reproduziert werden. Wird der kritische Winkel
der Totalreflexion iiberschritten, so wird das Licht totalreflektiert und kann als
evaneszente Welle den Zwischenreflektor durchtunneln. Dieser Reflexionsmodus
B fithrt zu héheren Absorptionsverstiarkungen in der oberen Zelle, ist allerdings
immer mit optischen Verlusten verkniipft. Ein spektraler Reflexionsparameter
SRP wurde eingefithrt und verwendet, um den Einfluss des Brechungsindexes
und der Schichtdicke des Zwischenreflektors auf die Absorptionserhéhung in Top-
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und Bottomzelle zu charakterisieren. Das Model wurde erfolgreich angewendet um
das Zusammenspiel von Vorderseitentexturen und Reflektivitdt des Zwischenreflek-
tors auf tiblichen Oberflachentexturen zu verstehen. Die Untersuchung der Effek-
tivitat des Zwischenreflektors auf Gitter- Strukturen unterstreicht die Wichtigkeit
einer genauen Betrachtung der Wellenleitermoden, die nicht nur eine Erhohung
der Absorption in der Topzelle herbeifiihren, sondern auch parasitire Verluste im
Nahinfrarot auslosen, welche sich negativ auf die Gesamt-Kurzschlussstromdichte
auswirken. Die Analyse zeigt, dass diese Verluste erhebliche vermindert werden
konnen, wenn die scharfen Wellenleiterresonanzen verbreitert werden und die Ord-
nung der Gitterstrukturen gebrochen wird. Simulationen von Tandemsolarzellen
auf LPCVD-hergestelltem Bor-dotiertem Zinkoxid bestétigen die Trends experi-

menteller Studien aus der Literatur.
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3. Introduction

Photovoltaic energy conversion provides a direct way of converting available sun
irradiance into electric current. To compete with conventional electricity genera-
tion processes which predominantly base on the combustion of fossile fuels, the
main aim is the reduction of costs per produced electrical power [1,2]. Since the
first solar cell has been developed in the 1960s [3], materials, devices and systems
have been highly optimized [4]. The combination of large scientific progress and a
political framework for the emerging solar industry has set the path to a dramatic
cost reduction in the last decades. Solar module prices have come down to a price
of 0.60 EUR/W,, in Germany by November 2014 [5]. The global electricity produc-
tion by PV reached 139 GW in 2012 and will rise up to 320 - 430 GW in 2018 [6,7].
Although various thin-film technologies such as chalcopyride- and kesterite-based,
cadminum telluride, and thin-film silicon have entered the market and reached lab-
oratory efficiencies of 21.7% [8], the largest share is still hold by crystalline silicon
(c-Si) solar cells [5]. Price reduction and efficiency of thin-film technologies have
not yet been high enough to outperform the industrially advanced c-Si technology.
Yet, other significant improvements in material quality and optical concepts of
the device have led to conversion efficiencies of up to 25.6% [9] approaching the
thermodynamic Shockley-Queisser limit [10].

Since PV device efficiencies have not yet reached a saturation and further cost
reduction is necessary, state-of-the-art research aims for an increase of the open-
circuit voltage V. by reduction of entropic losses [11,12] and an increase of current
generation while reducing material usage at the same time. By diffraction and
scattering, light can be deflected into large angles, such that it is totally internally
reflected at the interfaces between the absorber and the contact layers and, thus,
trapped therein. The term light trapping has been established for the discipline
optimizing the optical performance of the solar cell and de-coupling optical from
physical thickness [4].

Light trapping can be achieved by patterning the solar cell’s interfaces by di-
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3. Introduction

electric or plasmonic periodic gratings [13-20], randomly distributed stochastic
(predominantly as-grown or by wet-chemical etching) textures [21-23] or pattern-
ing the contacts and absorbers as photonic crystals [24-29]. Due to its simplicity,
random textures have been established as the standard for both, high efficiency
c-Si solar cells, as well as thin-film silicon solar cells. Although a variety of in-
vestigations about randomly textured and periodic light trapping concepts have
been conducted, the question if periodic or disordered surfaces exhibit the superior

effect on absorption, is not yet answered [30-34].

Multijunction solar cells provide the possibility to decrease thermalization losses
[35] and increase the energy yield of the incident solar radiation [36,37]. Multijunc-
tions can be arranged either horizontally demanding for advanced optical elements
for spectral splitting or grown on top of each other, monolitically contacted and
connected in series [38]. III-V semiconductor-based multijunction solar cells have
been fabricated with up to four junctions for space and ultra-high efficiency con-
centrated PV applications [39,40]. High costs and low material abundance make
them not yet feasible for large-scale market. Due to their band gaps, hydrogenated
amorphous silicon (a-Si:H) and the mixed-phase material pc-Si:H are feasible tan-
dem partners in a multijunction thin-film solar cell [41]. Their abundance and
non-toxicity qualify them for large production. Such tandem or 'micromorph’ so-
lar cells combine the abundance and low cost with the reduction of thermalization
losses. As the sub cells in a monolitically connected multijunction cell are series-
connected, the output current of the tandem cell is limited by the sub cell with
lowest short-circuit current density. To minimize current losses, an advanced light
management is necessary. The device architecture is tailored such that photons
is trapped and absorbed in the particular sub cell. The simplest way of current-
matching is adjusting the layer thicknesses of the sub cells. However, light induced
degradation of a-Si:H known as Staebler-Wronsky effect [42], leads to a drop of
fill factor and conversion efficiency depending and increases with the a-Si:H layer
thickness. To maximize V,. and long-term stability, the top cell thickness needs
to be reduced.

A prolongation of the light path in the a-Si:H top cell can be facilitated by an
intermediate reflector (IR ) between top and bottom cell. This is usually done
by inserting a single layer of low refractive index material which possesses suffi-
cient conductivity and low absorptance between top and bottom cell. Investigated
materials are aluminum-doped zinc oxide (ZnO:Al ) [43-46] and the mixed-phase

14



material hydrogenated microcrystalline silicon oxide pc-SiOy:H hydrogenated mi-
crocrystalline silicon oxid [47-49]. p- or n-doped pe-SiO:H can substitute doped p
and n-layers a-Si:H and pc-Si:H layers at the tunnel recombination junction and is
deposited in-situ in the same deposition chamber. However, even state-of-the-art
IRs cause optical losses. These losses occur by parasitic absorption in the front
contact, in the doped silicon layers, within the IR or by reflection out of the solar
cell stack. To further increase the conversion efficiency of multijunction solar cells,
decreasing optical losses plays a decisive role. Therefore, the losses have to be lo-
calized and the dominating loss mechanisms should by determined and quantified.
Reflection losses are due to imperfect absorption of back reflected light in the
top cell. These are caused by a lack of spectral selectivity of common IRs in
state-of-the-art tandem solar cells. Tailoring the spectral selectivity of the IR is
essential to minimize the reflection losses caused by IRs. Photonic crystals exhibit
a photonic band gap [50] and provide excellent spectral selective reflectance. In
comparison to 2D and 3D photonic crystals [51-53], 1D photonic crystals provide
high reflectance and can be easily implemented into thin-film silicon solar cells as
a stack of different semiconducting layers within the thin-film production process
chain. The combination of flat 1D photonic crystals and surface textures for light
trapping, however, has to be carefully investigated in order to prove its feasibility
as IR in tandem solar cells.

While simple reflection at the IR may induce a prolongation of the optical path
length by a factor of two, in combination with surface textures much longer opti-
cal paths can be achieved [53,54]. As the layer thickness of the top cell is smaller
than the wavelength of the light, it can no longer be described by rays. Rather,
the top cell absorber is described as a waveguide [55]. Incident light can cou-
ple into waveguide modes enabling much higher absorption enhancement. The
interplay between scattering and diffraction at different textured interfaces in the
tandem cell with partial reflection and diffraction at the IR has already been
studied for individual geometries (different textures, materials, refractive indices,
photonic structures) [54,56-58]. However, state-of-the-art thin-film tandem solar
cells suffer from parasitic losses due to the IR [44,45,49,59,60]. To surpass the
thermodynamic limit of conventional single junction c-Si solar cells, multijunction
solar cells on ¢-Si are a possible opportunity [61,62]. In this case, a thin top cell
absorber is put on state-of-the-art high efficiency ¢-Si cells reducing thermalization
losses. High efficiency organic or halide-perovskite absorbers could be possible can-
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didates [63]. A spectrally selective and highly transmissive top cell and IR layer
stack is essential for such solar cell systems.

A profound understanding of the optical behavior and limitations of light manage-
ment in silicon-based multijunction solar cells is fundamental to further increase
the efficiency. a-Si:H/pc-Si:H tandem solar cells were chosen as model system,
because they are a well established industrially up-scalable technology. Further-
more, they exhibit the important characteristics of other multijunction cell mate-
rial systems. They combine thin-film layers, nano-structured surfaces, as well as,
physical limitations of thicknesses and a broad utilization of the solar spectrum.
The combination of thin-film layer stack and nano-structured surfaces demands
for a treatment of the solar cell as a nano-optical device. Motivated by the results
of experimental studies, tandem solar cells are modeled by thin-film optics and
computationally extensive rigorous optical simulations. An agreement between
simulation to experimental results allows for an investigation and optimization of
these devices.

Basing on the addressed questions, this thesis is organized as follows:

Chapter 4 presents the theoretical background of the work. In Section 4.1, the
electrodynamic theory of the interaction of light and semiconducting material is
introduced and the applied simulation methods are derived. Section 4.2, focusses
on the optoelectronic properties of thin-film silicon solar cells with a focus on light
trapping and light management. In Section 4.3, fabrication and characterization
methods are reviewed.

In Chapter 5, optical losses in tandem solar cells with intermediate reflector are
systematically studied. Tandem solar cells are deposited on annealed front con-
tacts with decreased parasitic absorption and compared to solar cells without these
contacts. With both front contacts, cells with and without IR were deposited. Ad-
ditional rigorous optical simulations enable to localize the optical losses within the
tandem cell. Depending on the refractive index of the IR, parasitic absorption
within the IR and parasitic reflection due to the IR are identified as the major
source of optical losses.

Chapter 6 focuses on the parasitic reflection losses. The spectrally selective re-
flectance is carefully studied. To improve the spectral selectivity of the IR, in Sec-
tion 6.2, multilayer IRs from available thin-film materials ZnO:Al and pc-SiO,:H
are designed and optimized. In Section 6.3, they are fabricated and integrated into
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flat tandem solar cells. The influence of texture on the layer stack is investigated
by rigorous optical simulations in Section 6.4. Section 6.5 shows the implementa-
tion of the IR, into a prototype tandem solar cell on state-of-the-art texture. Top
cell quantum efficiency and short-circuit current are increased compared to the
tandem solar cell without IR, while, at the same time, the bottom cell quantum
efficiency is increased compared to tandem cells with pe-SiO.:H and ZnO:Al ref-
erence IRs processed in parallel. Subsequent, a further improvement of multilayer
IRs by varying IR multilayer materials, as well as layer quantity is numerically
studied in Section 6.6 and comparison to different spectrally selective filters in
Section 6.7.

Chapter 7 focuses on the effect of various intermediate reflectors on light trap-
ping in the top cell. The effect of guided modes on absorption enhancement is
identified. A Fourier-based method is developed to describe and quantify the cou-
pling to guided modes for a periodical grating texture. It is shown that the same
method can be applied to analyze light trapping in the top cell of randomly tex-
tured tandem solar cells. A quantity integrated scattering intensity is derived and
correlated to the absorption enhancement by coupling to guided modes in the a-
Si:H absorber layer.

The interplay of different interface texture and the intermediate reflector is inves-
tigated in Chapter 8. A special emphasis of this Chapter is to obtain a universal
description of the interplay of IRs with versatile front textures which is able to
explain the variety of experimental data and simulation studies in literature and
cover both, randomly textured and periodic light trapping concepts. Section 8.2
is dedicated to elaborate which are the surface parameters of randomly textured
solar cells that determine the effectiveness of the IR in tandem solar cells. Surface
angles are shown to be the decisive factor. As a consequence, the angular reflec-
tion characteristic of thin-film IR layers is investigated in Section 8.3. The derived
theory is applied to common randomly textured substrates in Section 8.4. To un-
derstand the effectiveness of the IR for tandem cells on surfaces comprising large
angles and photonic structures with large diffraction angles remain, Section 8.5
presents a series of studies which decouple the interplay of front textures and re-
flectors. The results are generalized to randomly textured surfaces in Section 8.6.
A final discussion in Section 8.7 summarizes the results of this chapter and puts
them into connection to the diversified literature. The thesis is summarized in
Chapter 9 and prospects on future investigations are given.
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4. Fundamentals

This chapter introduces the theoretical background and experimental ba-
sis of this work. Fundamental equations for the description of light-
matter interaction are deduced starting from fundamental equations.
The applied methods of computational electrodynamics are reviewed. A
solar cell is introduced as an opto-electronic device and its device physics
is summarized. In particular, the device structure of the used thin-film
silicon solar cells and the applied experimental methods of device char-
acterization are shown.

4.1. Electrodynamics and Optics

4.1.1. Classical Electrodynamics

The theory of electrodynamics mathematically describes the electric and magnetic
field E and H and their generation and conversion. The fundamental basis is given
by Maxwell’s equations. They were introduced by the Scottish physicist James
Clerk Maxwell in his publication A Dynamical Theory of the Electromagnetic
Field” from 1864 [64]. Maxwell’s equations describe the temporal and spatial
evolution of electromagnetic fields. The following four equations represent the

macroscopic description of Maxwell’s equations:

VD(x,t) = pext(X, ) , (Gauss’ law) (4.1)
VB(x,t) =0, (Gauss’ law for magnetism) (4.2)
B
V x E(x,t) = —% , (Faraday’s law of induction) (4.3)

aD(x,t)

V x H(x,t) = Jext (%, ) + 5

, (Ampere’s law) (4.4)
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In this formulation, the microscopic interactions between charged particles and
the electromagnetic fields are averaged resulting in a macroscopic response. The
physical quantities are the electric field E = < E > (x,¢) and the magnetic field
H =< H > (x,t). The scalar free charge density pex (X, ) and the external electric
current density Jey(X,t) are the sources of electromagnetic fields. Furthermore,
the dielectric displacement D(x,¢) and the magnetic induction B(x,t) are intro-
duced as macroscopic quantities which are related to the fundamental fields by:

D =¢yeE = ¢E + P, (4.5)
B = pouH = po(H + M), (4.6)

introducing the electric polarization P and the magnetization M. The vacuum
permittivity €g and vacuum permeability py are universal constants which are
linked to the speed of light ¢ by

1

The dielectric function €(x, w) and the permeability p(x, w) describe the opti-

CcC =

(4.7)

cal, magnetic and electric properties of the material. They can be deduced from
the solid state theory of the certain material [65] or determined experimentally
by ellipsometry [66] or RT-measurements (Section 4.3.2). Combining the vector
equations Eq. 4.3 and Eq. 4.4 and inserting Eq. 4.5 and Eq. 4.6 results in the
inhomogeneous wave equations:

1 0°E 0 oP
E-——22 2 (j+& M 4,
VXV X 2 o ”“6t(3+8t+vx ) (48)
1 0°H oM oM
VXVXH:—gatQ +VXJeXt+HOW+VXW. (49)

In absence of charges and currents (pey; = 0, Joxy = 0), the inhomogeneous terms
vanish and Eq. 4.8 and Eq. 4.9 turn into homogeneous partial equations. One time
harmonic solution is a superposition of plain electromagnetic waves with a variety
of angular frequencies w:

E(x,t) = Eg - ¢/®* %Y and B(x,t) = By - ¢!**~0 (4.10)

The wave vector k directs in propagation direction of the electromagnetic wave

w|a|

and its absolute value k| = contains the propagation speed in the certain

material. The complex refractive index for non-magnetic materials

n(w) = n(w) + ik(w) = /e(w); (4.11)
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is related to the dielectric function e(w). n and k denote the real and imaginary
part of the refractive index n. The real €, and imaginary part €; of the dielectric
function can be deduced as:

e(w) = n?(w) — K*(w) (4.12)

ei(w) = 2n(w)k(w) (4.13)

They are inter-dependent and coupled by the Kramer-Kronig-relation [65].

Interface Optics

Geometric optics or ray optics, describes light propagation in terms of 'rays’. A
light ray is a line or curve that is perpendicular to the light’s wave fronts (wave
vector). It follows Fermat’s principle, which states that the path taken between
two points by a ray of light is the path that can be traversed in the least time.
Ray optics allows to deduce the fundamental laws of reflection and refraction geo-
metrically. At the interface between two different materials, electric and magnetic
fields and their derivations are continuous. The refraction of light at the interface
between two media of the refractive indices n; and ny with an incidence angle 0
and a refracted angle in the second medium (62), Snell’s law of refraction is given
by [65]:

ny - sin(fy) = no - sin(bs). (4.14)

However, the ray optics approximation does not include phase information and
optical frequency and diffraction, as well as, interference. For layer sizes and thick-
nesses tn > A like in crystalline silicon wafer solar cells with texture sizes > 10 um
and layer thicknesses > 100 um [4,67], this is a valuable approximation. At an in-
terface between two optical materials, continuity of optical fields is required. From
these conditions, Fresnel’s equations can be deduced [65]. For normal incidence,
the reflection coefficients rg,, and transmission coefficients ts,, are determined by
the ratio of reflected/ transmitted and incident electric field for s and p-polarized
light:

— |Ercﬂ| _ m — Ny

= _m-n 415

v | Bl 1+ (4.15)
‘Etrans| 2- 7771

ts=1, = = — — 4.16

P | Ein | 1y + 1y (4.16)
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The transmittance 7" and reflectance R are determined from the reflection and
transmission coefficients r and ¢:

Ri =Ti- fj, (417)
79 cOS 09 _

1= |/ ti . ti. 4.18
ny cos 0; ( )

This formulation is just valid for one interface. In the presence of more interfaces,
interference plays a decisive role and optical phase has to be included. The common
approach to recursively couple certain interfaces is the transfer matrix method
described in Section 4.1.4.

4.1.2. Absorption in Semiconducting Materials

The attenuation of the intensity of the electric field by transit through an absorbing
substance as a function of the wavelength, absorption coefficient o and thickness
is described by Lambert-Beer’s law [68]:

I =B = [B- e, (4.19)
The absorption coefficient a(w) is linked to the extinction coefficient k(w) by:

_ 4nik(w)

5 (4.20)

a(w)

Poynting Theorem

To describe the energy balance in electrodynamics, the vectorial quantity called
"Poynting vector’ is introduced:

S(r, w) = E(r,w) x H(r, w) (4.21)

The Poynting vector describes the energy flow and is directed in propagation of
the electromagnetic field. Using the Poyntning vector, the time-averaged energy
balance equation for the electromagnetic fields reads as follows: The rate of energy
transfer (per unit volume) from a region of space equals the rate of work done on
a charge distribution plus the energy flux leaving that region:

%%(E(r, w)-D(r,w) + B(r,w) - H(r,w)) = VS(r,w) + J - E(r,w). (4.22)
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In absence of currents and magnetic materials Eq. 4.22 is simplified to

VS(r,w) = —%weoeiE(r, w)E*(r, w). (4.23)

E*(r, w) is the complex-conjugated local electric field. As a consequence, a non-
vanishing imaginary part of the dielectric function results in a reduction of energy
flow by absorption. The "Poynting Theorem’ can be used to calculate absorptance
within certain layers from the electric fields.

4.1.3. Nano-Optics and Photonics
Evanescent waves

If an electromagnetic wave from an optically dense medium reaches the interface
to an optically thinner medium (n; >ns), Eq. 4.14 results in a particular critical
angle Opr which corresponds to a refraction into an angle of 90°, parallel to the
interface [65]:

GTIR = arcsin (112) . (424)

ny

The z-component of the wave vector of the transmitted electromagnetic wave in

2
ko, = kz\/l - <22> arcsin(0), (4.25)
1

gets imaginary if 8; > O1r. The electromagnetic wave that does not propagate

the medium ney

into the material but exponentially decays, is called evanescent wave and its electric
field is described by [69]:

n 2
—iEVt,(01) (%) sin?0;, — 1
E?tp(el)
E{)tp(Ql)"—; sin61

n

EQ — . el‘sinelklz LeTYE, (426)

The decay constant vy is defined as:

2
¥(01,n1,n2,A) = kg\/<m) sin®0; — 1. (4.27)

No

The index ¢, and ¢4 indicate the Fresnel coefficients for transmission of p- and
s-polarized light, respectively (Chapter 4.1.1) and EP and E® the absolute value
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of the electric field of p- and s-polarized light, respectively. In case of an infinite
thickness of the low index film, the evanescent field intensity decays to zero and
all the light is totally internally reflected resulting in R = 1. In the presence of a
second interface to a material ny > ng, k, may get real again (Eq. 4.25) allowing
for a propagation of the electromagnetic wave in the medium. This process is
analogous to the tunneling of a quantum mechanical wave function through a
finite potential barrier and is, therefore, also described as photon tunneling. In
this case, the Poynting vector does not vanish and energy is transmitted into the
medium ns. As a result, the reflectance of this optical system is decreased from
1. The effect is also commonly known as frustrated total internal reflection,
attenuated total internal reflection or evanescent wave coupling.

Planar Waveguides

The effect of total internal reflection is used in optical waveguides. Electromagnetic
waves are guided within a dielectric material by total internal reflection at the
adjacent materials which are either highly reflective or inhibit a refractive index
lower than the waveguide material. Common applications are glass fibers [70] used
e.g. for telecommunication. The effect is the same in a slab of dielectric material.
In such a system, certain angles exist for which the phase ¢, of twice reflected wave
and the incident wave are equal. The constructive and destructive interference of
these waves result in a periodic electric field pattern. The following resonance
condition can be deduced:

2 .

7~n-cos(9+7[:27'cm,Wlthm:O,1,2,8.,..., (4.28)
with the incidence angle 0 and the phase ¢,. These modes are confined in the
waveguide. Figure 4.1 shows a dispersion plot where the photon energy Eyy is
shown in dependence of the parallel wave vector k. Dotted diagonal lines indicate
the escape cone for ZnO:Al (n = 2) and a-Si:-H (n = 4). Full black curves show
the waveguide modes of the order m* = 1,2,3,4 for a 330nm thick a-Si:H film
between two perfect reflectors Ep, = % . 1/kﬁ + (m:'“)g [71]. Dashed vertical line

indicate the transfer of parallel wave vector kj 4, induced by a grating of the period

p = 400nm. Red circles indicate intersections between the grating momentum k| 4,
and the waveguide modes of the a-Si:H film.

To couple ambient electromagnetic waves into the waveguide, a parallel momen-
tum k| has to be transferred to the photon. This can be done by the diffraction or
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Figure 4.1.: Dispersion relation of photon energy Epy, over the parallel wave vector k. Dotted
diagonal lines indicate the escape cone for ZnO:Al (n =2) and a-Si:H (n =4). Full
black curves show the waveguide modes of the order mx = 1,2,3,4. Dashed vertical
line indicate the transfer of parallel wave vector k) induced by a grating of the period
p =400 nm.

scattering process. By the transfer of parallel momentum, incident light can cou-
ple into the waveguide and, following reciprocity, waveguide modes can couple to
the ambient (also known as leaking). These modes are called leaky waveguide
modes.

Diffraction Gratings

A diffraction grating is an optical component with a periodic surface structure
diffracting light into different directions. Diffraction is a direct consequence of
Huygen’s principle of elementary waves [72]. The directions of these beams depend
on the period of the grating p and the wavelength of the light:

m-A=p-sin(6,), (4.29)

where m is the diffraction order m = (0, 1,2, 3, ...). The zeroth grating order is the

specular light, which is transmitted in 0° without transfer of parallel momentum.

Photonic Crystals

Analogous to electrical crystals where the free electron gas is affected by a periodic
ion lattice, a photonic crystal (PhC) is a periodical optical nanostructure. The
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English physicist Lord Rayleigh showed in 1887 that for certain layer thicknesses t
and refractive indices n, dielectric multilayer stack transmission vanishes at certain
incidence angles due to destructive interference [73]. As Fig. 4.3(a) shows, this
multilayer stack follows the condition

i—; =m-t. (4.30)
This 1D photonic crystal is also called Bragg stack and shows an optical band gap
centered at Ag. Like in electronics, propagation for photons which inhibit an energy
within the band gap is prohibited. Such multilayer thin-film coatings are known
as dielectric mirrors or interference narrow-band filters and used as optical
components [74]. Starting with the prediction of this omnidirectional photonic
band gap by E. Yablonovitch [75] and S. John [76] in 1987, the field of photonic
crystals has attracted large attention and large efforts have been done to produce
such structures either 2D like in [77] (Fig. 4.2(a)) or 3D like the inverted opal
structure in [78] (Fig. 4.2(b)). The 3D inverted opal structure was theoretically
calculated in [79]. An excellent overview of the theory and application of PhC, is
found in [50].

200 nm

Figure 4.2.: Scanning electron microscopy (SEM) images of a 2D photonic crystal (a) [77] and
3D photonic crystal (b) [18] taken from literature .

Figure 4.3 shows the photonic band structure in the optical dispersion w(k)
for a 1D photonic crystal (PhC) or Bragg stack (a) and a 3D PhC (b) calculated
by a plane wave approximation method [80]. The shown 3D PhC is an inverted
opal structure produced by periodic self-assembly of diluted nano spheres from
Fig. 4.2(b). The photonic band gap in the 1D stack is just in one symmetry
direction. In contrast, the 3D PhC structure exhibits an omnidirectional band gap
if the refractive index contrast % is large enough [50]. Due to their potential to
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Figure 4.3.: Calculated photonic band structure in the optical dispersion w(k) for a 1D photonic
crystal (PhC) or Bragg stack (a) and a 3D PhC (b). The shown 3D photonic crys-
tal is an inverted opal structure produced by periodic self-assembly of diluted SiOgp
nanospheres in a silicon matrix.

guide, reflect and diffract the light, photonic crystals are now used in PhC glass
fibers [81,82], lasers, light emitting diodes and solar cells [26,27,53, 83].

4.1.4. Computational Electrodynamics

The fast advances in supercomputing have made it possible to perform
simulations of various photonic elements. Computational demand in-
creases with the complexity of the studied system. Flat layer stacks can
be easily computed by transfer matriz models, while more complex ge-
ometries and, in particular, randomly textured structures require larger
computational domain and have to be simulated rigorously. Approzi-
mate methods like scalar scattering theory help to understand the phys-

ical processes and enable parameter sweeps.

Transfer Matrix Method (TMM)

For the calculation of optical properties of stacked media on flat substrate, the
Fresnel equations (Section 4.1.1) at each interface have to be prevailed. Reflection
and transmission coefficients 7y, ¢;; at each interface are summed up in matrices
which can be multiplied to couple several interfaces. A schematic drawing of a
calculated cell stack and the quantities 7;;, ¢;; is shown in Fig. 4.4.
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Figure 4.4.: Configuration of interfaces in TMM method.

For this work, two versatile coherent, transfer-matrix algorithm implementations
in Python and C++ [84], [85] were used to calculate reflectance and transmittance
of the flat layer stacks. Matrix calculations are computationally fast and allow for
optimization. In case of this work, the TMM algorithm was coupled to a genetic
algorithm for layer thickness optimization [86,87]. The genetic algorithm was
implemented in C++. It allows to vary starting values, number of the population
and mutation rate.

Finite-Difference Time Domain Method (FDTD)

Optical simulations of devices with textured surfaces are much more complex as a
statistical, sufficiently large area has to be chosen and Maxwell’s equations have to
be solved rigorously [56,88-92]. For the rigorous optical simulations of such three-
dimensional systems, various commercial and free solvers are available basing on
finite elements method (FEM) [93-95], rigorously-coupled wave analysis (RCWA)
or Fourier-Modal method (FMM) [96-98], finite integration technique (FIT) [99]
and finite-difference time-domain method (FDTD) [100-102]. The good scaling of
parallelization of the FDTD methods makes it a suitable method for the rigorous
simulation of large randomly textured domains. Within this work, simulations
were done by FDTD method using a in-house developed interface [103] to the
open-source software package Meep [100]. In 3D, Maxwell’s equations have six
electromagnetic field components: Ey, Ey, E, and Hy, Hy and H,. Maxwell’s
equations split into two independent sets of equations composed of three vector
quantities which can be each solved in the z-y plane only. These are termed the
TE (transverse electric), and TM (transverse magnetic) equations. Both sets of
equations can be solved with the following components for a z being the propaga-
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tion direction: TE: Ey, E,, H,
TM: Hy, Hy and E,.
For example, in the TM case, Maxwell’s equations reduce to:

oD, 0H, OH,

ot Ox Oy (431)
D,(w) = o€ (w)E,(w) (4.32)
OHy 1 0FE,
- 4.
ot o Oy (4.33)
oH, 1 0E,
o o (4.34)

The FDTD method solves these equations on a discrete spatial and temporal grid
substituting the differentials in Eq. 4.31-4.34 by differences. Each field component
is solved at a slightly different location within the grid cell (Yee cell), as shown
in Fig. 4.5. By default, data collected from the FDTD solver is automatically
interpolated to the origin of each grid point [104].

i
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Figure 4.5.: 3D Yee grid (i,j,k) for the discretization of the computational domain. Electric fields
(Ez, Ey, E.) are indicated by red and magnetic fields (Hy, Hy, H,) by blue arrows.
Tllustration taken from [105].
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Scalar Scattering Theory

Rigorous optical simulations facilitate an accurate description of a photonic system.
However, computational effort is still high, especially for complex geometry like
randomly textured substrates which require large simulation domains. To calculate
generation profiles for electric simulations, as well as for optimization of surface
textures, scalar scattering theory provides a powerful tool but is, however, re-
stricted to certain limitations. Commercially-available device simulators like ASA
imply empirical correction functions which are not physically driven [106-108].
In the last years, a new scalar model has been developed on the basis of Fast
Fourier Transform (FFT) [109-112]. Surface morphologies measured by atomic
force microscopy (AFM) are used to extract the collected optical phase difference
A¢ induced within the transition zone between zpma, and zmin (Fig. 4.6) from one
optical material (n = ny) to another (n = ny):

Transmission Reflection

21 2T
AD = 7(nl —ny)z(x,y) Ad = —TZnZZ(x' y)

Figure 4.6.: Schematic sketch of the collection of optical phase ¢ within the transition zone of an
interface between zu,in and zmag-

27 27
AC() - T(Zmax - Zmin)nZ + 72(3/’ y)(nl - n2)7 (435)
The radiance L is the radiant power per unit solid angle per projected unit area

and describes the scattered light intensity.

}\2
L(kxv kv) = A7S|F(U0('r7y))|2/ (436)
including the scattering surface Ag and the Fourier transform F of the pupil
function Uy(x,y):

Un(z,y) = ﬁ ¢id0 (4.37)
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€ is the ratio of the diameter of the incident wave front to the observation
distance. From L, spectral quantities like the haze or angular intensity distribution
(AID) can be deduced. The AID(0) is calculated as:

ATD(®) = L(by,1y) - 222

0s(6). (4.38)

The model has been extended to reflection [113], compared to measurements
[111,112], [114] rigorous FDTD simulations for each random [92] [115] and periodic
grating surface textures [116].

4.1.5. Fourier Analysis

The distribution of the complex electric fields obtained from rigorous optical sim-
ulations contains information about propagating light modes inside the absorber
layer as well as near-field modes. All those modes can be discriminated by fast
Fourier transform (FFT) [109,117]. To extract the information, a plane of the
complex electric field distribution is chosen. This distribution can be either a
plane extracted out of rigorous optical simulations (Section 4.1.4) or calculated
from a surface topography using the phase model (Section 4.1.4). The real part
of the electric field in a-direction is plotted in Fig. 4.7(a). It shows a periodic
pattern determined by the waveguide modes within the film. The FFT of this
2D output plane provides the amplitude and phase of each mode as a function
of the periodicity of the electric field. The real part of the FFT is presented in
Fig. 4.7(b).

It is visible that the grating diffracts into discrete orders which are visible in
the FFT. In order to evaluate the amount of light modes with large wave vectors,
i.e. large propagation angles, the FF'T result is spherically integrated around the
center point. The center point corresponds specular light with & = 0. The dotted

27tnam

)
to the ambient (n,m). All light modes with kj > %T;\A are not able propagate

circle shows the condition ky = |k = which is equivalent to the escape cone
in air. In this range, leaky waveguide modes are present. The incident light can
couple to these modes by scattering at the textured interfaces. An angular intensity
distribution AID or scattering intensity SI can be calculated by integrating the
intensity in the FF'T within thin circular rings of thickness dr. With kj = s

A
sin O4c,., the periodicity p of the field pattern can be transferred into a scattering
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Figure 4.7.: (a) Real part of the E, component in a plane within the a-Si:H top cell of a tandem
solar cell on periodic grating. (b) The FFT of the complex electric field. The dotted
circle depicts the limit of propagating light ky = |k|. (c) Scattering intensity ST over

the scattering angle.
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A
Ogeq = arcsin [ — | . 4.39
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The geometry of the process is illustrated in Fig. 4.8. The scattering angle O, is
the angle between the incident wave front and scattered wave front. The wavefront
pattern in an evaluation plane (dotted line) is characterized by a periodicity p. The
ST for Fig. 4.7(a) is presented in (c).
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Figure 4.8.: Scheme of scattering at a textured interface. The incident wave front is scattered/
diffracted at the surface features. The scattered wave fronts are depicted as full
lines. The scattering angle Ogcq is the angle between the incident wave front and
scattered wave front. The wavefront pattern in an evaluation plane (dotted line) is
characterized by a periodicity p which is linked to the scattering angle by Eq. 4.59.
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4.2. Thin-film Silicon Tandem Solar Cells

A solar cell is an optoelectronic device with the ability to convert broad-
band light in the visible range into electrical energy. This section intro-
duces the working principle of a general solar with focus on thin-film

silicon solar cells.

4.2.1. Photovoltaic devices

Basis of energy conversion in solar cells is the photovoltaic effect. It bases on the
photoelectric effect, described by Albert Einstein in 1905 [118]. The absorption of
a photon with the sufficient energy hw by an atom in a crystal leads to the excita-
tion of the electron which is localized in the valence band into the conduction band
of the semiconductor. This is the process of the generation of an electron-hole pair.
In inorganic semiconductors, this leads to an increase of concentration of quasi-free
charge carriers while in more complex systems like organic semiconductors or quan-
tum well structures, electron-hole pairs stay bound in so-called excitonic states. To
avoid recombination of the generated electron-hole pairs, selective contacts provide
a transport of the electrons and holes to the circuit. Doping of the semiconductor
to a p-doped (acceptor) and n-doped (donator) region builds up an electric field
which ensures the transport of charge carriers to the contacts. The separation of
charge carriers generates a voltage in the device, whereas the photo current J,j
is determined by the number of electrons and holes extracted at the contacts. A
schematic band diagram of a typical p-i-n solar cell is shown in Fig. 4.9.

conduction band

O~

energy E

valence band
intrinsic

Figure 4.9.: Band diagram of a thin film p-i-n solar cell with valence and conduction band.
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4.2.2. Solar Spectrum

The solar cell is illuminated by light from an external source which is, under
normal conditions the sun. The incident power of sunlight at standard conditions
are shown in Fig. 4.10 in space (AMO, yellow curve) and with an angle of incidence
of 48° to the surface normal which corresponds to mid-latitude regions including
the major PV markets US, Germany, China, Japan (AM1.5, orange curve) [119,
120]. The AM1.5 spectrum includes losses by light paths through the atmosphere
including the absorption bands of atmospheric molecules like O, HyO ete.

400 600 800 1000 1200
wavelength A [nm]

spectral irradiancess [W / (nm m?)]

Figure 4.10.: Incident spectral irradiance in free space (AMO, yellow) and on Earth with an in-
clination angle of 48° (AM1.5, orange).

4.2.3. Device Structure of Thin-Film Silicon Solar Cells

To choose a suiting material for a solar cell, (i) band gap and (i) absorption
coefficient of the material are of decisive importance. Due to thermodynamic
calculations of Shockley and Queisser [10], the conversion efficiency of sunlight
shows to maxima reaching 34% for a band gap energy of Fg,, = 1.1eV and Eg,,
= 1.34eV. The dominating material for solar energy conversion is crystalline
silicon (c-Si). It has been the dominant material in microelectronics, is well
understood [121], and its band gap of E,,, = 1.1eV is very suitable to absorb
a large share of sunlight. As ¢-Si is an indirect semiconductor [121], absorption
length is long for low energies (Fig. 4.11) and a large layer thickness of several
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pm is necessary to absorb the full spectrum. The application of scattering and
diffracting textures can further enhance the effective thickness of the absorber layer.
Together with the optimization of material purity and, thus, charge carrier lifetime
and mobility, surface passivation and doping [4] have lead to a record conversion
efficiency for the passivated-emitter, rear-locally diffused (PERL) solar cells 24.6%
[122,123] and 25.6% in case of an a-Si:H passivated silicon heterojunction solar
cells [9].

photon energy ph-[eV]
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10 : . : .
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Figure 4.11.: Absorption lengths for silicon based intrinsic ({i )) materials crystalline silicon (c-
Si) (taken from [124]), hydrogenated amorphous silicon (a-Si:H) and the mized-
phase material microcrystalline silicon (weSi:H).

A variety of materials has been proposed including high-quality semiconductors
like GaAs [40], chalcogenides/ kersterides [125], dyes [126], organic semiconduc-
tors [127] and perovskites [128]. Stability, material availability and toxicity of the
involved materials, disqualify them to meet a PV demand on the terawatt scale
within some decades. Drawbacks of ¢-Si are mainly the necessary layer thicknesses
and the resulting demand of silicon, as well as the energy consumption during the
fabrication process. A possibility are thin-film silicon solar cells. The thin-film
materials hydrogenated amorphous silicon (a-Si:H) and hydrogenated microcrys-
talline silicon (pc-Si:H) are used within this work. In a thin-film silicon solar
cell configuration, the intrinsic a-Si:H /pc-Si:H absorber layer is situated between
thin p- and n-doped layers forming a p-i-n-diode. The electric field generated by
the doped layers leads to a separation of charge carriers and directs them to the
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4.2. Thin-film Silicon Tandem Solar Cells

contacts.

4.2.4. Light Trapping in Solar Cells

In the Shockley Queisser limit, it is assumed that all incident photons with (E,y, >
E,.p) contribute to charge carrier generation and the charge carriers can be loss-
lessly extracted from the solar cell. The external quantum efficiency as the ratio
of extracted charge carrier divided by incoming photon is FQE = 1 in this case.
This is achieved if the absorption coefficient « (Eq. (4.20)) is large enough like in
ITI-V semiconductors, perovskites or organic absorbers and, consequently, all pho-
tons can be absorbed within one path through the material. In the case of indirect
semiconductors like silicon which exhibit lower absorption coefficients close to the
band gap, complete absorption can be ensured by increasing the absorber layer
thickness and, thus, the optical path of the light. Classical crystalline silicon solar
cells are several hundred micrometers thick and, thus, absorb a similar amount
of light reaching high absorptance over a large spectral range. High efficiencies
of up to 25.6% [9] and really high absorptance have been gained with thick c-Si
wafer solar cells. To reach even higher efficiencies, the open-circuit voltage V. is
the limiting factor. If the light is not absorbed within a diffusion length of the
junction, the charge carriers are lost due to recombination. Furthermore, a thin-
ner solar cell which retains the absorption of the thicker device may have a higher
voltage. From the thermodynamic point of view, these processes create entropy
which decreases the difference from the actual band gap to the open-circuit volt-
age [12]. One way of decreasing cell thickness is to increase the light path in the
solar cell. This is facilitated by increasing the angle of light. Larger angles lead
to an increasing light path and a larger amount of light which is totally internally
reflected (Section 4.1.3). This approach is called light trapping and is facilitated
by scattering or diffraction at the front or back side of the solar cell. An optimum
solar cell structure will typically have light trapping in which the effective optical

path length (1) is several times the actual device thickness.

Lambertian Light Trapping

Scattering denotes the process of redirecting any kind of radiation due to localized
non-uniformities in the medium. In optics, this can be, for example, dielectric
or metal particles or textured surfaces. A schematic sketch of light trapping in a
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thin semiconductor film is shown in Fig. 4.12. An The incident ray is scattered
at the textured front interface and the back reflector in a variety of directions.
The redirection is described by a scattering angle 0. If additionally a back mirror
is applied, the light path in the absorber material with thickness ¢ is [ =

cost?'

To deduce a limit of absorptance in a high refractive index medium, I regard
the absorber material as a black body emitting a photon flux ¢p,*. In case of
Lambertian light trapping, an isotropic distribution of scattering angles is assumed.
That means that the radiance is redirected uniformly in all directions.

escape
cone

back reflector

Figure 4.12.: Schematic sketch of light trapping in a thin semiconductor film.

In this system, the flux through an angular area ddT is constant. The radiance

L within the volume V of the layer is described as

2
Ay

L= V7 oc(bbb/d(b/sm(e )dO = dmady,. (4.40)

0

As light escaping the solar cell must be below the critical angle of total internal
reflection Opr an additional factor

OTIR 1
T = / 2 cos(0) sin(0)d0 = sin*(Or) = — (4.41)
)
0

is obtained. It resembles the reduction of the photon flux outside in comparison
to within the solar cell. The emitted flux from the surface of the layer into the air
free space is:

21

ddy
A d)bb/dd)/cos sin(0)do nZAmbbb (4.42)

0
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Combining Eq. 4.40 and Eq. 4.42, results in:
/ 1
/ dOvdz = drn’ oty = tOg = — Andyy. (4.43)
n
0

This results in the maximum absorptance:
A(N)max = 4n’ta(A) , (Yablonovitch limit [129]). (4.44)
The maximum path enhancement in a weakly absorbing medium amounts:
Lnax = 4n’t. (4.45)

Further, the presented limit just applies for the case of vanishing absorption
which is not the case for a large range of the spectrum (A < 900nm) where a
significant part of the light is absorbed in the first passages through the absorbing
layer. A modification of Tiedje includes free carrier absorption as well by splitting
the absorption coefficient « into a step function of high absorptance (o) and low
absorptance (o2):

Oég()\)
0(1(E)+0€2(E)+ 1

4n?t

AN)2,max = (Tiedje limit [130]). (4.46)

The influence of the Lambertian light trapping on the absorbed power deter-
mined by Eq. 4.44 and Eq. 4.46 in a puc-Si:H solar cell are presented in Fig. 4.13.
A big potential for light trapping for wavelength A > 750 nm can be identified.

These approaches neglect any parasitic absorption, e.g. by the contact and
doped layers. A limiting absorptance taking these losses into account can be
found in Deckman et al. [131]. Light trapping by randomly textured surfaces is
facilitated by a variety of different structures [132] including randomly textured
as-grown substrates (Section ) and photonic or periodic textures [13,15,16,18,133].

Coherent Theory of Leaky-Waveguide Coupling

The assumptions from [129] are not generally valid for thin-film silicon solar cells.
For layer thicknesses in the order of the wavelength of incident light, geometri-
cal optics cannot be applied as already discussed in Chapter 4.1.1. In particular,
coherent properties of the light as diffraction and waveguide modes are not consid-
ered are not considered (Chapter 4.1.3). The work of Yu et al. [55,134] proposed
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Figure 4.13.: (a) 4n? for we-Si:H . (b) Absorptance A in a 1 pm thick we-Si:H layer. (c) Absorbed
wrradiance I for a 1 um thick we-Si:H solar cell.

a model which determines the maximum absorption of a solar cell as a thin-film
system with coherent light basing on rigorous coupled mode theory. Lattice con-
stants L close to the wavelength can result in absorption enhancements F' which
can highly surpass the 4n2-limit. Figure 4.14 shows the example of a cubic lattice
(k-space representation in (a)). In (b) the absorption enhancement is plotted over
the ratio £ reaching F' = 47n? at L = A (cubic case).
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Figure 4.14.: (a) Channels in 2D k-space for a grating with cubic lattice periodicity. The lattice
constant is L. (b) Upper limit of absorption enhancement for gratings with cubic
lattice. The image is taken from [55].

4.2.5. Multi-junction Solar Cells

Two major effects limit the efficiency of single-junction solar cells: Photons with
an energy below the band gap of the absorbing material cannot be absorbed as
the sufficient energy for charge carrier generation is not provided. For the band
gap of a ¢-Si solar cell, the light portion of the sunlight which is not available for
solar energy conversion amounts 34%. Photons with a higher energy are absorbed
in the semiconductor. However, the existence of just one fixed band gap leads
to a loss of the additional energy a photon holds AE = hw — E,. This energy
leads to a further lattice excitation which is relaxated by phonons and is, thus,
called thermalization. For c¢-Si solar cells, thermalization losses make out 57%
of the incident light. These losses can be minimized by combining single junction
solar cells of different band gap materials. [36, 37] showed that thermodynami-
cally the possible conversion efficiency increases with the number of junctions. A
hypothetical n-junction is able to vanish thermalization losses and reach the ther-
modynamic maximum conversion efficiency of 86%. This system is unrealistic, but
world record conversion efficiencies have been reached with four junctions of I1I-V
semiconductors reaching now 44.7% [40].

Basing on silicon technologies, a variety of different combinations for a dual-
junction solar cell, also called tandem solar cells ,are possible. Thermodynamic
calculations by [36,37] show that basing on ¢-Si or puc-Si:H | the perfect band gap
for the partner solar cell would be Eg,, = 1.8€V (see Fig 4.15(a)). Consequently,
a tandem of a-Si:H as top cell and pc-Si:H as bottom cell has proven to be a good
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combination [41].

Egr leV)

Figure 4.15.: Conversion efficiency for a tandem solar cell depending on the band gaps of top and
bottom solar cell taken from [36].

Light Management in Tandem Solar Cells

Tandem and spectral-splitting configurations are of increasing importance and
are also discussed for silicon technologies to go beyond the limiting efficiency of
27% [4,35]. Therefore, it is necessary to determine an adequate partner for crys-
talline silicon which exhibits an appropriate band gap, low parasitic sub-band gap
absorption and delivers sufficiently high short-circuit current density Jg.. An im-
portant question assesses the interconnection of the sub cells. Series connection
requires a current matching of the sub cells to prevent a current loss due to the
limiting sub cell. Achieving this with a high-band gap material is difficult as the
maximum achievable short-circuit current is limited by this band gap. To avoid the
current matching problem, four terminal devices have been proposed [135], where
top and bottom cell are individually connected. An increasing number of junctions
with certain doped contact layers increases the parasitic absorption in the device.
Spectral-splitting solar cells place solar cells for different spectral ranges aside and
apply optical elements like spectrally selective filters and mirrors and lenses or
holographs to assign this certain spectral range of light to the associated solar
cell [136-138]. This is, in particular, interesting for concentrating PV where the
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space won by concentrating the light can be used for a horizontal adjustment of
the particular solar cells. [139] gives an overview over activities in this sector. How-
ever, concentrating PV systems require complex tracking systems and lenses and
base on non abundant ITI-V semiconducting materials. For chemically deposited
and solution-processed solar cells, stacking of different absorbers with so-called
tunnel recombination junctions is the straight-forward and dominant concept of
producing multijunction solar cells. The overall design of these tandem devices is
restricted by the requirement of current-matching at the maximum power point of
both sub cells [140]. The matching requirement is usually achieved by adjusting
the thickness of the a-Si:H top cell and pc-Si:H bottom cell. An equivalent circuit
is shown in Fig. 4.16(a) including non-radiative recombination represented by dark
current densities Jg, the photo current density J,n and shunt and series resistances
Rg,, R of the top and bottom cell.

The characteristic curve of a solar cell is its current-voltage JV-curve, which
is depicted for top (orange), bottom (brown) and series-connected tandem solar
cell (black) in Fig. 4.16(b). The current density J is observed depending on the
voltage V. At short-circuit condition (V' = 0), the short-circuit current density J.
is generated. The voltage in case of J = 0 is called open circuit voltage V.. The
point of maximal output power of the solar cell Pypp = J -V is called maximum
power point M PP. The conversion efficiency 1 is defined as

P
n= ?ﬁ_”’ = FF Ve Jucy (4.47)

including the incident power Py, and the fill factor FF = %. The external
quantum efficiency EQF of a tandem solar cell is shown in Fig. 4.16(c). It forms
the ratio between incident power and the power absorbed in the solar cell. In case
of perfect carrier collection, it is equivalent with the overall absorption within the
absorber material. Jg. is obtained by integrating the FQE(A) weighted by the

incident irradicance ¢(A)
Je=¢ / EQEMN)d(N)dA. (4.48)
0

However, the power-matching condition is also affected by the imperfect carrier
collection, as well as, degradation mechanims which are both inherent to the ma-
terial [42,141]. Physical constraints can be low diffusion lengths like in case of
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Figure 4.16.: (a) Sketch of a series-connected tandem solar cell and equivalent circuit. (b) JV -
curves of top and bottom cell including short-circuit current density Jsc, open circuit
voltage Ve, as well as, the mazimum power point M PP (indicated by triangle) for
top cell (orange), bottom cell (brown) and series-connected tandem device (black).

(¢) External quantum efficiency (EQFE) of top, bottom and sum of tandem solar
cell.

organic semiconductors, a reduced open-circuit voltage V.., due to bulk recombi-
nation losses as well as light-induced degradation. Light-induced degradation in
a-Si:H is known for decades and was reported 1962 by Staebler and Wronski [42].
A similar process is observed for organic absorber materials which exhibit a dis-
ordered structure as well [142]. Therefore, a central task for advanced optical
concepts in tandem thin-film silicon solar cells is the minimization of the physical
thickness and a maximization of the optical light path in the a-Si:H top cell. This
is why, an intermediate reflector (IR) is employed between the a-Si:H top cell and
the pe-Si:H bottom cell to reflect non-absorbed photons back to the top cell and,
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thereby, increase the optical path and absorptance in the top cell [44]. Commonly,
thin layers (30 — 150 nm) of transparent and conductive materials with a refractive
index n lower than that of a-Si:H are used as IRs [44,47,49,143]. The preferred
material is the mixed-phase material microcrystalline silicon oxide (pc-SiOy:H),
but also ZnO:Al is researched [43,45,46]. As high efficiency c¢-Si solar cells ap-
proach the thermodynamical limits, ¢-Si based multi-junction concepts have lately
attracted attention [61-63] to further increase the efficiency. A detailed study on
the optical requirements of an adequate top cell on a c¢-Si bottom cell has been
conducted by [62] and perovskite has been discussed as possible top cell delivering
high current [63]. Additional to the improvement of current and power matching
of the sub cells, IRs have the potential to increase the V,. and 1 of high-efficiency
multi-junction solar cells by decreasing the escape cone of the sub cells and mini-

mize radiative recombination losses [144].
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4.3. Experimental Methods

For the investigation of light management in tandem solar cells, in this
work state-of-the-art thin-film silicon tandem solar cells were used. This
Section introduces the materials and production processes of thin-film
silicon tandem solar cells and briefly presents the measurements which
were used for the characterization of materials and devices.

4.3.1. Solar Cell Fabrication
Deposition of Transparent Contact Layers

The front contact in thin-film silicon solar cells is provided by a transparent conduc-
tive oxide (TCO). TCOs are highly doped semi-conductors which are transparent
within the visible range and provide sufficient conductivity to act as front elec-
trodes. Typical TCO materials are tin doped indium oxide (ITO), aluminum
or boron-doped zinc oxide (ZnO:Al/B), as well as, fluorine-doped tin dioxide
(SnO4:F). The TCO films are deposited by chemical deposition processes under
low or atmospheric pressure (LPCVD/APCVD), or physical deposition by sput-
tering, e.g. from a Rotatable Dual Magnetron (RDM) deposition system [21,145]
onto a glass substrate. The APCVD SnOs:F substrates in this work were provided
from the Asahi Glass Company (AGC) (type VU), LPCVD ZnO:B substrates
come from EPFL-IMT [146,147] and sputtered ZnO:Al are produced at IEK-5 in
Jiilich basing on [21,148]. While APCVD/LPCVD substrates exhibit a deposition-
inherent surface texture (presented in Fig. 4.17(b) and (c¢) for APDVD SnOq:F
and LPCVD ZnO:VB, respectively), sputtering on ZnO:Al results in flat surfaces
with surface roughness of ogyms <10nm. Transparency, conductivity and surface
morphology of the ZnO:Al layers depends on the various deposition parameters
including temperature, pressure, deposition power, oxygen flow and doping of the
Zn0:Al,O; target. An additional etching step in diluted hydrochloric acid (HCL)
results in the crater-like texture which is presented in Fig. 4.17(a). Deposition pa-
rameters, as well as etching is subject of a variety of studies [21,145,149,150]. The
empirically optimized ZnO:Al layers which were used in this work were produced
at substrate temperatures of 300°C with a doping level of 0.5 wt%. The etching
takes place in 0.5% diluted HCI solution for 30 — 40s.
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Figure 4.17.: Scanning electron microscopy (SEM) pictures of textured transparent conductive
ozides sputter-etched ZnO:Al (a), APCVD SnOg:F (b) and LPCVD ZnO:B (c).

Deposition of Thin-Film Silicon Layers

The doped and intrinsic layers of the a-Si:H top cell, the pc-Si:H bottom cell, as
well as the nc-SiOx:H IR layers were deposited in a plasma enhanced chemical
vapor deposition (PECVD) system on the TCO front electrode using the standard
processes which were discussed in various institute publications [49,151].
Amorphous silicon (a-Si) is a disordered, amorphous semiconductor based on
silicon atoms. Its atoms do not show a long-range order, but the local order leads
to the formation of bands of the electron energy levels. Because of the disorder of
silicon atoms, dangling bonds exist which create defect states within the band gap.
These dangling bonds are saturated by hydrogen atoms which are added to the
deposition process resulting in hydrogenated amorphous silicon (a-Si:H). Results
of the disordered crystallographic structure are localized tail states. As the mobil-
ity of charge carriers is low in these tail states, the band gap of a-Si:H is defined
by the mobility resulting in Eg,, = 1.7 — 1.9eV. Due to its disorder a-Si:H acts
as quasi-direct semiconductor with a high absorption coefficient compared to indi-
rect semiconductors. The applied a-Si:H films in this thesis are deposit from the
gas phase using the gases silane (SiH,) and hydrogen in a PECVD process. For
more detailed information on material properties and the process of deposition,
the reader is directed to [152].

Hydrogenated microcrystalline silicon (pc-Si:H) is a two-phase material con-
sisting of silicon crystallites in a matrix of a-Si:H. The a-Si:H matrix provides an
excellent passivisation of the crystalline silicon which grows in grains showing a
higher material quality. pc-Si:H is an indirect semiconductor, its optical properties
are similar to ¢-Si showing a band gap of 1.1eV (Fig. 4.11). pc-Si:H is produced
by PECVD using particular deposition parameters. Best quality pnc-Si:H material
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has been shown to grow with a crystalline volume fraction depending on the depo-
sition system around 50%. By varying the relevant parameters pressure, gas flow,
high frequency power, substrate temperature and plasma excitation frequency the
material quality and its optical and electrical properties have been adjusted and
optimized [153,154].

Hydrogenated microcrystalline silicon oxide (pnc-SiOy:H ) is a mixed-phase
material which is deposited by adding carbon dioxide (COs) to the deposition cham-
ber during deposition of p or n-doped pc-SiO4:H. The resulting material consists
of vertical silicon crystallites (p- or n-doped) in a matrix of amorphous silicon
and silicon dioxide (SiO2) [47,48]. The volume fraction of the low refractive in-
dex material SiO, determines the refractive index of the whole material while the
"filament’-like silicon crystallites provide the vertical conductivity of the layer [155].
Figure 4.18 shows the influence of the silicon filaments on the optical properties
of the pe-SiO,:H layer.
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Figure 4.18.: Dependence of the refractive index n on the COz/SiH; gas flow ratio. The dashed
line illustrates the conductivity limit of 10~°Sem™. (b)-(d) Cross-sections of
EFTEM images (white = Si, black = SiOy_3) of the three marked SiOy films
marked in (a). The Figure is taken from [155].

The dependence of the refractive index n on the gas flow ratios (Hy/SiHy, as
well as CO4/SiHy is shown in Fig. 4.18(a). Two interdependent trends are visible.
(1) Increasing the COy-flow decreases the refractive index n of the material. (ii)
An increase of Hy/SiH, flow ratio effectively leads to a decrease of n. A dashed
line depicts the conductivity limit of 107°Sem ™! which has to be fulfilled to be
sufficiently conductive to serve as IR in tandem solar cells [48]. Energy filtered
transmission electron microscopy (EFTEM) picture in Fig. 4.18(b-d) show silicon
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filaments (white) within an amorphous SiOy matrix (black) for the three different
pe-SiO,:H materials from (a) with the same refractive index in different deposition
conditions. With increasing Hy, and CO,-flow, more filaments are formed resulting
in an increased vertical conductivity of the layer. The variation of gas flows en-
ables a variation of the refractive index of the material while keeping the material
sufficiently conductive. Detailed information on the optical and electric properties
of n-type pe-SiOx:H films which have been used within this work is given in [49].

4.3.2. Device Characterization
Current Density - Voltage Characteristic

The current density - voltage (JV) characteristic of a solar cell (Fig. 4.16(b)) is
measured in a sun simulator. JV-curves of solar cells in this work are measured
in a class I sun simulator using a light pulse of a halogen and Xenon-lamp. Com-
bining both light sources results in an incident spectrum is close to the AM1.5G
spectrum (Fig. 4.10) simulating the sun in our geographical region. The solar
cell temperature is kept constant at 25°. Inhomogeneities of the illumination are
limited to loss than 2%

Differential Spectral Response

The differential spectral response (DSR) was measured using a grating monochro-
mator setup (FW HM of the monochromatic light: o) = 10 nm) measuring in the
wavelength range between 300 nm and 1100 nm with a step width of AA = 10 nm.
For the measurement of tandem solar cells, an additional bias light with an edge
filter of 690 nm and 430 nm was used to flood the sub cell which is not measured.
A simultaneous measurement of the spectral response of a calibrated c-Si reference
cell, is used to normalize the measurement and obtain the external quantum effi-
ciency EQF of the solar cell. A detailed description of the setup and its modes is
found in [156].

Reflection-/ Transmission Measurements

The reflectance R and transmittance T of single layers and solar cells within this
work were measured by a two-beam Perkin Elmer UV/Vis spectrophotometer
LAMBDA950 which is capable to measure in the wavelength range 175nm <
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A < 3300nm. A light beam runs through a monochromator and is separated in a
probe and a reference beam. The sample is illuminated by a monochromatic light
beam from the superstrate side. An additional reference measurement ensure a
normalization of the measurement. As detectors, a photomultiplier (A < 860 nm)
and a NIR-diode (A < 860nm) are used. By applying an integrating sphere coated
by highly reflective white paint also diffusely transmitted or reflected light can be
detected. The absorptance of the sample is determined as A=1— R —T. For a
detailed discussion of the setup, the reader is directed to [157].

Photothermal Deflection Spectroscopy

To determine the absorption coefficient close to the band gap of a semiconduc-
tor, photothermal deflection spectroscopy (PDS) is used [158,159]. The investi-
gated sample is positioned in a fluid with a high specific heat and heat conduc-
tivity. Tetrachlormethan (CCly) is used as it additionally exhibits a temperature-
dependent refractive index. The sample is illuminated by a monochromatic light
source with variable wavelength. The light is absorbed in the sample. The sub-
sequent non-radiative recombination of charge carriers produces heat which is
transferred to the fluid and results in a change of the refractive index. A laser
beam which is aligned parallel to the sample surface is refracted by the difference
of refractive index in the fluid in adjacency of the sample surface. The deflection
of the laser beam is related to the absorptance A in the sample. Inserting the
thickness ¢ and refractive index n of the sample, the absorption coefficeint « can
be determined according to [159].

Optical Data

The complex refractive index 1 = n + ik of the involved materials in the investi-
gated thin-film silicon solar cells is determined by a combination of ellipsometry,
RT-measurements and photothermal defection spectroscopy. Single layers were de-
posited on glass and reflectance and transmittance was measured. If the layer thick-
ness of single layers on glass is known, reflectance R and transmittance 7' can be
fitted by a combination of Drude-model, Tauc-Lorentz model and KKR (Kramers
Kronig relation) model in the optical spectroscopy software SCOUT [66,160]. For
a determination of the absorption coefficient « below the band gap, where absorp-
tance of the layer is < 1%, PDS of the same layers is additionally applied and «
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by RT-fit is and « below the band gap is taken from the PDS measurements [66].
The optical data applied in this work are presented in the appendix A.

Atomic Force Microscopy

For the imaging of nano-textured surfaces, atomic force microscopy (AFM) is used.
The AFM used for this work is a NANOStation 300 (SIS GmbH). A silicon tip with
a curvature radius of approximately 10 nm and an opening angle of approximatel
30° attached on a resonantly oscillating cantilever is positioned in vicinity of the
surface. Attractive Van-der-Waals forces between tip and surface result in a change
of the resonance frequency of the cantilever. By detecting the change of amplitude
of a laser beam which is deflected at the cantilever, the distance between tip and
surface can be determined. The distance between tip and surface can be kept
constant with a feedback loop and a piezoelectric height control. Scanning the
surface with a constant tip-surface distance allows to map the surface and obtain
a 3D surface topography with 10nm resolution. or a detailed discussion of the
setup, the reader is directed to [157].

Computational Modeling of External Quantum Efficiency

To model the external quantum efficiency FQFE of randomly textured thin-film
silicon solar cells, Maxwell’s equations have been solved rigorously [56,88-92]. Rig-
orous optical simulations of the tandem cells were done using the optical material
parametrization presented in Cha. A and thickness while just the textures at the
different interfaces were implemented. AFM measurements of the TCO topog-
raphy, after a-Si:H deposition and after pnc-Si:H deposition were taken and used
as topography for the interfaces in the simulation. The stationary electric and
magnetic fields are calculated by the FDTD algorithm (Section 4.1.4). The elec-
tric energy density eE? for a tandem cell at A = 650 nm and 900 nm is shown in
Fig. 4.19(a) and (b), respectively. As FDTD solver, the MIT tool Meep [100] is
used in a modified C++ implementation [103]. Simulations of small periodic sys-
tems are performed on a local workstation (4 cores) while large-scale simulations
of randomly textured solar cells of up to 10'? cells are performed on up to 32 nodes
using the JUROPA-cluster [161]. Using Eq. 4.23, the absorptance per mesh cell
is calculated. Following the assumption that each absorbed photon generates one
charge carrier pair which are entirely collected, the external quantum efficiency
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EQFE of the layer is calculated as the sum over the absorption in all mesh cells
within the concerning layer. Reflectance R and transmission 7" were calculated as
a ratio of reflected/ transmitted Poynting vector in a plane perpendicular to the
incident wave propagation direction and free space reference simulations. The ab-
sorptance in the different media is calculated from the electric fields by Poynting’s
theorem (Eq. 4.23). The measured (full line) and simulated EQFE (dashed line) of
the top cell (black) and bottom cell (red), as well as absorptance A = 1 — R (blue)
for a tandem solar cell on sputter-etched ZnO:Al texture are shown in Fig. 4.19(c).
It is visible that the measured FQF can be reasonably reproduced using FDTD
simulations. To model the FQFE of tandem solar cells on randomly textured thin-
film silicon solar cells, a domain size of 3.5 um x 3.5 um is chosen in order to

ensure a sufficient representation of spatial frequencies even of large scale feature
surfaces [162,163].

absorptance 1-R

external quantum efficiency « « *

400 600 800 1000
wavelength A [nm]

energy density € |[E|?

Figure 4.19.: Simulated electric energy density for a randomly textured tandem solar cells at A =
650nm (a) and A = 900nm. (¢) Measured (full line) and simulated EQE (dashed
line) of the top cell (black) and bottom cell (red), as well as absorptance A =1—R
(blue) for a tandem solar cell on sputter-etched ZnO:Al texture.
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5. Intermediate Reflectors in
Tandem Solar Cells -
Identification of Loss
Mechanisms

To increase the efficiency of series-connected multi-junction solar cells, intermedi-
ate reflectors play an important role. However, the integration of IRs is linked to
optical losses in the solar cell. Localizing the optical losses is an important step
for the optimization of multi-junction solar cell devices. In this chapter, different
loss mechanisms are analyzed and quantified to identify possible improvements.

5.1. Motivation

Figure 5.1(a) displays a schematic drawing of such an IR embedded in an exemplary
layer stack of a thin-film silicon tandem solar cell. Commonly, thin layers (30 -
150 nm) of transparent and conductive materials with a refractive index n lower
than the n of a-Si:H are used as IR. The preferred materials are ZnO:Al and the
mixed-phase material microcrystalline silicon oxide (pnc-SiOx:H). In Fig. 5.1(b),
the external quantum efficiency (EQFE) for two tandem solar cells deposited in
one run without (full line) and with IR (dashed line) is shown. The top cell
EQFE,, is shown in orange, bottom cell EQ)Eyy is shown in brown and total
EQFEqwm = EQLEp, + EQFEyq is shown in blue. The solar cells were prepared
on sputter-etched ZnO:Al. By introducing the state-of-the-art 70 nm n-type pc-
SiOx:H layer with a refractive index of n = 2.6 at A = 600 nm between top and
bottom cell, a portion of the incident light is reflected back into the top cell
increasing FQFEi,, for 500nm < A < 800nm in accordance with [43, 59, 164].
However, this increase is accompanied by a decrease of the bottom cell EQ Ey,o; in
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Figure 5.1.: (a) Schematic sketch of a tandem solar cell. (b) The external quantum efficiency
(EQE) of a tandem thin-film silicon solar cell without (full line) and with interme-
diate reflector (dashed line). Orange and brown lines show the EQE of the top cell
and bottom cell, respectively. The sum of top and bottom cell EQFEqy is shown in
blue.

a wide spectral range (600 nm < A < 1000 nm), finally reducing the sum FQ Egumn
(blue line) [45,165] [48].

5.2. Parasitic Losses in Tandem Solar Cells

As Fig. 5.1(b) shows, EQEqum, is reduced by the integration of an IR. This can be
basically caused by three different mechanisms:

e Parasitic absorptance in the IR
e Parasitic absorptance in ZnO:Al front contact and doped silicon layers
e Parasitic cell reflectance due to IR/ out-coupling to ambient

To determine the dominating loss mechanism, we make use of an annealing treat-
ment of the ZnO:Al film to decrease the absorption coefficient «. o(A) is deter-
mined by PDS measurements (Section 4.3.2). Using Lambert Beer’s law (Eq. 4.19),
the absorptance for a single light path in a flat thin film with thickness ¢ is deter-
mined as A = 1 — e~**, where t is the thickness of the material.

Figure 5.2 shows the absorptance in a ¢ = 400nm thick ZnO:Al layer before
(black line) and after annealing treatment (red line). As the band gap of ZnO:Al
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Figure 5.2.: Absorptance A of a 400nm thick ZnO:Al film on glass untreated (black line) and
annealed (red line), as well as the absorptance of a 7T0nm thick pwe-SiOx:H IR with
a refractive index n = 2.6 (blue full line) and nip = 1.8 (dash-dotted line).

is Fgap = 3.4 ¢V, light in the UV range A < 365 nm is absorbed in the ZnO:Al front
contact while above 500 nm, absorption is caused by free carrier absorption. By
annealing of ZnO:Al, carrier concentration is reduced and, as a consequence, free
carrier absorption reduced [?,166]. More detailed information on the treatment
is found in [167]. The absorptance is shifted to lower values by approximately
one order of magnitude. Thus, the annealing treatment decreases the absorptance
in the whole spectral range reducing it to less than A < 1.3%. The blue lines in
Fig. 5.2 indicate the absorptance A of a 70 nm thick pe-SiO,:H IR with a refractive
index ng = 2.6 (full blue line) and ng = 1.8 (dash-dotted line). Dashed-dotted
vertical lines mark the percentage of light which is not absorbed in a flat 330 nm
thick a-Si:H film and reaches the IR.

5.3. Annealing Experiment

Tandem solar cells on magnetron-sputtered ZnO:Al etched 40s in a 0.5 % HCI di-
luted solution were deposited with ¢,.gi.n = 300 nmnm and t,c.g.q = 1.9 um thick
absorber layers. Untreated and annealed ZnO:Al was used as substrates in the
same deposition run. In a further run, a 70 nm pc-SiO,:H n-layer was deposited
as an IR between top and bottom cell (comparable to [49]) while remaining layer
thicknesses are kept constant. The comparison between annealed and untreated
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Zn0:Al enables to determine the amount of light which is absorbed in the ZnO:Al
front contact due to the IR. The FQFE of the sub cells is measured by a spectral
response measurement setup under bias illumination and is presented in Fig. 5.3.
The EQFE of the solar cells on annealed ZnO:Al is shown in red and on the un-
treated ZnO:Al in black. Full lines show the EQFE without and the dashed lines
with pe-SiO:H IR.

08}

0.6F

external quantum efficiency « « ¢
o
N

400 600 800 1000

wavelength A [nm]

Figure 5.3.: External quantum efficiency EQE of tandem solar cells deposited in the same depo-
sition run on annealed ZnO:Al substrate (red lines) and untreated substrate (black
lines) with (dashed lines) and without intermediate reflector (full lines).

EQE,,, below A = 400nm is decreased by the annealing treatment due to
Burnstein-Moss-shift reported in [168]. For A > 600 nm, the annealing treatment
causes an increase of FQF of approximately AEFQE = 0.05 which is attributed
to the decreased absorption in the front ZnO:Al. By incorporating an IR, in both
cases EQFEip is increased and F(QEyy is decreased. Especially, it is observed
that EQFy is decreased for A > 700 nm. Furthermore, solar cell reflectance R is
measured in a PerkinElmer spectrophotometer with integrating sphere. The cell
reflectance is presented in Fig. 5.4. The reflectance curves for tandem cells on
annealed ZnO:Al substrate are depicted as red lines and untreated substrate as
black lines for the tandem cells with (dashed lines) and without IR (full lines).
Reflectance is constant for A < 550nm. In case of the solar cell with IR, local
cell reflectance maxima at A = 580 nm, 680 nm and 850 nm are found, whereas for
A=610nm, 720nm and 900nm < A < 1100 nm, the reflectance with IR is lower
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than without. This interference effect is caused by light which is reflected at the
IR and is not trapped and absorbed in the top cell. This light is coupled out of
the solar cell stack. The reflectance of tandem cells on annealed and untreated
ZmO:Al is similar for A < 900 nm. For A > 900 nm, the reflectance of the tandem
cell on annealed ZnO:Al is higher and reaches up to AR = 0.1 at A = 1000 nm.
In this regime, absorptance by free carriers in the untreated ZnO:Al front contact
is high as seen from Fig. 5.2. Consequently, parasitic absorption in the ZnO:Al
is decreased by annealing and the light is reflected back out of the cell. In the
case with IR, the reflectance in this regime is reduced due to a minimum of the
interference. This effect is the same with and without annealing treatment. The
IR does not or just slightly increase the parasitic absorptance in the front ZnO:Al

annealed
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reflectance °
=3
5
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Figure 5.4.: Reflectance R of tandem solar cells deposited in the same deposition run on annealed
ZnO:Al substrate (red lines) and untreated substrate (black lines) with (dashed lines)
and without intermediate reflector (full lines).

As a measure which amount of light is absorbed apart from the intrinsic absorber
layers, the parasitic absorptance A, is calculated as A, = 1 — R — EQLgym. 4,
is plotted against the wavelength in Fig. 5.5. A, is generally decreased by the
annealing treatment for A > 600 nm. The increase in EQFE due to annealing from
Fig. 5.3 is thus directly related to the decrease of the parasitic absorptance. The
parasitic absorptance in the tandem cell with IR is slightly larger for A > 600 nm.
The difference is more pronounced in case of the annealed front contact which
could be due to parasitic absorptance within the pe-SiO4:H IR.
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Figure 5.5.: Parasitic absorptance A, = 1 — R — EQE of tandem solar cells on annealed (red
lines) and untreated (black lines) ZnO:Al without (full line) and with intermediate
reflector (dashed line).

It was determined that the intermediate reflector increases top cell quantum effi-
ciency and cell reflectance. The parasitic absorptance in the solar cell is decreased
by annealing and slightly increased by inserting the intermediate reflector. Exper-
imental data do not show in which layers the parasitic absorption takes place.

5.4. Rigorous Optical Simulation

To get an insight where the parasitic absorption is localized, rigorous optical simula-
tions of a tandem solar cell on untreated ZnO:Al with and without 70 nm pe-SiO,:H
IR (n = 2.6) were performed.

In Fig. 5.6(a), the parasitic absorptance extracted from simulation A, in ZnO:Al
(black line) and pc-SiO4:H IR (red line) for the case without (full line) and with
IR (dashed line) are shown. A, 7,0 is minimal at A < 550nm (Apzmo < 5%).
For longer wavelengths, free carrier absorption increases and makes out 23% at
A = 1100 nm, A, zno is nearly identical in the tandem solar cell with and without
IR, but for 800nm < A < 900nm, an increase of Apz,o is observed. Here, the
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Figure 5.6.: Parasitic absorptance (A,) in ZnO:Al (black) and pc-SiOx:H on untreated ZnO:Al
without (full line) and with two different we-SiOx:H IRs extracted from simulation.
As IR 70nm thick we-SiOx:H with a refractive index n = 2.6 (dashed line) is used.
(b) Cell reflectance R of the tandem solar cell without (full line) and with high-n IR
(dashed line) and low-n IR (dotted line).

reflectance of the IR is still high, the a-Si:H top cell does not absorb and the
absorptance in the 400 nm thick ZnO:Al film is already 7% according to Fig. 5.2.
The parasitic absorptance in the pe-SiO4:H IR is depicted as red dashed line. It
amounts around 1% in the range of 500nm < A < 900 nm with a maximum of
Apr = 1.6 % at A = 850 nm. It has, therefore, a larger contribution on Jy. than the
additional AA, 7,0 due to the IR which just contributes for 800 nm < A < 900 nm.
The additional parasitic absorptance of the tandem solar cell due to
the IR is dominated by the absorptance in the IR. The increase Apzn0
indicates, however, that the reflection at the IR plays a major role concerning the
losses of the system. Therefore, the total cell reflectance is investigated. Figure
5.6(b) shows the reflectance of the tandem solar cell without (full line) and with
the IR (70 nm, n = 2.6, dashed line). Reflectance increases for longer wavelengths
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as a smaller portion of light can be absorbed in the solar cell when the absorption
length of pe-Si:H is long. By the introduction of an IR, the reflectance R is
increased in the range 700nm < A < 950nm. The IR reflects light back into the
a-Si:H top cell where it is hardly absorbed in that spectral range, but reflected
out of the solar cell. Back-reflected light passes through the ZnO:Al front contact
and is also parasitically absorbed in the ZnO:Al for 800 nm < A < 900 nm as the
difference between full and dashed line in Fig. 5.6(a) shows. For A > A = 1000 nm,
R is smaller with IR. As EQFy for A > 1000 nm is additionally increased up
to 10% by implementing an IR, the top cell with IR seems to provide a better
light incoupling into the bottom cell. To compare the contributions of the various
parasitic losses quantitatively, the absorptance A was integrated and weighted
by the AM1.5 spectrum resulting in a top cell short-circuit current density gain
AlJsctop and the short-circuit current density losses AJx in the various layers
and by reflection (with z = ZnO:Al, IR, R). The results are presented in Tab.
5.1. AJstop = 0.46 is small for the tandem solar cell with the high-n IR. Here,
the losses of AJgogum = —0.55 % are dominantly due to parasitic absorptance in
the IR and parasitic reflectance out of the tandem solar cell in the maximum of
EQEFEy, while parasitic absorption in the ZnO:Al front contact plays a minor role.
The maximum of parasitic reflectance is in a range A < 900 nm, where the ZnO:Al
front contact is highly transparent.

5.4.1. Influence of Refractive Index

To evaluate the influence of the refractive index of the IR, a pc-SiOy:H IR with
n = 1.8 is simulated within the same tandem cell configuration. The IR thickness is
optimized to the decreased n resulting in ;g = 40 nm. The higher refractive index
contrast between a-Si:H and IR results in higher reflectance of the IR. Furthermore,
low-n pe-SiOy:H material is characterized by a lower absorptance as shown in Fig.
5.2. As a result, the decrease in n reduces the parasitic absorption in the IR and
increases the IR reflectance and, thus, the top cell gain. The path prolongation
of light in the a-Si:H top cell due to the IR can be calculated as EQFE-ratio =
%ﬁ’ii and is presented in Fig. 5.7(a) for high-n IR (black, dashed) and low-n
IR (grﬁauy7 dash-dotted). As a larger portion of light travels through the ZnO:Al
front contact several times, the parasitic absorptance in the front ZnO:Al layer
is increased for the lower nir. The reflectance of the tandem solar cells R with
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Table 5.1.: Parasitic losses in the tandem solar cell:

Top cell short-circuit current density gain

AlJse top, total tandem cell short-circuit current density losses Adse sum, parasitic short-
circuit current density losses in ZnQO:Al Ay zno, parasitic short-circuit current den-
sity losses in IR AJge1r, parasitic short-circuit current density losses by reflection
Adser with a we-SiOx:H IR with refractive index nip = 2.6 and nyp = 1.8.

nir tIR AJsc,top AJsc,sum AJsc,ZnO AJs,c.,IR A‘]SC,R AJSC,R,<1000 nm
[ [om | 25 o o i o

2.6 | 70 0.46 -0.55 -0.07 -0.28 -0.10 -0.26

1.8 | 40 1.36 -0.58 -0.17 -0.10  -0.34 -0.49

both discussed IRs are shown in Fig. 5.7(b). Arrows indicate that the decrease of

nir and absorption coefficient « increase the cell reflectance for A < 1000 nm and
decrease it for A > 1000 nm.

Figure 5.7.: (a) EQFE ratio
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high-n IR (dashed line) and low-n IR (dotted line).

Table reftab:anneal sums up the gains and losses which are induced by the IR.
The parasitic absorptance A, are spectrally integrated using Eq. 4.48 resulting

in parasitic short-circuit density losses AJyx. An increase of AJgiop = 1.36 mA

em?
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is observed. Minimizing the losses in the IR, the main loss mechanism is cell
reflectance in this case (AJser = -0.34 :jﬂ—"ﬁ) If the reflectance decrease for A >
1000 nm is not considered, AJsRr <1000nm 1S even —0.49 Z;—é The reflection loss
AJsc R,<1000nm 1S doubled in comparison to the high-n IR and so is the parasitic
absorptance in the ZnO:Al due to the IR. If absorptance in the IR is minimized
due to low absorption coefficients « of the material, parasitic reflectance is the
dominating loss mechanism.

In this chapter, the optical loss mechanisms in tandem thin-film silicon solar
cells with intermediate reflector (IR) were systematically investigated. Annealing
the front ZnO:Al and, thus, decreasing its absorptance has been used as a tool to
experimentally show, that for IRs with high refractive indices, additional parasitic
absorptance due to the IR A, in the ZnO:Al is low. It was determined that
the main part of additional parasitic absorption happens in the pc-SiO.:H IR.
Additionally, parasitic reflection plays an important role in the part of the spectrum
of low absorption in the a-Si:H top cell. By rigorous optical simulations, the IR
thickness and refractive index was changed without varying the other solar cell
parameters. For IRs with a low refractive index, a high IR reflectance is reached,
but reflection above A = 700nm is just slightly absorbed in the top cell, but
reflected out of the solar cell resulting in parasitic reflection losses or parasitic
absorption in the ZnO:Al front contact.
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6. Spectrally Selective Intermediate
Reflectors

The previous chapter identified the main loss mechanisms for tandem
solar cells with intermediate reflector. Reflection losses out of the solar
cell account for a large part of these losses. In this chapter, the spec-
tral dependence of the effect of the IR is studied and a multilayer filter
from thin-film materials is proposed and designed as IR in thin-film
silicon tandem solar cells. The advanced IR is finally successfully inte-
grated into flat and textured solar cells. The chapter concludes with a
comparison to literature and a discussion about the potential of further
optimization. The results were published in [169].

6.1. Design Criteria

The integration of IRs is linked to reflection losses in the solar cell as demonstrated
in Chapter 5. Localizing the optical losses is an important step for the optimization
of multijunction solar cell devices. In Fig. 6.1, the EQF of a tandem solar cell
without (full line) and with IR (dashed line) is shown. Blck lines indicate the EQE
of the sub cells; FQ Equ, is shown as blue line. Three spectral ranges are indicated
by I-III. In the range A < 520 nm, photons are entirely absorbed in the top cell
and do not reach the IR. In range II between 520 nm < A < 680 nm, an increasing
amount of photons reaches the back side of the top cell and, consequently, the IR.
A part of the light is reflected back depending on the reflectance of the IR. Thus,
the light path within the top cell resulting in an increase of EQ Ejp,.

In range III (A > 680 nm), the absorptance of the a-Si:H top cell is low. There-
fore, a path enhancement just slightly increases EQ) F,p,. In this range, the pc-Si:H
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bottom cell is highly absorptive so that a decrease of transmission into the bottom
cell directly decreases EQFEyo as Fig. 6.1 illustrates.
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Figure 6.1.: The external quantum efficiency (EQE) of a tandem thin-film silicon solar cell with-
out (full line) and with wc-SiOx:H intermediate reflector (dashed line). Black lines
show the EQFE of the subs cells; EQFEsym is shown as blue line.

Further, the dependence of the refractive index on the reflectance in range II
and IIT is investigated. Therefore, solar cells were prepared on APCVD SnO,:F
substrate with i-layer thicknesses of ¢,.gi; = 300 nm and fy.gimi = 2 um. The pe-
SiO,:H IR has a thickness of 70nm and the refractive index of the IR was varied
between 1.9 < nig > 3. The transfer matrix method was used (Section 4.1.4)
to simulate the reflectance of a single pe-SiO,:H layer between non-absorbing a-
Si:H half spaces. The measured cell reflectance R, of thin-film silicon solar cells
with pe-SiO,:H IRs of different refractive indices n = 1.9 (red), n = 2.5 (green)
and n = 3.0 (blue) is shown in Fig. 6.2 as full lines. Dashed lines in Fig. 6.2
show the simulated reflectance of flat IR configurations with the same refractive
indices (same color code) into a non-absorbing a-Si:H half space as a function of
the wavelength.

The single layer IR reflects a portion of the light in the required wavelength range-
depending on the refractive index contrast. Still, reflectance at longer wavelengths
(region III) is approx. 0.1 in the range 680nm < A < 1100nm in case of the pe-
SiO:H IR with n = 1.9 and show low spectral selectivity. As the absorption length
of a-Si:H is long in region III, reflectance of the IR in this spectral range does not
lead to a significant absorption enhancement in the top cell. Furthermore, the back
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Figure 6.2.: Left axis shows the reflectance R of a t = 7T0nm thick we-SiOx:H intermediate re-
flector of refractive index n = 1.9 (red), n = 2.5 (green) and n = 3.0 (blue) into a
non-absorbing a-Si:H half space. The right axis shows the measured cell reflectance
R of tandem solar cells with pe-SiOx:H IR with n = 1.9 (red), n = 2.5 (green) and
n = 3.0 (blue).

reflected light does not couple into the bottom cell and cannot be absorbed and
contribute to charge carrier generation. The increase of IR reflectance in range II
is linked to parasitic losses in range III which result in a parasitic cell reflectance.

The effect of the IR on charge carrier generation in a tandem solar cell with IR
was discussed. Two important criteria for an effective IR are formulated: In the
spectral range II, reflection into the top cell shall be maximized while in range 111
(A > 680nm), transmission into the bottom cell as to be maximized.

6.2. Design of Multilayer Filters

It can be concluded that the ideal IR should exhibit a reflectance of R = 1 in
range II, while R = 0 in range III. This reflectance target function is depicted in
Fig. 6.3.

A Bragg reflector or 1D photonic crystal [74] provides spectral selectivity by
reflecting back just in a certain wavelength range related to its photonic band gap.
The photonic band structure of a N = 100 layer thick Bragg stack is shown in
Fig. 6.4. A band gap between f = 0.32 and 0.39 is visible from the diagram at the
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Figure 6.3.: Reflectance R and transmittance T of an ideal filter as intermediate reflector in a

tandem solar cell.
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Figure 6.4.: Photonic band structure in the optical dispersion w(k) for a 1D photonic crystal
(PhC) or Bragg stack.

Within the photonic band gap, no photonic states are allowed resulting in a
high reflectance band. The reflectance of a Bragg filter of N = 100 layers of the
refractive indices n = 2.0 and 3.0 with thicknesses subsequently stacked is shown
as gray line in Fig. 6.5. The width of the reflection band is determined by the
optical contrast of the stacked materials while the layer thicknesses are linked to
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6.2. Design of Multilayer Filters

the spectral position of the reflectance peak maximum Aq according to

po o (6.1)

dng

The layer thickness were adjusted to fit the reflectance band into range II where
a maximum of reflectance shall be facilitated. A reflectance of almost R = 1.0 is
achieved within this range. However, the boundaries are defects of the photonic
crystal causing reflectance side lobes. This leads to a reflectance of 20 — 60%
in range III. As the transmittance into the bottom cell in range II has to be
maximized, these side-lobes are parasitic. Side lobes can be totally discriminated
by adding further refractive index materials to the filter providing a sinusoidal n-
profile. This concept is called Rugate filter and discussed extensively in [170,171].
An additional low refractive index layer with the thickness tg = 2—2 before and
behind the filter effectively suppresses side lobes below the photonic band gap [74].
The reflectance of such stack is illustrated as blue line in Fig. 6.5 for thin-film
materials with wavelength-independent refractive indices njg = 2.0 and 3.0.

T
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Figure 6.5.: Reflectance R into an a-Si:H half space for a Bragg filter of 100 layers of the refractive
indicesn = 2.0 and 3.0 with thicknesses t = }\ subsequenfly stacked (gray line). The
introduction of a further low refractive-index g )\ layer results in the reflectance curve
indicated in blue.

The spectral filter reflectance is shown in Fig. 6.6 for the incidence angles 0 = 0°
(black), 10° (dark blue), 20° (blue) and 30° (light blue). A shift of the reflectance
maximum and the reflectance edge to shorter wavelengths is observed by an in-
crease of the angle of incidence. This shift is just slight for 10°, but amounts
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6. Spectrally Selective Intermediate Reflectors

AN = 90nm for 8 = 20°. For 30°, the reflectance behavior changes significantly
as the critical angle of total internal reflection is reached. For © > Org, the IR
reflectance is not spectrally selective.

reflectancese
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Figure 6.6.: Reflectance R into an a-Si:H half space for a Bragg filter of 100 layers of the refractive

indices n = 2.0 and 3.0 with thicknesses tip = 4—3 subsequently stacked for normal

incidence (black line) and for incidence angles of 10° (dark blue), 20° (blue) and 30°
(light blue).

In a next step, the ideal IR materials were substituted by realistic optical data
of ZnO:Al and a high silicon phase pnc-SiOy:H. The used optical data are shown
in Appendix A. To integrate multilayer filters into tandem solar cells, besides its
reflectance, the following requirements have to be met:

e To maximize transmittance into the bottom cell, a high transparency for
photon energies below the photonic band gap and low parasitic absorptance
of the IR need to be achieved.

e The IR has to work as a tunnel recombination junction between pin- top and
bottom cell. Therefore, the filter has to be conductive. In case of pne-SiOy:H
IRs, a critical conductivity of o = 107°S/cm? has been determined to be

necessary in order to facilitate a sufficient charge carrier transport [49].

In a series-connected silicon thin-film tandem solar cell, a filter consisting of 100
layers would have a thickness of ;g > 1 um and would not achieve the presented
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6.2. Design of Multilayer Filters

criteria. It is a relevant option, however, in a four-terminal multi-junction de-
vice where optical and electrical properties are decoupled and transparent, non-
conducting materials like TiOg or highly transparent polymers can be used [74].
Another concept uses 1D photonic crystals made from ITO/ SiO; nanparticle
stacks [172,173] as intermediate reflectors. As these devices require additional
production steps and are not compatible with state-of-the-art large-area thin-film
silicon production processes, they will not be further investigated within this work.
In contrast, I study how a reduction of layer numbers influences the reflection be-
havior of the filter. The reflectance into the a-Si:H half space is shown in Fig. 6.7
for N =100 (IRj00) (black), N = 10 (IRq9, cyan), N = 3 (IR3, red) and N =1
(blue) layers. Due to absorption in the IR layers and a varying refractive index,
the peak and absorption edge wavelength is shifted to shorter wavelength. A re-
duction of IR layers has two major effects: The reflectance maximum is decreased
and the reflectance edge is smeared out. The N = 10-layer filter, achieves still
95% at its maximum, but the edge is not abrupt anymore. For a reduced number
of layers, the effect of the boundaries of the filter becomes dominant. As a result,
Eq. 6.1 is not anymore a feasible criterion to determine optimal thicknesses of the
IR layers. This is why an in-house developed genetic algorithm [86,87] is used to
optimize the layer thicknesses of the IR. Ny, = 21 populations and a mutation
rate Ny, = 0.3 with a selection fraction of f = 0.5 are chosen. i = 40 iterations
are run to achieve sufficient convergence of the algorithm. As target function, a
maximum reflectance in range Il of Ry = 1 is defined, while the transmittance
in range III (680nm < A < 1100nm) shall be maximized (Tj; = 1) as shown
in Fig 6.3. For N = 3 layers, optimal layer thicknesses are tz,0.a11 = 62nm,
tsiox = 38nm and tz,0:.a12 = 52nm. The reflectance of the optimized N = 3 layer
stack is shown as red line in in Fig. 6.7. As the red curve shows, with just N =3
layers a spectrally selective filter can be achieved. A maximum reflectance of 0.8
can be achieved with this filter, while the reflectance in range III is < 10%. As
a comparison, the reflectance of a N = 1 layer ZnO:Al IR with t;g = 114nm is
presented in blue. Reflectance is rather constant independent of the wavelength,
resulting in a high reflectance in range 111 where reflectance should be minimized
due to the design criteria from Section 6.1. The filter with N = 3 layers (IR3)
has a total thickness of t;g = 152 nm and consists to a large extend of conductive
ZnO:Al. This is why, it is considered to be a feasible implementation of an IR
in series-connected thin-film silicon solar cells. Its spectrally selective reflectance
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is highly favorable compared to 1-layer intermediate reflectors. The IR3; matches
the formulated design criteria and can be integrated in standard thin-film silicon
tandem cell process workflow without additional expensive production steps.
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Figure 6.7.: Reflectance R into an a-Si:H half space for an increasing number of wc-SiOyx:H and
ZnO:Al layers. The reflectance of a single layer of 114nm ZnO:Al (n = 2) into
an a-Si:H half space is shown in blue. Additionally, the reflectance of alternating
stacks of N = 100 (IRjgp) (black), N = 10 (IR;p, cyan) and N = 3 (IR3, red) is
presented.

The feasibility of Bragg filters/ 1D photonic crystals for use as IR was investi-
gated. A 3-layer IR (IR3) from available thin-film materials ZnO:Al and pe-SiOy:H
is conductive, has low parasitic absorptance and provides spectrally selective re-
flectance while ensuring high transmittance in spectral range III and can be easily
integrated in thin-film silicon solar cell tandem production.

6.3. Experimental Realization

The designed 1IR3 is produced by depositing subsequently ZnO:Al by sputtering
and pe-SiOy:H layers by PECVD on an ¢t = 50 nm a-Si:H layer on glass. The glass/
a-Si:H stack was characterized before by RT-measurements. After deposition of
the layers, reflectance and transmittance at the same position was measured with
a spectrophotometer with integrating sphere. The results were fitted with the
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TMM algorithm integrated in the commercially available software SCOUT using
the optical nk-data of all involved materials to obtain the real thicknesses of the
individual layers. To compare the experimental filter to our TMM calculations,
the glass and air half space are substituted by a-Si:H and, respectively, pc-Si:H
half spaces. Layer thicknesses of the experimentally realized filter (dotted black
line) vary by less than At = 3nm from the targeted thicknesses resulting in a good
accordance between the reflectances of the real layer stack (dotted black line) and
the optimized stack (red line) as shown in Fig. 6.8.

— : : :
'
i __TMM simulation
0.8} ! J
i ‘C fit from
g o6t E‘\ RT-measurement
c E‘: .
T ;
8 04}
3
0.2}

400 600 800 1000
wavelength A [nm]

Figure 6.8.: Reflectance R into an a-Si:H half space for the calculated N = 3 layer intermediate
reflector (IRg).

6.3.1. Integration into flat solar cells

Subsequent to the conceptual design of the IR, the following section
shows the implementation of the IRs into state-of-the-art tandem thin-
film silicon solar cells.

Tandem solar cells are deposited on a flat ZnO:Al substrate with an a-Si:H i-layer
thickness of ¢,.gini = 330nm and a pe-Si:H i-layer thickness of ¢ycgini = 3.2 um.
Figure 6.9(a) shows the FQFE and absorptance A = 1 — R of a tandem solar cell
without IR (black) and with IR3 (red). As an effect of the IR on the top cell
EQF;qp, a maximum at A = 620 nm is found. Here, the absorptance of the solar
cell is increased to more than 90%, so nearly the whole portion of back-reflected
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light is absorbed. With increasing wavelength, less of the back-reflected photons
can be absorbed in the top cell and, thus, escape out of the solar cell. This is
resembled in the absorptance minimum (reflectance maximum) at A = 700 nm

and, consequently, as a dip in EQF)q. Figure 6.9(b) shows the EQFE-ratio in the
EQE o, IR
EQEtop,W/o
cell. A local maximum at A = 620 nm is found in EQFE,,,r with IR. A decreased

EQFE) and absorptance for A > 800 nm in comparison to the solar cell without

top cell . This quantity is related to a path prolongation within the top

IR is found, which is probably due to the substrate-dependent growth of pe-Si:H
i-layer. The substrate dependency is visible in the thickness of the i-layer grown on
the IR3 that is reduced by 105 nm and the Raman crystallinity /. at a wavelength
of A = 532nm that is reduced to 47% in comparison to the reference tandem cell
without IR (1. = 56%).
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Figure 6.9.: (a) Measured external quantum efficiency EQE and absorptance A = 1- R of a flat
tandem solar cell without (black) and with our IRg (red line). (b) The EQEop-ratio

EQEtop,IR

in the flat case.
EQEtop,w/o i
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6.4. Influence of the Roughness on Multilayer
Intermediate Reflector

As the physical thicknesses of a-Si:H top cell, as well of the we-Si:H bot-
tom cell are limited due to physical constraints, increasing the optical
path within the layers by scattering and diffraction are increasingly im-
portant. Light trapping is achieved by rough substrates scattering light
into a broad distribution of angles.

In order to integrate the IR3 into state-of-the-art tandem solar cells, it has to be
considered that interfaces are textured in order to provide light scattering and,
thus, trap the light. Therefore, rigorous optical simulations of the textured layer
stack are performed. The cross-section of the electric field intensity of the tandem
solar cell with IR3 on flat (dashed line, (a)) and APCVD-type SnOy:F substrate
(full line, (b)) is presented in Fig. 6.10. Figure 6.10(c) shows the reflectance (red,
left axis) of the IR3 on flat (dashed line) and APCVD-type SnOs:F substrate (full
line) into a non-absorbing a-Si:H half space over the wavelength. The reflectance
of the rough IR shows the same edge as in the flat case but reflectance is generally
reduced by 30% as the symmetry of the filter is disturbed by the roughness [54,174].
A significant portion of the light up to 50 % is still reflected for the target spectral
range, while above A = 700 nm, less than 5% are reflected back. It can be concluded
that the designed IR3 works as a spectrally selective filter despite its random
texture due to the roughness of the front contact. The transmittance T of the
layer stack glass/ ZnO:Al /a-Si:-H /IR3 into a non-absorbing pc-Si:H half space
is shown as blue lines in Fig. 6.10 (blue, right axis) in the flat (dashed line) and
rough case (full line). The transmittance edge is shifted to longer wavelengths by
introducing the roughness. This is because reflection at the IR induces scattering
into large angles resulting in light trapping in the top cell. The interplay of IR
reflectance and light trapping in the top cell is highly relevant and will be studied
in the following Chapter (Chapter 7). The transmittance 7" through a layer stack
with IR to T with 114 nm-thick ZnO:Al IR (cyan line) and shown in Fig. 6.11. The
transmittance with the real layer thicknesses of the top cell and into the pc-Si:H
bottom cell in range III is obtained by rigorous optical simulations is significantly
increased by the IR3 as a consequence of spectral selectivity.
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Figure 6.10.: Cross-section of the electric field density in a thin-film solar cell stack with wc-Si:H
half space on flat (a) and textured substrate (b). (c) The reflectance R into an
a-Si:H half space (red) and the transmittance T (blue) with 3-layer intermediate
reflector (IRg) are shown for the flat (dashed line) and rough case (full line).
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Figure 6.11.: Transmittance T into the non-absorbing we-Si:H half space is shown for the 3-layer
intermediate reflector IRg and ZnO:Al IR simulated by rigorous optical simulations.

6.5. Fabrication of Thin-Film Silicon Prototype on
Textured Substrates

The TR3 is then integrated into a state-of-the-art tandem solar cell on APCVD
SnO,:F substrate. The photovoltaic parameters of the tandem solar cells with the
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various studied IRs are shown in Table 6.1. Figure 6.12(a) shows the FQE and
absorptance A = 1 — R of the solar cell with different IR designs. Without IR
(black line), a clear mismatch between top and bottom cell short-circuit current
density J is seen. Integrating a single layer IR leads to an increase of EQE;,
for 500nm < A < 750nm. The amount of increase depends on the refractive
index and thickness of the IR. The ZnO:Al IR (cyan line) reflects a large portion
of light which yields a reflectance of around 20% (Fig. 6.7). The absence of this
large fraction of the incoming light leads to significant losses in the bottom cell.
In the case of the pe-SiO4:H IR (blue line), bottom cell losses are lower. Yet, the
boosting effect on top cell EQE,q, is low as well. The red line illustrates the EQE
and absorptance of the tandem solar cell with IR3. For 500 nm < A < 600 nm, the
EQFE},, exceeds the one of the tandem solar cell with 114 nm-thick ZnO:Al IR.
With increasing wavelength, less photons are absorbed in the top cell resulting in

an absorptance dip at around A = 610 nm.
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Figure 6.12.: (a) EQFE and absorptance A = 1 - R for the various IR designs in a textured tandem
EQE
solar cell on APCVD SnQOg:F substrate. (b) shows the EQE-ratio EQESM for

sum,w/o
the textured tandem solar cells.
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Table 6.1.: Photovoltaic parameters short-circuit current density Jso of the sub cells and sum,

open-circuit voltage Ve, fill factor F'F, as well as conversion efficiency n of the solar

cells with the studied IR designs measured in a sun simulator at AM1.5 spectrum.

Thicknesses of the intrinsic layers were to_g;.p = 330nm and t, ¢ g;.yp = 3.2 pum.

IR type J s top Jse ot Jsc,sum Jsc,mens Voo FF 7

- [mA/ecm? [mA/cm?] [mA/cm? [mA/em?] [mV] [%] [%]
W/O IR 11.5 14.2 25.7 11.7 1.323 75.1 11.7
ue-SiO.:H IR 12.0 11.1 23.1 11.0 1.344 716 10.8
7Zn0O:Al IR 13.2 9.4 22.6 9.0 1.352 74.3 9.6
1IR3 12.7 11.1 23.8 10.7 1.334 73.8 10.7

The decreasing reflectance of the IR is nicely seen here as the top cell EQFEqp
remains below the ZnO:Al IR. EQEy, of the tandem solar cell with IR3 is higher
than the EQFo of the tandem solar cell with nc-SiO:H IR for A > 620 nm.
Comparing this to the reflectance of the textured IR into an a-Si:H half space
from Fig. 6.10, this can be attributed to the spectrally selective reflectance of
our designed multilayer IR. A meaningful quantity to demonstrate the spectral
LOPumIR  ich is shown in Fig. 6.12(b). An EQE-ratio

selectivity is the ratio FOF
maximum at A = 680 nm is caused by the spectrally selective reflectance of the IR3.

sum,w/o

The minimum at about A = 720 nm is due to a non-perfect spectral selectivity and
could be enlarged by a steeper reflectance edge. The EQ Eq.-ratio of the IRz is
below a ratio of one but superior to the other IR designs in range I and III. As
can be seen in Table 6.1, all IRs turn the top limitation (Jitop < Jsebot) Of the cell
without IR into a bottom limitation. For the IR3, the short-circuit current density
of the top cell Jy top is increased by 1.2mA /cm? compared to the configuration
without TR and by 0.7mA/cm? compared to the standard pc-SiO,:H IR. It can
be seen, that the presented solar cells are not current matched. A thinner top-
cell or an improved light trapping at the back side would be options to improve
the matching. Differences of V,. are small and probably due to the variation of
crystallinity of the absorber material. The fill factor F'F is within the measurement
uncertainty not significantly influenced by the incorporation of the IRs.
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6.6. Additional Improvements

6.6.1. Variation of the Materials

For the experimental study, the materials ZnO:Al and pc-SiO4:H were used due
to their availability and low absorption losses. However, a variety of other con-
ducting materials are feasible as well. Achieving a high refractive index contrast
with low parasitic absorptance is the main criterion for material choice. In the
rigorous simulation, the ZnO:Al layers were substituted with an oxygen-phase rich
ue-SiOx:H with a refractive index n = 1.78 at A = 650 nm (Appendix A).

transmittance *
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Figure 6.13.: External quantum efficiency EQEop (full lines) and transmittance into the bot-
tom cell T (dashed lines) of a tandem cell without IR (black line), with 3-layer
ZnO:Al/uc-SiOx:H /ZnO:Al IRg (red) and we-SiOx:H / a-Si:H/we-SiOx:H IRg
(brown,).

The high-n pe-SiOx:H was exchanged by an a-Si:H layer providing a high re-
fractive index (n = 4.1 at A = 650nm) and low absorption losses within a thin
layer [175]. Layer thicknesses were again optimized for maximum reflectance in
range II and maximum transmittance in range III by a genetic algorithm. Opti-
mal layer thicknesses are tgiox1 = 70nm, ¢, si.n = 22nm and fgiox2 = 64nm. The
EQE,,, (full lines) and transmittance into the pc-Si:H bottom cell (dashed line)
are shown in Fig. 6.13 without IR (black) and with IR3 produced from ZnO:Al/pc-
SiOx:H /ZnO:Al IR3 (IR5zn0, red line) and pe-SiOx:H / aSi:H/ pe-SiOx:H IR;
IR3 siox, (brown). EQFE,, was simulated using rigorous optical simulations. For
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Table 6.2.: Enhancement of short-circuit current density of the sub cells AJsc top and Adge por by
varying the layers of the multilayer intermediate reflector.

IR type AJSc,top AJsc,bot
- [mA/cm?]  [mA/cm?]

IR3 200 0.71 -1.53
Rasiox | 0.72 -1.41
Rysiox | 1.21 -2.27
Rigsiox | 1.19 -2.87

EQFEyq, an upper estimation was done using the Tiedje limit (Eq. 4.46). The short-
circuit current density J,. without and with IR3was determined using Eq. 4.48. A
slight top cell enhancement AJgop = 0.01mA/cm? is achieved while improving
the transmittance into the bottom cell resulting in AJy pot = 0.12mA/ cm?. The
enhancement of short-circuit current density of the sub cells AJg top and AJdge ot
is shown in Tab. 6.2.

6.6.2. Influence of the Quantity of Layers

As discussed in Section 6.2, the reflectance of the IR in range II is increased and
decreased in range I1I by augmenting of the layer quantity. Rigorous optical simu-
lations of solar cells on rough APCVD SnOy:F substrate were performed applying
multilayer IRs with 5 and 10 layers (IRs, IR1). The IR; was optimized using
the same target function in the genetic algorithm described above (Section 6.2).
Layer thicknesses of the IR;q are the same as in Section 6.2. The reflectance of
such textured IR into a non-absorbing a-Si:H half space in range II is increased by
about 20% while transmittance in range III is slightly increased (not shown here)
in accordance to the untextured case (Fig. 6.7). The EQE,,, (full lines) and trans-
mittance into the bottom cell T' (dashed lines) of a tandem cell without IR (black
line), with 3-layer IR (IRjgiox, red), 5-layer IR (IRjgiox, purple) and 10-layer IR
(IR10,si0x, orange) are shown in Fig. 6.14. In the range 600nm < A < 680nm,
EQFE}p, is further increased by increasing the number of layers from three to five
or ten. On the other hand, transmittance into the bottom cell in range III is
decreased by increasing the quantity of IR layers as the reflectance of the multi-
layer stack with a larger number of layers is stronger affected by roughness (not
shown here). To achieve a sufficiently high bottom cell short-circuit current density
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Jsebot, Pottom cell layer thicknesses can be increased or bottom cell light trapping
may be increased on the cost of deposition time and device quality. An increase
of Jsctop Of Adcrop = 1.21mA /em? is accompanied by a potential J por-loss of
AJscpot = 2.27mA /cm? in case of the IRs.
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Figure 6.14.: External quantum efficiency EQEop (full lines) and transmittance into the bottom
cell T (dashed lines) of a tandem cell without IR (black line), with 3-layer IR (red),
5-layer IR (purple) and 10-layer IR (orange).

6.7. Comparison to Other Spectrally Selective
Intermediate Reflectors

6.7.1. 3D Photonic Crystal IR

A prominent example of spectrally selective intermediate reflectors are 3D photonic
crystal intermediate reflectors (3DPCIR). There are a variety of possible geometries
of 3D photonic crystals including Yablonovite, stacks of 2D photonic crystals , ver-
tical rods of low refractive index medium and inverse opal structures [50]. Inverted
opals are feasible as they can be produced by self-organization of nano spheres [78].
To solar cells, they can be beneficial as diffracting back reflectors 77 or intermedi-
ate reflectors. They were investigated as IR by simulations in [51,52,58,97] and
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already successfully incorporated in thin-film silicon tandem solar cells [53,176]. A
schematic sketch (a), as well as a scanning electron microscopy (SEM) image (b)
of a FIB-cut thin-film silicon tandem solar cell on APCVD SnOs:F substrate with
3DPCIR taken from [176] are shown in Fig. 6.15. An enhancement of Jyc 1op by 24.5
% has been achieved in [53]. The optimized 3DPCIR from [177,178] with 3 layers
of air spheres with a diameter of 150 nm in a ZnO:Al matrix was implemented into
our rigorous optical simulation on APCVD SnOs:F substrate. EQE},, (full lines),
as well as transmittance into the bottom cell (dashed lines) are shown in Fig. 6.16.
A clear increase of EQFE\,, is found causing an increase of top cell short-circuit
current density by AJytop = 2.2mA/ cm?.

a-Si:H topcell

—————— Glass substrate |
with textured TCO |

T T T 1: Glass
Light |

Figure 6.15.: (a) Schematic sketch of a thin-film silicon tandem solar cell with 3D photonic crystal

intermediate reflector (3DPCIR). (b) Scanning electron microscopy image of a FIB-
cut thin-film silicon tandem solar cell on APCVD SnOg:F substrate with SDPCIR.
Graphs are taken from [176].

However, the transmittance in range III is significantly reduced and does not
exceed 58%. As the photonic band structure of the inverse opal structure in
Fig. 4.3(b) shows, a variety of flat photonic band which exhibit a low phase velocity
are found for the opaline IR. These are additional band gaps and highly diffractive
states within the photonic crystal. Light is either reflected or guided within the
crystal resulting in a decrease of the transmittance through the photonic crystal
in range III. While in the case of multilayer IRs, additional Aq/8 layers at the
boundary provided a discrimination of low energy side bands, this is, in principle,
also achievable for 2D or 3D photonic crystals by an anti-reflection structure of the
same dimensionality as presented in [179]. For a 2D photonic crystal of aluminum
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Figure 6.16.: External quantum efficiency EQEop (full lines) and transmittance into the bottom
cell T (dashed lines) of a tandem cell without IR (black line), with ZnO:Al IR
(cyan), IR3 (red) and 3D photonic crystal IR according to [178] (purple).

rods, an additional array of square rods in homogeneous medium with different
radii and rod distances could be optimized to achieve nearly 100 % transmittance
apart from the required photonic band gap. A 1D anti-reflection layer, as the
optimized ZnO:Al anti-reflection layer designed in [97], is not sufficient to maximize
transmittance in range I11. In order to produce 3DPCIR which are feasible for any
kind of spectral splitting application in PV, developing an anti-reflection structure
with smaller sphere radius and distance is necessary. This structure cannot be

produced by simple self-organization like the opal structure.

6.7.2. Plasmonic IR

While dielectric 2D photonic crystals do not exhibit fitting properties as spectrally
selective filter in tandem solar cells, 2D plasmonic crystals of metallic nano discs in
a dielectric medium reveal promising reflection properties. A concept to facilitate
high reflectance in range II combined with a high transmittance in range III is
the resonant stop band of a 2D array of Ag nanodiscs in a low refractive index
medium caused by coupling of light to local plasmon-polaritons. This plasmonic
IR concept was presented and optimized in [180]. With a disc diameter of 57 nm
and a period of 101.3nm, a reflectance in range II of > 80% can be reached while
transmittance for A >700nm is > 80%. A Jycop-gain of 14% has been simulated
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for a tandem solar cell on flat ZnO:Al substrate [180]. Figure 6.17(a) shows a
sketch of the geometry with Ag discs embedded in a ZnO matrix between top and
bottom cell. In (b), the absorptance in the top cell (full line) and bottom cell
(dashed line) are presented without IR (black), with a ZnO:Al IR (gray) and a
plasmonic IR from Ag discs. As reflectance of the plasmonic IR is much higher
than the dielectric layer, more light is reflected back into the top cell resulting
in an increase of Fabry-Perot resonance peaks at A = 560 nm and 630 nm. The
IR reflects nearly the entire amount of light for A < 690nm. For A > 690 nm,
transmittance into the bottom cell and, thus, absorptance in the bottom cell is
highly increased up to the level of the system without IR.
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Figure 6.17.: (a) Sketch of a tandem solar cell incorporating plasmonic IR. The illustration is
taken from [180].(b) Absorptance in the top cell (full lines) and in the bottom cell
(dashed line) without IR (black), with a ZnO:Al IR (gray) and a plasmonic IR from
Ag discs (red).

The high spectral selectivity of plasmonic IRs within a low thickness of <100 nm
and low parasitic absorptance are an outstanding combination. Especially the
transmittance into the bottom cell is highly increased in comparison to 3DPCIR
(Section 6.7.1). However, the fabrication of a periodic arrangement of metallic
nano particles of these dimensions is non-trivial, but has been shown already in
[181-184]. The available fabrication methods are just possible on flat surfaces.
These surfaces do not induce scattering. Thus, no light trapping in the top cell
can be achieved and the path length enhancement within the top cell is restricted
to a maximum of 2. However, top cell light trapping is crucial in the range of
high absorption length of a-Si:H. As the reflectance of the plasmonic IR is omni-
directional, it is, in principle compatible with scattering front textures [178]. In a
current cooperation project with the Institute of Physics at the FSU Jena, metallic
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nanodiscs are implemented as IR into tandem solar cells. Due to a variety of
challenges during the production of nanodiscs, results are not yet available. After
experimental demonstration of the concept on a flat substrate, further studies on
the application of front scattering and diffraction structures are necessary, as the
concept can just be a successful contribution when it is coupled to a light trapping
scheme.

6.7.3. Discussion

In the previous sections, a variety of spectrally selective IR concepts have been
presented. Both, 3DPCIR and plasmonic IR, convince by their omni-directional
photonic band gap and high reflectance in range II. Both concepts are, however,
embedded into a low index medium ZnO:Al. For light of longer wavelength than
the photonic band gap of resonance band A > A, the side lobes are produced
and reduce the transmittance. The bottom short-circuit current lost by this highly
exceeds the possible top cell gain. This is why, these concepts without use of
sophisticated anti-reflection structures are not feasible for tandem solar cells. The
plasmonic IR can be experimentally just processed on flat substrates with the
state-of-the-art fabrication methods. To improve state-of the-art tandem solar
cells, it is, however, necessary to increase the FQF in the broad spectral range
IT which is just possible if the path length enhancement exceeds a factor of 2. In
comparison to the technological extensive structures incorporating complex and
expensive production steps, a simple straight-forward approach was developed in
this chapter which combines the high reflectance of the photonic band gap with
state-of-the-art thin-film silicon solar cell fabrication methods. The multilayer IR
IR3 can be combined with APCVD SnOs:F substrates and provides a high top cell
absorption enhancement in range II while minimizing reflection losses in range III.
Its ability to significantly boost the top cell current while being highly transmissive
in the long-wavelength range makes it attractive for industrial thin-film silicon
tandem solar cells. Further optimization steps by substituting the materials and
increasing number of layers have been performed and show a further but slight
increase of the top cell EQFE. However, the top cell absorption enhancement of the
multilayer IRs is lower than for 3D or plasmonic structures. A general investigation
about light trapping in the top cell and its interplay with the surface texture and
reflectance are important to evaluate the potential of different IR types.
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6.8. Summary

In this section, the spectrally selective behavior of various intermediate reflectors
was investigated. Single layer intermediate reflectors usually show a non-sufficient
spectral selectivity resulting in the reflection losses determined in Chapter 5. A
multilayer intermediate reflector composed of ZnO:Al and puc-SiO,:H was designed
and experimentally integrated into tandem thin-film silicon solar cells. We have
studied the impact of spectral selectivity of various single layer and multilayer
intermediate reflectors on the performance of state-of-the-art thin-film silicon tan-
dem solar cells. It was shown by simulations, as well as prototype solar cells
that single layer IRs lead to an increased reflection for longer wavelengths while
multilayer intermediate reflectors provide a more spectrally selective reflectance
minimizing reflection losses. Integrating a multilayer intermediate reflector leads
to an increase of top and bottom cell short-circuit current density compared to
state-of-the-art single-layer IRs. It is observed that to reach current matching with
a limited top cell thickness, a certain light trapping in the a-Si:H top cell has to
be ensured which should be studied in the following chapter.
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7. Investigation of Light Trapping
by Coupling into Guided Modes
in the a-Si:H Top Cell

This chapter focuses on the effect of the intermediate reflector on the
absorption in the top cell. The reflectance of the intermediate reflector
leads to a back-reflection of light into the top cell. As light is transmit-
ted and reflected into larger angles, light trapping in the film is induced.
Light is coupled to waveguide modes in the a-Si:H film. The short-
circuit current gain in the top cell significantly depends on the light
trapping for A > 550nm. In this chapter, the coupling of incident light
into waveguide modes is studied for a periodic grating inducing diffrac-
tion into discrete angles. Various intermediate reflectors are studied.
The theory is extended to a-Si:H top cells on randomly textured sur-
faces. The studies of these chapter were published in [116] and [?].

7.1. Waveguide Modes in Thin-Films on 2D Grating
Structures

In periodically textured thin-films, light trapping is usually achieved by
exciting waveguide modes in the film. The waveguide mode coupling
is an interplay between diffraction at the front and back grating. In
this Section, the influence of a back and intermediate reflectors on the
coupling into guided modes is investigated.

Transmission and reflection gratings are powerful tools to facilitate light trapping
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in thin films like a-Si:H or pe-Si:H [16, 18,33,88]. In thin films, light trapping is
usually facilitated by coupling the incident light into leaky waveguide modes of
the film [18,55]. The theoretical description of the limits of light trapping by
waveguide modes was presented in Section 4.2.4. However, common literature is
restricted to waveguide modes in single junction solar cells which are followed by
a metallic mirror usually made of Ag. This section extends the study of guided
modes to a-Si:H top cells with a back mirror of non-perfect reflectance, namely an
intermediate reflector.

7.1.1. Evaluation of different grating geometries

To determine a feasible grating texture, scalar scattering theory (Section 4.1.4) is
applied to the topography of a variety of grating structures in a pc-Si:H single
junction solar cell as a simplified system. The quantity light trapping efficiency
LTE is defined by the integrated light intensity above the critical angle of total
internal reflection at front and rear side in [115,116]:
1 [ 1 [
LTE) = - AlIDrpg + = AIDgs; (7.1)
orIR 2 Jorir ’

Computation of the LTE allows for optimization of grating shape, height h and
period p without computationally extensive rigorous simulations. For a variety
of grating geometries (Fig. 7.1), LTE is calculated for a broad range of grating
heights h and periods p. The resulting maximal values of current density in the
light trapping range (600nm < A < 900nm) Jy 600900 is shown in the table in
Fig. 7.1.

A triangular grating as shown in the right in Fig. 7.1 is found to deliver the
highest LT E. Such surface textures can be manufactured for example by selective
etching of ¢-Si [185]. The LTE was compared to rigorous optical simulations of a
pe-Si:H single junction solar cell stack and could, thus, be correlated to a short-
circuit current density Js.. Scalar scattering theory enables extensive parameter
sweeps like in Fig. 7.2(b) where the short-circuit current density between 600 and
900nm Jc600-900 15 shown depending on p and h. Texture heights below h <
100 nm and grating constants p < 200nm are unfavorable as just low diffraction
efficiencies and a slight absorption enhancement to the flat case is obtained. Most
favorable, from the optical point of view, are A > 200 nm with p > 300 nm enabling
high diffraction efficiencies into large angles. Figure 7.2(c) shows Jy. goo-000 along
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Figure 7.1.: Studied grating geometries. The upper part shows the basic surface geometries: cube
grating, subic half-sphere grating, hexagonal half-sphere grating, pyramidal grating
and triangular grating. Calculated Jsc 600-900 and their geometriz parameters (gart-
ing period p, gratinhg height h) are shown below.

the dashed line in (b) calculated by scalar scattering theory (red line) and simulated
rigorously by FDTD (black square and line). The short-circuit current densities
Jse600-900 for a flat and randomly textured reference cell are depicted as dashed
lines. A strong increase in short-circuit current density J. is found for 300 nm <
p < 400nm. For larger periods, J,. increases up to 10mA /cm? in comparison to
5.6 mA /cm?(flat front) and 7.6 mA /cm? (randomly textured surface). Optimized
grating sizes are comparable to the parameters of 1D grating structures optimized
in literature [186].

7.1.2. Variation of teh back/ intermediate reflector

In the following, a triangular grating structure with p = 400 nm and h = 200 nm
is used which exhibits a high LTFE and is comparable to texture heights and
correlation lengths of typical randomly textured surfaces. The EQFE of the 330 nm
thick a-Si:H solar cell on this triangular grating structure is shown in Fig. 7.3(a).
The black line resembles the case of an a-Si:H layer which is followed by a pc-
Si:H half space. The a-Si:H layer represents the top cell of a tandem solar cell.
The purple line indicates the system where the a-Si:H layer is followed by a back
reflector of 80 nm ZnO:Al and Ag representing an a-Si:H single junction solar cell.
The Ag layer is idealized as a perfectly electric conductor (PEC) for the purpose of
convergence of the simulation. The EQFE},, of the same solar cell stack geometry
including a 114nm thick ZnO:Al IR is depicted as cyan line. The presence of
the back reflector leads to a strong increase of FQF in the wavelength range
between 600nm < A < 800nm. In particular, resonances at certain wavelengths
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Figure 7.2.: (a) Schematic sketch of the triangular grating with a period p and a height h. (b)
Contour plot of short-circuit current density Jsc depending on period p and height h.
(c) Jsc depending on period p along the line in (b) determined by scalar scattering
theory (red line) and simulated by rigorous optical simulation (black line).

(A = 700nm, 730nm, 770nm) are visible. These resonances are associated to
waveguide modes in the a-Si:H film. They can be allocated to certain grating
vectors induced by diffraction at the grating [16]. Waveguide modes of a given stack
be visualized by calculating the Eigenmodes for a certain solar cell stack as shown
in [18]. In the case of the tandem solar cell with ZnO:Al IR, excitations at the
same wavelengths are found. It is evident that the maximum results from a strong
periodic light localization pattern within the a-Si:H film. It can be associated to
a guided mode, while in case of the minimum of the EQFE, the light localization
within the film is less pronounced.
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Figure 7.3.: (a) External quantum efficiency of the top cell EQEoy on the triangular grating
structure for a tandem cell without IR (black, dotted), with a highly reflective ZnO:Al
IR (cyan, dashed) and a metal back reflector (purple, full). The electromagnetic
energy density at A = 690nm and A = 700 nm are shown in (b) and (c), respectively
(Min/Mazx of the color scale are identical). The Fast Fourier Transform (FFT) of
the complex electric field electric field for 690nm (d) and 700nm(e). The angular
scattering intensity distribution for the different reflector types in the blue dashed
plane within the a-Si:H film is shown in (f) and (g) at A = 690 nm and A = 700 nm,
respectively.
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To have a detailed look at these resonances, a cross-section of the electromag-
netic energy density at A = 690nm and A = 700nm is shown in Fig. 7.3(b) and
(¢), respectively. A periodic intensity pattern within the a-Si:H film indicates the
presence of guided modes in the film. The energy density in this pattern is signifi-
cantly higher for the local maximum of EQEj,, at A = 700 nm than at A = 690 nm.
A plane perpendicular to the incident wave is extracted out of the computed com-
plex electric fields in the a-Si:H layer at the position of the dashed blue lines in
(b) and (c). A fast Fourier transform (FFT) of the electric fields is performed and
results in the FFT intensity patterns shown in Fig. 7.3(d,e) for A = 690 nm and
700 nm, respectively. The dashed white circle indicates the limit where |k| > k.
In the following, the FFT intensity is integrated along the circle. The intensity
per wave vector component parallel to the interface &k can be transformed into
an angular scattering intensity by Eq. 4.39. The scattering intensity SI of the
grating is depicted as gray line for A = 690 nm (f) and A = 700 nm (g). Light im-
pinging on the grating is diffracted into the pc-Si:H halfspace in these particular
angles. However, the coupling efficiency into guided modes is determined by the
thin-film stack geometry taking into account refractive index, layer thickness and
texture. The intensity for the system without IR, with ZnO:Al IR and PEC are
again indicated by black, cyan and purple lines, respectively. The critical angle of
total internal reflection O1ig for the a-Si:H/ ZnO:Al interface is indicated by the
dash-dotted line. Without IR, a low scattering intensity is observed. Preferably,
light is diffracted into the first diffraction order. Incorporating the back reflector
strongly increases scattering into higher diffraction orders and thus, coupling into
leaky waveguide modes. The ZnO:Al IR has a similar effect. The same waveguide
modes are excited, although intensity is significantly lower due to a lower reflectiv-
ity of the IR. At A = 690 nm, most of the intensity is found in modes associated
to an angle below O1r. These modes can couple out of the film leading to a lower
energy density in the film (Fig. 7.3(b)), as well as a local minimum in the EQFE\,,
in Fig. 7.3(a). In case of A = 700nm (Fig. 7.3(e)), a large amount of the light is
diffracted into angles above the critical angle 8r and coupled into guided modes.
The EQFEyp is clearly enhanced and a higher light intensity is found in the a-Si:H
film. The intensity at the certain parallel wave vector component or angle is di-
rectly related to the absorption in the a-Si:H film at this particular wavelength.
As real and imaginary part of the electric field are taken into account, the result
is independent of the plane position within the a-Si:H film.
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7.2. Waveguide Modes in Randomly Textured
a-Si:H Films

In case of periodic gratings, light trapping can be attributed to the excita-
tion of certain discrete wavegquide modes by a combination of diffraction
at the grating and reflection. In contrast, randomly textured surfaces,
as commonly used in thin-film silicon tandem solar cells, scatter light
into a broad distribution of angles. In this Section, the wave guide ex-
citation theory is extended to randomly textured films. The integrated
scattering intensity (1S1) is introduced as a quantity of light trapping
and correlated ta the external auantym, efficiency of tandem solar cells.
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Figure 7.4.: (a) Surface topography of randomly textured as-grown APCVD SnOgz:F substrate.
(b) Cross-section of the energy density of a simulated tandem solar cell on APCVD
SnOg:F substrate. Dashed white lines mark the planes which will be evaluated in the
following.

The impact of different IRs on the FQF is investigated experimentally by depo-
sition of a-Si:H/ pe-Si:H tandem solar cells on APCVD SnOq:F front TCO layers.
Therefore, the tandem solar cells produced in Chapter 6 are chosen (t,, = 330 nm
and tpoy = 3.2 um). Thicknesses of the IRs are analogous to Chapter 6: t;g = 40 nm
in case of the uc-SiO,:H IR, t;g = 115 nm for the ZnO:Al and the IRz which has
been designed in Chapter 6.2. Additionally, an a-Si:H single-junction solar cell with
the same a-Si:H thickness and a highly reflective ZnO:Al/Ag back reflector [187]
was deposited. The surface topography of a randomly textured as-grown APCVD
SnOq:F substrate is shown in Fig. 7.4(a). Figure 7.4(b) shows the cross-section of
the energy density within the simulated solar cell on APCVD SnOy:F substrate
extracted from rigorous optical simulations. EQFy., and EQ) . were measured
individually by applying bias light in a spectral response setup. The results are

shown in Fig. 7.5.
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As expected, the lowest FQE\,, is found for the reference tandem cell without
IR. By introducing different IRs, the top cell response is significantly improved for
500nm < A < 800nm. The IR consisting of ZnO:Al provides the highest charge
carrier generation in the top cell (13.3 24) followed by the TRz (12.7 ™4). The

cm? cm?2
mA

highest charge carrier generation in the bottom cell (14.2 24) is found for the

cme

tandem cell without TR. The tandem cell with IR3 provides the highest charge
carrier generation in the bottom cell for the samples with intermediate reflector

(11.0 ZZTAZ) Additionally, in a further run, an a-Si:H single junction solar cell was
deposited using the same parameters. The EQFE of this device is depicted as
purple line in Fig. 7.5. As here no pc-Si:H bottom solar cell is present, a much
larger amount of photons between 600 nm < A < 800 nm is absorbed in the a-Si:H

cell resulting in a highly increased short-circuit current density of 14.5 Zlnﬁ
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Figure 7.5.: Measured external quantum efficiency (EQE) of the top and bottom cells of tandem
solar cells with different intermediate reflectors. The reference tandem cell without
IR is plotted in black, the results for hydrogenated pnc-SiOx:H and ZnO:Al single
layers are shown in blue and cyan, respectively. The EQE of the tandem cell with
1IR3 is shown in red and a single junction a-Si:H cell in purple.

By applying FFT analysis on the 2D simulation output plane inside the top
cell and after the IR in the pc-Si:H half space, the ST in the top and bottom
cell is extracted. The results are shown in Fig. 7.6 for the different tandem cells.
The ST in the top cell is presented in Fig. 7.6(a) for the wavelength A = 650 nm.
The light scattering distribution in the bottom cell for the same wavelength is
shown in Fig. 7.6(b). The tandem cell without IR provides only low intensities in
angles 0 > Orr (Or at the a-Si:H/ ZnO:Al interface, depicted as vertical lines
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in Fig. 7.6). The solar cell without IR shows the highest ST into large angles in
the pe-Si:H half space (b). The light with 8 > 01yr is not kept in the top cell and

transmitted into the bottom cell.
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Figure 7.6.: (a) Light scattering distribution SI in the top cell of thin-film silicon tandem solar

cells with different intermediate reflectors at a wavelength of A = 650 nm. The system
without intermediate reflector is shown as black full line, the we-SiOx:H IR system by
a dashed blue line, IRg by a dashed-dotted red line, ZnO:Al as a dotted cyan line. The
PEC back reflector is indicated by the dash-dot-dot purple line. In (b) the SI in the
we-Si:H half space at A = 650 nm is shown. The vertical lines depict the critical wave
vector for total internal reflection ® pgp at the a-Si:H/ ZnO:Al interface. (¢) ST in
the top cell of thin-film silicon tandem solar cells with different intermediate reflectors
at a wavelength of N =700nm. (d) SI in the we-Si:H half space at A = 700 nm. The
vertical line depicts the critical angle for total internal reflection 0 prg at the a-Si:H/
Zn0:Al interface.

It is found that for the tandem cells with IR, the light intensities for large wave

vectors/ angles increases in the top cell, whereas it decreases in the bottom cell.

In particular, this demonstrates the efficient light coupling to leaky waveguide

modes by the interplay of the front interface and the IR. The same evaluation

is made for other wavelengths, e.g. A = 700nm and shown in Fig. 7.6(c),(d).
The solar cell without IR is shown as black full line, the pc-SiO,:H IR system
by a dashed blue line, IR3 by a dash-dotted red line, ZnO:Al IR as a dotted
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cyan line. For comparison, results of an a-Si:H single junction solar cell with a
Zn0:Al/Ag back reflector are shown in Fig. 7.6(a) and (c) as purple dash-dotted
lines. ZnO:Al IR and IR3 perform equally at A = 650 nm in terms of coupling into
guided modes (Fig. 7.6(a), (b)), as well in EQFE. For A = 700 nm, a different trend
is found. Here, the ZnO:Al IR couples much more light into guided modes than
the IR3 resulting in a higher EQE;,, and lower total light intensity in the bottom
cell (Fig. 7.6(d)) which is strongest pronounced for the specular light (6 = 0°).
This can be attributed to the spectrally selective reflectance of the IR; which
was designed to highly transmit above A = 680nm (Chapter 6). The increase
of coupling into the waveguide modes in the top cell by the IR3 and ZnO:Al IR
is linked to a decrease of ST in the bottom cell (inlet in Fig. 7.6(d)). This is
in accordance to the measured FQFE}o which is decreased by the IR reflectivity
and light trapping in the top cell. Coupling into waveguide modes seems to be
detrimental for transmission into the bottom cell which will be subject of the
following chapter.

To demonstrate the importance of the efficient coupling to leaky waveguide
modes for the performance of the solar cell, the EFQE\., is plotted against the inte-
grated scattering intensity (/.S7) which quantifies the overall amount of light inten-
sity beyond the critical angle for total internal reflection. The results are shown for
a wavelength of A = 650 nm in Fig. 7.7(a) and for A = 700 nm in Fig. 7.7(b). Re-
sults for the corresponding a-Si:H single junction are shown in purple. The strong
correlation between the EQFE, and the integrated scattering intensity demon-
strates that light scattering into angles beyond the critical angle is beneficial for
the a-Si:H top cell. Furthermore, the introduction of an IR significantly improves

coupling to leaky waveguide modes by increasing the IR reflectivity.

7.3. Local Effects of Surface Features in a-Si:H

Films

Apart from integrated quantities like the external quantum efficiency,
rigorous optical simulations give access to local properties. FET anal-
ysis enables to ’locate’ trapped light and correlate it to certain surface
features of the randomly textured TCO surface [188].
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Figure 7.7.: Measured external quantum efficiency in the top cell EQEyo, as a function of the
integrated scattering intensity IST for the different tandem solar cell configurations
at a wavelength A = 650nm (a) and A = 700 nm (b).

The correlation between the integrated scattering intensity of a small representa-
tive area with the macroscopic EQFE shows that 3.5 x 3.5 wm? show already a
satisfying statistics of surface features. However, our analysis provides the oppor-
tunity to evaluate scattering locally and attribute certain coupling behavior to
certain features. In a previous study, we demonstrated that applying near-field
scanning optical microscopy is able to spatially resolve light localizations in the so-
lar cell and correlate it to the surface topography [188]. To gain similar evaluation
from the simulated data, the complex electric field plane is Fourier-transformed
and high-pass filtered, thus that just the part above the 01y of the a-Si:H/ ZnO:Al
is back-transformed. The high-pass filtered electric field intensity at A = 700 nm
is shown in Fig. 7.8(b). For identification of the surface features, furthermore, the
surface topography is shown in Fig. 7.8(a). Characteristic features are observed.
In Fig. 7.8(c) and (d), the topography is super-imposed with the high-pass filtered
electric field intensity images for A = 650nm (¢) and A = 700 nm (d). Red color
implies a horizontal wave vector component corresponding to a large scattering
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7. Investigation of Light Trapping by Coupling into Guided Modes in the a-Si:H Top Cell

angle. Above rather flat areas of the surface texture, a little amount of light in
the light-trapping regime is found. Exemplary areas are indicated by black circles.
The surface roughness is too low to scatter light into large angles, thus the largest
portion of light is just transmitted specularly. In contrast, areas with a combi-
nation of high pyramidal features which are characterized by steep surface angles
provide an efficient in-coupling into large angles. Two exemplary areas are marked
by blue circles in Fig. 7.8 (¢) and (d). For both studied wavelengths, the trapped
light is localized at the flanks of the pyramidal surface features. Comparing the
local trapped intensities at A = 650nm (c¢) and A = 700nm (d), there are little
differences in details, although all general local trends are maintained.

(b) 2. = 700 nm, high-pass

Figure 7.8.: Surface topographies of an AFM measured APCVD SnOg:F surface (a) is shown.
(b) shows the electric field intensity after application of a high-pass filter (just above
critical angle) for A = 700nm. In (c) and (d) these electric field distributions are
superimposed to the topography for A = 650 nm and 700 nm, respectively.

Top cell absorption enhancement in tandem solar cells is facilitated by coupling
incident light into leaky waveguide modes of the a-Si:H film by diffraction/scatter-
ing at a back or intermediate reflector. It is shown that a waveguide description
can be extended from single junction solar cells with a back mirror to top cells
with an IR of variable reflectance. This description is further extended to films on
randomly textured surfaces where the discrete waveguide modes are substituted
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by a broad distribution of ’smeared out’ waveguide modes. The integrated inten-
sity above the critical angle of total internal reflection Orrr is found as quantity
describing light trapping and was correlated to the external quantum efficiency of
the solar cell. The analysis further reveals, that these waveguide modes remain
in the top cell and do not propagate into the bottom cell leading to a decreased
bottom cell external quantum efficiency.
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8. Interplay of Intermediate
Reflector and Surface Texture

In Chapter 5, parasitic reflectance has been identified as the main loss
mechanism for tandem cells with intermediate reflectors. To overcome
this, a spectrally selective IR has been designed as a multilayer stack
and was successfully integrated into a solar cell on commercial APCVD
SnOg:F substrate (Chapter 6). The influence of leaky waveguide modes
on light trapping in the a-Si:H top cell has been studied in detail for dif-
ferent IR materials (Chapter 7). Light trapping can be achieved either
by as-grown random textures, or gratings and photonic crystals. In this
chapter, the influence of different surface textures on the behavior of
the IR is studied. Remarkable differences in the reflection mechanism
at the IR are identified and investigated by experimental and simulation
studies revealing the dependence on the relevant optical parameters. Fi-
nally, a design strategy for IRs on given substrate is formulated.

8.1. Multilayer IR on Various Substrates

In the last chapter, rigorous simulations were used to study the process of light
trapping in a thin a-Si:H top cell with different IRs in detail. This was just done
for one particular substrate morphology (APCVD SnOq:F). In a further step, the
before discussed layer stack of a glass half space followed by a textured ZnO:Al front
contact, an a-Si:H top cell, IR and non-absorbing pc-Si:H half space was simulated
using the surface texture of front side and after a-Si:H deposition measured by
AFM. The used front contact topographies are shown in Fig. 8.1 for the case of
APCVD SnOq:F (a) and LPCVD ZnO:B (b). The top cell quantum efficiency
EQEFE}p (full lines), as well as the transmittance 7' into the bottom cell (dashed
lines) are demonstrated in Fig. 8.1 for the APCVD SnOy:F texture (¢) and LPCVD

99



8. Interplay of Intermediate Reflector and Surface Texture

ZnO:B texture (¢ o

(a) (b)

. (©) We-Si0_IR @ ' pe-sio IR

L o8 WoIR | Neri; WOIR i Jos

g T Y |

3 .
S o6l ‘ 06 §
k3 N ZROAIIR e e
£ R s
3 04} 04 €
5 &
E S
S o2} {02 =
©

£

Q

£

(6}

600 800
wavelength & [nm] wavelength A [nm]

1000

Figure 8.1.: (a) and (b) show the topography of SnOgz:F and ZnO:B. The top cell external quantum
efficiency EQFEyo, and transmittance into the bottom cell T is shown for SnOs:F (c)
and ZnO:B (d) without IR (black), with nwe-SiOx:H IR (blue), with ZnO:Al IR (cyan)
and IR3 (red).

In black, the EQFE;, (full line) and transmittance T' (dashed) for the solar cell
stack without IR is shown. Furthermore, EQFE and T for a 38 nm thin pc-SiO,:H
IR (blue), 114nm ZnO:Al IR (cyan), as well as the IR3 (red) are depicted. On
both substrates, EQE, is increased by applying an IR. The comparison between
(c) and (d) shows further, that the increase of EQFE},, on LPCVD ZnO:B texture
is higher than on the APCVD SnOq:F texture. EQE, and 1" of the system with
IR3 and ZnO:Al IR show nearly the same behavior for the tandem cell on LPCVD
ZnO:B texture; the EQF is slightly lower for IR3 and the transmission accordingly
slightly higher. The spectrally selective behavior which was observed for the IRz on
APCVD SnOq:F substrate in Chapter 6 and in Fig. 8.1 is not observed on LPCVD
Zn0O:B substrate. The transmittance for solar cells deposited on SnOq:F substrate
in Fig. 8.1(c) shows interference effects with transmittance minima (A = 770 nm)
and maxima (A = 810nm). These interference effects are not visible in case of
LPCVD ZnO:B in Fig. 8.1(d). A more detailled analysis of the deviant behavior
of IRs on different substrates and the interplay of texture and IR is necessary.
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8.2. Substrate Variation

In this chapter, the influence of the relevant texture and IR parameters on light
propagation and absorption in the tandem solar cell will be studied in detail.

8.2. Substrate Variation

In this study, the effectiveness of the IR on a variety of substrates is
investigated by a combination of measurements and rigorous optical sim-
ulations. The study bases on the experimental work of C. Zhang. This
chapter focuses on the conducted simulations. For further details on
the experiment and further discussions, I refer to our publication [189].

To understand the nature of the reflection losses and the different behavior on
different substrates, tandem solar cells were deposited on eight different substrates
covering a broad distribution of feature sizes and heights. Asimportant parameters
for the description of a texture, the auto correlation length (AC'L) describing the
lateral feature sizes, as well as the RM S roughness (oryg) have been proposed
by other groups [45,59, 165,190]. ACL and RMS were determined from AFM
measurements by a statistical surface evaluation at all studied substrates.

8.2.1. From Experiment to Simulation

On the shown substrates, tandem solar cells with i-layer thicknesses of 300 nm
(top cell) and 1500 nm (bottom cell) without and with a 70nm thick pe-SiOy:H
IR were deposited. The refractive index of the IR was n = 2.7 at A = 600 nm.
The measured EQE;,, and EQEyq for the tandem solar cells on APCVD SnOy:F
(red lines) and ZnO:B substrates (cyan lines) are depicted in Fig. 8.2(a) without
(dotted line) and with IR (full lines). For both textures, AJy iop is increased by
roughly 1mA /cm?. But EQE; losses due to cell reflection lead to a decrease of
sum of short-circuit current density of AJysum = 2mA/ cm? in case of APCVD
SnOy:F while losses add up to —0.4mA /cm? for LPCVD ZnO:B.

The experimental comparison suffers from various points. The compared TCO
substrates in this study are produced on different glass materials and exhibit dif-
ferent thicknesses, transparency and band gap. Furthermore, solar cells with and
without IR were deposited in different deposition runs resulting in variations of
layer thicknesses and material quality. Rigorous optical simulations enable to sim-
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Figure 8.2.: Measured (a) and simulated (b) external quantum efficiency EQE of tandem solar
cells on APCVD SnOy:F (red) and LPCVD ZnO:B (cyan) substrate without (full)
and with IR (dotted line).

ulate the EQFE of tandem solar cells with the identical material data (n, k, layer
thicknesses) basing on the measured AFM topographies. Thus, it is possible to
compare the FQE without (full line) and with IR (dotted line) for APCVD and
LPCVD ZnO:B texture in Fig. 8.2(b). Not that the wavelength-axis starts at
500nm. The FQFE of tandem cells on LPCVD ZnO:B is higher than on APCVD
SnOs:F texture throughout the whole spectral range. The LPCVD ZnO:B texture
provides a better light incoupling and enables that more light reaches the absorber
and is available for absorption in the solar cell. This can be seen in the short
wavelength range where the maximum at A = 500nm is significantly smaller for
the APCVD SnOy:F texture. Additionally, a large difference is found for the EQE
in the bottom cell for A > 700 nm. Here, the FQ F} for the tandem cell without
IR is lower due to a less scattering into large angles and, thus, worse light trapping.
The IR induces losses in the bottom cell around A = 900nm on APCVD SnO,:F
texture. Thereby, EQFEq is decreased in that region. In case of LPCVD ZnO:B
texture, this dip is not present. Here, FQ Ey,o; for A > 900 nm and EQ Eq,,, is not
decreased by the integration of the IR. The loss is attributed to reflection losses
by parasitic reflection at the IR following the arguments of Chapter 5. To ensure
that the reflection loss is induced by the IR and no effect of the reflection at the
back reflector, further simulations of the tandem cell on APCVD SnOs:F texture
were performed substituting the bottom cell and back reflector by a non-absorbing
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8.2. Substrate Variation

pe-Si:H half space. The EFQFE of the sub cell, as well as, the transmittance T into
the pe-Si:H half space are presented in Fig. 8.3(a). Black and red lines show the
EQEFE, and EQEy,y, respectively, of the tandem solar cell without (full line) and
with IR (dashed line). A decrease of EQFElo between A = 800 nm and 1000 nm is
observed for the tandem solar cell with IR. The transmittance into a non-absorbing
pe-Si:H half space T' is shown in brown. Interference minima and maxima can be
identified in the presence of an IR. At A = 900 nm, the minimum of transmittance
is found. The position of the minimum correlates to the position of the loss in
FEQFEy. It is concluded that the loss is due to reflection at the IR and does not
even reach the bottom cell. Figure 8.3(b) shows the transmittance 7" into pe-Si:H
(brown) and, additionally, the reflectance R back into the glass in blue lines with-
out (full line) and with IR (dashed). Light of these wavelengths is reflected by the
IR and not absorbed in the top cell as its photon energy Fpn: is below the band
gap of a-Si:H and, thus, coupled out of the cell to the continuum. It is furthermore
noticed, that, for A > 1000 nm, 7T is increased by the IR in comparison to without
due to interference. This results in an increase of FQEy with IR in this range
which has in the past been attributed to an increased light trapping in the bottom
cell by the IR [191].
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Figure 8.3.: (a) EQE for top and bottom solar cell on APCVD SnOg:F substrate. In brown the
transmittance T into a wc-Si:H half space is shown. (b) shows the transmittance T
into a we-Si:H half space in brown and the reflectance R in blue without (full line)
and with IR (dashed line).

These high reflection losses are not found for the EQFE of tandem cells on
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8. Interplay of Intermediate Reflector and Surface Texture

LPCVD ZnO:B texture, as seen in Fig. 8.2(a),(b). For A > 800 nm, the FQEq
is not decreased by parasitic reflection.

8.2.2. Variation of Surface Parameters

The question arises which surface parameters influence the top cell
EQE-gain and the reflection losses by intermediate reflectors. Kirner
et al [59] stated that the effectiveness of the intermediate reflector de-
pends mainly on the auto-correlation length ACL. Following up that
study, the APCVD SnOj:F texture is artificially modified to identify
the relevant surface parameters.

The measured surface height topography of APCVD SnOs:F was artificially mod-
ified. A schematic sketch of the applied stretching is shown in Fig. 8.4(a). Three
different modifications have been done:

e Increase of auto correlation length ACL from ACL = 200nm to 320 nm
which corresponds to the ACL of LPCVD ZnO:B. This case is referred to as
zy-stretched and indicated in blue.

e Increase of AC'L from 200 nm to 320nm and RM S roughness from 60 nm to
95 nm corresponding to the ACL and ogrys of LPCVD ZnO:B. This case is
referred to as xyz-stretched and indicated in red.

e Increase of surface height (minimum-maximum difference) to the height of
LPCVD ZnO:B. This case will be called z-stretched and is shown in orange.

A representative 4.3 x 4.3 um? cut-out of the modified surface textures is used
as input topography for FDTD simulations. A simple growth model for isotropic
a-Si:H growth on the textured TCO topography from [192-194] is applied on the
texture to obtain the texture after a-Si:H top cell deposition. Layer thicknesses
and optical data are kept identical. The simulated EQE;,, and EQEy of the
solar cells without IR are shown in Fig. 8.5 for the different texture modifications
following the introduced color code. In the case of xyz-stretching, the surface
angles are maintained and EQFE},, is maintained. The xy-stretching leads to a
decrease of EQEqp, in particular for A < 620nm. This is due to less effective
light incoupling into the solar cell as the surface feature do not behave as an
effective medium anymore. By increasing the surface height an improvement of
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Figure 8.4.: (a) Schematic sketch of the applied surface modifications. The APCVD SnOg:F
texture is stretched laterally (zry) and vertically (z) and as a mizture of both in
order to reproduce the statistic surface parameters of LPCVD ZnO:B substrate (xyz).
(b) Topography parameters of different surface textures presenting the three surface
modification steps as red, blue and orange triangles.

light incoupling is found. Thus, for the z-stretching, FQEi, at A = 500 nm is
increased to 88% and is similar to the FQE,, of the LPCVD ZnO:B texture.
Similar trends can be observed for the bottom cell: In case of z-stretching, the
maximum of FQFEy. at A = 750 nm could be significantly increased by improved
light incoupling. The zy-stretching (blue line) results in a decrease of EQ Ey for
A > 750nm as the smaller surface angles lead to worse back surface scattering
and, thus, to a reduction of bottom cell light trapping [113]. For zyz-stretching,
EQE, is just slightly increased in comparison to the original APCVD SnOs:F
texture. The z-stretched surface provides larger surface angles resulting in (i) a
better incoupling of light into the bottom cell and (ii) larger scattering angles and,

as a consequence, an increased light trapping.

The same solar cell geometries are simulated with a 70nm thick pc-SiOx:H
IR between top and bottom cell. The simulated EQFEs of the tandem cells on
the modified substrates are shown in Fig. 8.6(a). The EQE,,, is increased for
z-stretching in comparison to the original APCVD SnOq:F texture. The increase
of top cell EQEyp, is due to the better light incoupling into the solar cell. However,
the high FQ E-enhancement of the tandem cells on LPCVD ZnO:B texture is not
reached, as the AC'L is too low in order to scatter the light in sufficiently large
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Figure 8.5.: External quantum efficiency EQE of the tandem solar cells without IR on modified
substrates. The EQE of the solar cell on APCVD SnOs texture is shown as full
black line. The dashed black line indicates the EQE on LPCVD ZnO:B texture.

angles and trap it in guided modes. As without IR, the FQE\,, of the solar cell on
zyz-stretched texture, which has the same surface angles as the APCVD SnO,:F
texture, except a slight reduction in the maximum at A = 500nm. FQE,,, of the
tandem cell on the zy-stretched substrate is lower along the whole range and is
just slightly enhanced by presence of the IR. The surfaces angles &« do not induce
significant scattering to couple light into guided modes by the IR in accordance to
the theory in Chapter 7. The bottom cell losses at A = 900 nm which have been
attributed to reflection at the IR are found for the zy-stretching (blue line) and
the zyz-stretching (red line) as well. Due to worse light trapping, the xy-stretched
texture exhibits a lower FQFE}y than the APCVD SnOg:F reference. Although
ACL is increased, the lower surface angles lead to a decrease of bottom cell EQE.
EQE of the zyz-texture are increased to an extend which exceeds the increase
due to better light trapping in Fig. 8.5. Thus, the parasitic reflection losses could
be decreased by this surface modification. Finally, the solar cell with z-stretched
texture behaves like LPCVD ZnO:B showing nearly no reduction of EQ FEg,, by
integration of an IR. This can be seen as well in the solar cell reflectance presented
in Fig. 8.6(b). In this case, the z-stretched and LPCVD ZnO:B texture show the
lowest cell reflection without interference maxima and minima. The reflectance
maximum at A = 900 nm which is clearly visible for the APCVD SnOs:F texture,
is changed by the various surface modifications. A zy-stretching increases the
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reflectance for long wavelengths as the light path is not prolonged by scattering.

The reflectance of the tandem solar cell on zyz-stretched texture is decreased for

A > 800 nm. The surface angles « and the surface angle distribution (SAD) of a

texture do not only determine the quality of light trapping but, additionally, how

well light is coupled into the bottom cell instead of being reflected.
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Figure 8.6.: Ezxternal quantum efficiency EQE of the tandem solar cells with IR on modified sub-
strates (xy-stretching = blue full line, xyz-stretching = red, z-stretching = orange).
The EQE of the solar cell on APCVD SnOs:F texture is shown as full black line.
The dashed black line indicates the EQE on LPCVD ZnO:B texture. (b) Reflectance
of the solar cells on modified substrates.

8.2.3. Conclusion

Four basic conclusions can be drawn from this study.

e Light incoupling is augmented by an increase of surface texture height (if
lateral sizes are not equally increased),

e Coherent reflectance in the long wavelength range below the band gap of the
a-Si:H top cell is decreased by increasing the texture height.

e To excite guided modes in the top cell, the AC'L has to be sufficiently large
enabling scattering into large angles.
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e ACL and RM S both determines IR effectiveness. Indications are given that
the surface angle « is the crucial parameter uniting AC'L and RMS.

The increase of light incoupling is explained well by effective medium theory
whereas the influence on reflectance remains unclear. It can be concluded that
the angle with which the light impinges the IR is crucial. The increase of surface
angles in this study has an impact on two important quantities namely the angu-
lar intensity distribution into a silicon half space in transmission A/ Dy g; and the
surface angle distribution SAD of the top cell/ IR interface.
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8.3. Angular Reflection Modes

Basing on the result of the previous section, the impact of the angle
of incidence on the intermediate reflector is analyzed. The basic reflec-
tion mechanisms are identified and the role of the critical angle of total
internal reflection is discussed.

Figure 8.7(a) shows the AI Dy g; at A = 650 nm of APCVD SnOs:F , sputter-etched
Zn0:Al and LPCVD ZnO:B texture calculated by the phase model (Chapter 4.1.4).
The APCVD SnOs:F texture has a strong specular peak with roughly 40% of the
light transmitted without being scattered. It is seen that an increase of surface
height leads to a decrease of the specular peak and an increase of scattering into
large angles. In particular, scattering beyond the critical angle of total internal
reflection Or (dashed line) of the the a-Si:-H/ TCO interface is of particular in-
terest. Light with an internal angle 8 > 0rr will be totally internally reflected
and, thereby, trapped within the a-Si:H film. Light can be, furthermore diffract-
ed/scattered at the IR. The distribution of surface facets of the IR is given by the
surface angle distribution SAD after a-Si:H deposition is shown in Fig. 8.7(b). All
IR textures show a broad distribution of surface angles. While in case of APCVD
SnOy:F the largest part of SAD is found below the critical angle (6 < 01g), the
maximum, as well as the mean angle of the SAD are increased by raising the
surface texture height like in case of LPCVD ZnO:B.

8.3.1. Reflection of Thin Layers

The previous Section revealed that the incident angle of the light onto the interme-
diate reflector plays a decisive role on the reflectance and scattering behavior of the
IR. The evaluation of the angular behavior of a thin film shall be investigated in
the following. As a simple model system, a flat thin-film layer with the refractive
index of nig = 2 similar to that of ZnO:Al or uc-SiO,:H is sandwiched between
two non absorbing high-refractive index half spaces (nu; = 4). As all interfaces are
flat, a simple transfer matrix model (TMM) (Chapter 4.1.4) is used. Changing the
IR film thickness at the same wavelength (A = 650 nm) enables to investigate the
coherent effects within the layer stack without changing the geometry, angles and
relative lateral sizes [56]. The thickness of the IR is varied between ¢ = 0 nm and
400nm and the reflectance into the high refractive index half space is evaluated
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Figure 8.7.: (a) Calculated angular intensity distribution in transmission into a silicon half space
AIDvy g for the investigated surface textures APCVD SnOg:F (red), sputter-etched
Zn0:Al (blue) and LPCVD ZnO:B (cyan) at A = 650 nm. The critical angle of total
internal reflection O1ir is marked as dashed line. (b) Surface angle distribution SAD
after top cell deposition of the investigated surface textures SnOg:F (red), ZnO:Al
(blue) and ZnO:B (cyan).

from the reflection coefficients. The reflectance in dependence of ¢ at A = 650 nm
is shown in Fig. 8.8(a). A sinusoidal curve progression is observed. The maximum
(i) is found at ¢;g = 81 nm corresponding to the condition:

A

t= : 8.1
Toon (8.1)

Figure 8.8(b) shows, that if one quarter of the wavelength in the IR medium fits to
the IR thickness, constructive interference of the reflected wave with the incoming
wave results in a Fabry-Pérot mode within the absorber medium resulting in a
maximum of reflected field intensity. In the case of t = 2=, IR in Fig. 8.8(c) (case
il), the wave reaches the back interface of the IR at the turning point of the electric
field. The resulting destructive interference leads to a decrease of reflected electric
field intensity.

An increase of the angle of incidence of the electromagnetic wave results in a
decrease of the perpendicular component of the wave vector k. For the interfer-
ence condition like the quarter-wave rule shown in Eq. 8.1, just &k, is responsible.
According to:

m eio )\

A (8.2)

t=— =
2]@_ 4’fLIR7
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Figure 8.8.: Reflectance R of an intermediate reflector layer of refractive index nig = 2 between
two non-absorbing silicon half spaces of refractive index of n =4 at A = 650 nm for
varied layer thickness. (b) Schematic sketches illustrate the cases of mazimum (i)
and minimum reflectance (i), respectively, in terms of simple wave optics.

the maximum of reflectance is shifted to larger IR thicknesses for longer wave-
lengths. Figure 8.9 shows the reflectance at A = 650nm for various angle of
incidences 0 = 0° (black line), 10° (gray, dashed), 20° (gray, dotted), 25° (gray,
dash-dotted) and 30° (red, full line). Up to an angle of 6 = 25°, the maximum is
shifted to larger IR thicknesses while the value of the reflectance R at the maximum
is maintained. For 6 = 25°, the maximum is found at a thickness of tjg = 220 nm.
The red line indicates the reflectance for an angle of incidence of 8 = 30° which is
larger than O7r for the given refractive indices (Eq. 4.24).

A distinct reflectance behavior is found in this case. The oscillation of the
reflectance is replaced by a monotonic increase. Light with an internal angle
0 > Otk is entirely reflected at the first interface. Due to the continuity of
the electric fields at the interface, the parallel component of the electric field £
extends into the low index film. The concerning wave in the low-index medium
is called evanescent wave and its electric field Feya, is described by Eq. 4.24. In
case of an infinite thickness of the low index film, the evanescent field intensity
decays to zero and all the light is totally internally reflected resulting in R = 1.
In the case of t < A, FEgyan has not yet decayed to 0. If the following medium is a
high index medium ng, kj may decrease to kj < k. As a consequence, the wave is
able to propagate in medium ng. This results in an increase of T and an decrease
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Figure 8.9.: (a) Reflectance of an IR between two a-Si:H and we-Si:H half spaces depending on
the thickness of the IR layer at A = 650 nm for angle of incidences of 6 = 0° (gray,
full line), 10° (black, dashed), 20° (gray, dotted), 25° (gray, dash-dotted) and 30°
(red, full). (b) reflectance at the low-refractive index medium for an incident angle
of 0° (black) and 30° (red) at a wavelength of A = 650nm (full lines) and 900 nm
(dash-dotted lines).

of R. This effect is called frustrated or attenuated total internal reflection (ATR)
and is analogous to the quantum mechanical tunnel effect. Photons incident at
an angle © > O1g are able to tunnel through the barrier of finite thickness. This
effect is also described as evanescent-wave coupling or photon tunneling as
the two high index media are coupled by an evanescent wave (Section 4.1.3). The
thickness of the barrier determines how much FE,., has decayed until the second
interface. Figure 8.9(b) shows the reflectance R depending on ¢ for A = 650 nm
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8.4. Theory applied to Randomly Textured Tandem Solar Cells

(full line) and A = 900 nm (dash-dotted line) for an 6 = 0° (black) and 30° (red)
in comparison. If the wavelength of the incident light is increased according to
Eq. 8.1, the reflectance maximum is shifted to larger thicknesses.

8.3.2. Summary

In this section, two different modes of reflection at the IR have been identified:

e Fabry-Pérot thin-film resonance following Eq. 8.1
(reflection mode A).

e Attenuated total internal reflection at the top cell/IR interface
(reflection mode B).

These modes exhibit their particular reflectance behavior. Which behavior occurs
to the light depends on whether the angle of incidence is below or above the critical

angle Org.

8.4. Theory applied to Randomly Textured Tandem
Solar Cells

The IR effectiveness for the APCVD SnOy:F and LPCVD ZnO:B tex-
tures has been shown to behave significantly different and surface and
scattering angles have been identified to play the decisive role. In this
section, the effect of the IR on tandem solar cells on APCVD SnOy:F
and LPCVD ZnO:B textures is investigated by rigorous optical simula-
tions and is attributed to the reflection modes which were introduced in

the last section.

8.4.1. Spatial Dependence

In the following, tandem solar cells on these particular substrates are investigated
by FDTD simulations to identify the dominating effects. t;g = 300nm is chosen
as the reflectance between reflection mode (A) and (B) differs significantly for
this thickness. As a reference system, a tandem solar cell on a flat substrate is
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8. Interplay of Intermediate Reflector and Surface Texture

simulated. The 500 nm thick front ZnO:Al film is followed by a 330 nm thick a-
Si:H top cell and a 300 nm-thick ZnO:Al TR. A cross section of the electric field
intensity |F,iotal]?> at A = 650nm within the tandem solar cell is presented in
Fig. 8.10(a). Fabry-Perot resonances are found in each layer. Period and intensity
are determined by the refractive index of the concerning medium. In Fig. 8.10(b),
the electric field intensity is plotted against the distance d from the a-Si:H/IR
interface. An oscillating sinusoidal curve progression is found with a period of
p = 2-213' The wave is propagating within the IR and a large part is reflected
back at the IR/pc-Si:H interface. Thus, a Fabry-Pérot mode is excited within the
low-refractive index IR. As a part of light is transmitted through the IR and is
not involved in the interference, the intensity curve described by sin?(kd) with an
offset |Ey total]® = 0.12.

(b) 7.=650nm

|Ez,total|2
/e

0,02 F .

160 2(.JO
distance d [nm]

electric field intensity |E|?
electric field intensity | E|?

Figure 8.10.: (a) Electric field intensity of a tandem solar cell stack with a 300 nm thick ZnO:Al
intermediate reflector for a flat substrate. (b) Electric field intensity within the
ZnO:Al IR at A = 650 nm.

The same evaluation is performed for a tandem solar cell on APCVD SnOy:F
texture. The cross section of the electric field intensity ‘Ez,total|2 at A = 650nm
in Fig. 8.11(a) shows lines of higher and lower intensity parallel to the surface
indicating that an oscillation of |E‘Z7tota1|2 similar to the flat solar cell is found.
This electric field intensity is superimposed with a lateral interference pattern due
to the texture. In the following, the average electric field intensity IEz,total|2 for
planes parallel to the a-Si:H/ IR interface is extracted. An exemplary plane is
shown as white dashed line in Fig. 8.11(a). In Fig. 8.11(b), |E,otal|? is plotted
against the distance d from the interface. For d < 220nm, an oscillation with
the same period as in the flat case in Fig. 8.10 is found. In this case, the offset
is |Eo|?> = 0.27, as more light is coupled into the bottom cell. For d > 220nm,
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8.4. Theory applied to Randomly Textured Tandem Solar Cells

| E, tota1]? Tapidly decreases which might be an effect of increasing incoherence of
the light at these thicknesses. A similar curve progression is found at a wavelength
of A =900 nm (Fig. 8.11(c)). The oscillation period is increased due to the longer
wavelength. A Fourier analysis enables the extraction of the evanescent part of
the light (kj > |k[) in this particular IR plane as described in Chapter 4.1.5.
The intensity of the evanescent part of the electric field \ELQVM\Q is found to be
negligible in case of A = 650 nm (b) and A = 900nm (c).

o
o

~ ~ - .
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Figure 8.11.: (a) Electric field intensity of a tandem solar cell stack with a 300 nm thick ZnO:Al
intermediate reflector for APCVD SnOs:F texture. (b) Entire (full) and evanescent
(dashed) electric field intensity within the ZnO:Al IR in a plane parallel to the top
cell/IR interface at A = 650nm and (¢) at A = 900 nm.

The same evaluation is done for a tandem solar cell on LPCVD ZnQO:B substrate.
Figure 8.12(a) shows a cross section of the simulated solar cell stack. As all in-
volved interfaces are much rougher and the texture height surmounts the a-Si:H
film thickness, also the local electric field intensity changes. More field localiza-
tions than in the case of APCVD SnOs:F are found instead of Fabry-Perot like
resonances. The total electric field intensity ‘Ez,total|2 is evaluated in the plane par-
allel to the interface and plotted against the distance from the a-Si:H/IR interface
for A = 650 nm (Fig. 8.12(b)) and A = 900 nm (Fig. 8.12(c)).

The curve progression differs significantly from the cases before. It is found
that the total electric field intensity |Ez,total|2 decreases with increasing distance
from the interface. The extraction of the evanescent part results in a decrease
Of | Eovan|? which is described by an exponential decay (dashed line). In order to
highlight and investigate the exponential decay in more detail, |Ez,tota1|2 is plotted
on a logarithmic scale in Fig. 8.12 for A = 650nm (d) and A = 900nm (e). The
exponential decay of | Eevan|? can be fitted with a linear function on the logarithmic
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Figure 8.12.: (a) Electric field intensity |E|? of a tandem solar cell stack with a 300nm thick
Zn0:Al intermediate reflector. (b) Entire |Eyo1q|? (full) and evanescent |Eepan|?
(dashed) electric field intensity within the ZnO:Al IR in a plane parallel to the top
cell/ IR interface for LPCVD ZnO:B texture at A = 650nm (b) and A = 900 nm
(c). Entire (full) and evanescent (dashed) electric field intensity on a logarithmic
scale (log10) within the ZnO:Al IR in a plane parallel to the top cell/ IR interface
for LPCVD ZnO:B texture at A = 650nm (d) and at A = 900nm (e).

scale resulting in the evanescent decay parameters y(A = 650nm) = 0.0109 and
Y(A = 900nm) = 0.0032. For d > 200nm, the slope is reduced in the case of
A = 650nm. This may be result of incoherent effects that dominate for thicker
IRs. Within the first d = 60nm, the decay of |E,|? is determined by the
decay of the evanescent field. Thus, a large portion of the light in the IR is
present as evanescent light. The slope of |FE, a|? decreases for d > 70nm but
stays monotonically decreasing without oscillating behavior. Solving Eq. 4.27 to

0(y) = arcsin ((:’ZY ((;)Q + 1)) (8.3)

Equation 8.3 can be used to plot the internal angle 0 versus the evanescent
decay constant y in Fig. 8.13 for A = 650 nm (black line), A = 700 nm (red line)

0, results in:
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Figure 8.13.: Incident angle © on the intermediate reflector as a function of the evanescent decay
constanty for A = 650nm (black line), A = 700nm (red line) and A = 900 nm (blue
line). The decay constants in the IR on LPCVD ZnO:B substrate extracted from
Fig. 8.12(b) are marked by dotted lines.

and A = 900 nm (blue line). The internal angle is defined as the incident angle of
light onto the a-Si:H/IR interface. vy is larger for shorter wavelengths. It follows
that the electric field decays faster for shorter wavelengths. The decay constants
calculated by the linear logarithmic fit from Fig. 8.12(b) are marked by dotted
lines in Fig. 8.13. They can be attributed to an angle which is the average value
of the effective angular distribution approaching the IR. This angle is found to be
0(650 nm) = 34° and 6(900 nm) = 32°.

The near-field analysis shows that the dominant mechanism of reflection at the
IR on LPCVD substrate is frustrated total internal reflection. The finite thickness
of the IR leads to an evanescent-wave coupling between top and bottom cell. As
the decay constant of the evanescent wave is wavelength-dependent, the IR exhibits
a certain spectral selectivity. This effect will be investigated in more detail in the

following Sections.
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8. Interplay of Intermediate Reflector and Surface Texture

8.4.2. Intermediate Reflector Thickness Dependence

To identify the dominating reflection mode according to Fig. 8.9, FDTD simula-
tions of the tandem solar cell stacks on APCVD SnOs:F | sputter-etched ZnO:Al
and LPCVD ZnO:B substrate were performed for A = 650 nm and ¢ is varied. A
similar study has been performed for sputter-etched ZnO:Al by Rockstuhl et al.
and Kirner et al. [59,89]. In Fig. 8.14, the IR thickness variation between 0nm
and 300 nm is shown. The FQFE;, of a solar cell on APCVD SnO, is shown as red
line and symbols, sputter-etched ZnO:Al in blue lines and symbols and LPCVD
Zn0O:B as cyan lines and symbols. The FQFEi,, of all investigated tandem solar
cells increases with increasing thickness up to t;g = 60 nm. In the case of APCVD
SnOq:F, the slope of the curve decreases and a local EQ)E},, maximum is reached
at tig = 90nm. For increasing ¢, the EQE;,, decreases and follows an oscillation
with the next local maximum at ¢ = 240nm. In case of sputter-etched ZnO:Al
(blue), the same trend is found. Reflectance minima and maxima are slightly
shifted to larger thicknesses ¢t and the minimum nearly reaches the value without
IR. In comparison, the EQE;, of the solar cell on LPCVD ZnO:B substrate in-
creases monotonically with decreasing slope and asymptotically reaches a value of
EQFE, = 0.6 for t = 300 nm.
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e LPCVD ZnO:B
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[0} 1 "
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Figure 8.14.: Calculated external quantum efficiency of the top cell EQFEop of a solar cell on
sputter-etched ZnQO:Al (blue triangles), APCVD SnO, (red circles) and LPCVD
ZnO:B (cyan triangles) substrate for varying IR thickness at A = 650 nm.

To evaluate the thickness dependence of IR behavior below the band gap of
the a-Si:H top cell, the transmittance T into the bottom cell for APCVD SnOy:F
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8.4. Theory applied to Randomly Textured Tandem Solar Cells

(red) and LPCVD ZnO:B substrate (cyan) is shown in Fig. 8.15 for A = 650 nm
(a) and A = 800nm (b). In (a), T is inverse to the EQEi,, from Fig. 8.14. At the
maximum of FQFE.,, a minimum of transmittance is found and vice versa. For
photon energies Ey, > Egapasi, EQFiq, is negligible. Transmittance oscillations
depending on the IR thickness are well pronounced in case of APCVD SnO,:F. The
transmittance into the bottom cell on LPCVD substrate decreases from 7' = (.86
without IR to 7" = 0.71 at ;g = 300nm. At the same time, cell reflectance R
is increased (dotted cyan line). This is because y of the evanescent field is larger
for longer wavelengths as shown in Fig. 8.13. The maximum of R for the top cell
on APCVD SnOs:F is found at ;g = 100 nm resulting in a minimum of 7". Thus,
T of top cells on APCVD SnOs:F is lower than in case of LPCVD ZnO:B for all
Onm < tg < 180nm while parasitic reflectance out of the solar cell is higher in

this range.
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Figure 8.15.: Simulated transmittance into the bottom cell T of a solar cell on APCVD SnOg:F
(red) and LPCVD ZnO:B (cyan) substrate in dependece of the IR thickness t at
A =650nm (a) and A = 800nm (b). In (b), the reflectance R of the solar cell stack
is shown as dotted line.

As stated before, the main origin of light engaging onto the IR with a certain
angle are scattering at the front surface into a broad distribution (Fig. 8.7(a)) and
at the texture of the a-Si:H/IR interface (Fig. 8.7(b)). The reflectance R of the IR
layer into a non-absorbing a-Si:H half space is calculated by TMM (Section 4.1.4)
for each angle from from 6 = 0° to 90° in steps of 1°. R(t) for the particular angle
of incidences are summed up and weighted by the AIDrg; from Fig. 8.7(a) for
the following substrates: flat (black), APCVD SnOy:F (red line), sputter-etched
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8. Interplay of Intermediate Reflector and Surface Texture

Zn0:Al (blue line) and LPCVD ZnO:B (cyan line). As a result, an effective re-
flectance R for the front texture is determined and shown in Fig. 8.16(a). In
Fig. 8.16(a), R is shown for the flat (black), APCVD SnOy:F (red), sputter-etched
ZnO:Al (blue) and LPCVD ZnO:B substrate (cyan). Dash-dotted vertical lines

indicate the first interference maximum.

TMM, . = 650 nm FDTD, 2 = 650 nm
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Figure 8.16.: (a) Reflectance R of a flat ZnO:Al IR calculated by transfer matriz method using
Just front scattering at the front texture (see small inlet sketch) of the flat (black),
APCVD SnOg:F (red), sputter-etched ZnO:Al (blue) and LPCVD ZnO:B substrate

(cyan). Dash-dotted vertical lines indicate the first interference maximum. (b)

. EQFwop IR
EQE;op-1atio a2ttt
Q fop EQEtop,w/o

lations (FDTD).

of the same textures simulated by rigorous optical simu-

In this approach, the IR is flat and the AID is illuminating onto the IR layer

from an infinite half-space. Figure 8.16(b) shows the EQ Eiop-ratio ]ﬁﬂ of

op,w/o

the same textures simulated by rigorous optical simulations (FDTD). The EQE-

EQE
Miﬂﬂ sputter-etched ZnO:Al is excellently reproduced and accordance
top,w/o

isq uite well for APCVD SnOq:F (Fig. 8.16(b)). The maximal EQFE, is found
at tig = 90nm with an IR reflectance R = 0.4 (Fig. 8.16) translating into an
EQFE, increase from EQFEy /o = 0.35 to FQEi—goum = 0.49. For higher tig, the
EQF,-gain is slightly higher than the R. The curve progression and the position

ratio

of the maxima reproduce the trends which have been shown experimentally and
by simulations by [56,59]:

e The maximum of the oscillation is shifted to higher IR thicknesses turning
from a flat IR (fmax = 80nm) to APCVD SnOq:F (red) (fpax = 901nm),
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8.4. Theory applied to Randomly Textured Tandem Solar Cells

sputter-etched ZnO:Al (blue) (fmax = 90nm) and LPCVD ZnO:B (cyan)
(tmax = 110 nm).

e The reflectance of the IR LPCVD ZnO:B is higher resulting in a higher
EQFE-gain.

Furthermore, these points can be added:

e In case of sputter-etched ZnO:Al, light reflected at the IR is not trapped but
leaves the top cell after one path.

e The monotonic increase of the EQ) Ey,, of the tandem cell on LPCVD ZnO:B
substrate is not reproduced by the coherent TMM model.

For APCVD SnO, and sputter-etched ZnO:Al, the simple model of a flat IR
already provides a satisfying approximation. In this case the IR acts as a flat layer
which is illuminated by the angular distribution of light induced by the scattering
at the front texture. For LPCVD ZnO:B, the amount of angles of incidence above
Ok is higher than the percentage of these angles in the AID scattered at the
front side. This is not surprising as the surface of the IR exhibits a large portion
of angles above 01ir (Fig. 8.7).

As a next step, the dependence of the reflectance of a textured IR on the IR
thickness ¢ shall be analyzed. Therefore, a ZnO:Al layer with LPCVD ZnO:B
texture with thickness ¢ is placed between two non-absorbing a-Si:H and pc-Si:H
half spaces and R is evaluated depending on ¢. R of the textured IR (triangles) is
compared to that of the system basing just on scattering (full line) in Fig. 8.17.

The reflectance R increases similarly for both cases until ¢ = 60 nm. In contrast
to the oscillating ¢-dependent reflectance of the scattering case, R of the textured
IR increases monotonously to R = 0.63 for ¢ = 300 nm. The monotonic, saturating
increase of the reflectance leads to an increase of EQE},, consistent with Fig. 8.14.
In case of the large facet angles of substrates like LPCVD ZnO:B, the influence of
the IR facet angles seem to be the dominating factor.

It has been shown that the dominating reflection mode at the IR are Fabry-
Pérot reflection in the case of APCVD SnOs:F and sputter-etched ZnO:Al and
total internal reflection in case of LPCVD ZnO:B. By a decoupling of the different
scattering mechanisms it was shown that a combination of the AID at the front
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Figure 8.17.: Calculated reflectance R of a ZnO:Al IR using just front scattering of the ZnO:B
substrate (full line) and simulated reflectance of the IR on a topography after a-Si:H
growth (triangles) for A = 650 nm.

texture and the distribution of surface angles are necessary to describe the impact
of the IR on the gain of FQ)E;,, and transmittance into the bottom cell. The
Fabry-Pérot reflection mode can be described by a simple coherent 1D wave-optical
model with angle that is determined by scattering at the TCO /a-Si:H texture. This
simplification is not possible in the ATR reflection mode (B). The IR reflectance
behavior in this case is suggested to be much more depending on the IR facets. A
more detailed analysis of the interplay of front texture and IR in this reflection
mode is necessary.

8.5. Theory applied to Tandem Solar Cells on
Periodic Grating Textures

FEvanescent wave coupling between top and bottom cell has been identi-
fied as the dominant reflection mechanism in LPCVD ZnO:B tandem
cells. The interplay of front texture and IR, as well as the optical prop-
erties of the intermediate reflector (IR) need to be further investigated.
In the following, a simplified system will be used to elaborate a general
theory of the working principle of IRs on texture.
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As front texture, the triangular grating which was already introduced in Chap-
ter 7.1 will be used (schmatic sketch in Fig. 8.18(a)). It exhibits (i) a particular
diffraction pattern into discrete angles at the front side and (ii) at the facets of
the IR. This section unites a series of studies which address certain aspects of the
interplay of diffraction and reflection in top cells. The variations of the distinct
studies are illustrated in Fig. 8.18(b-e).

In Section 8.5.1, spectral and angular properties of the reflectance and diffraction
of an isolated IR will be studied. Thereafter, textured interfaces and IRs are re-
garded in a tandem cell configuration with pe-Si:H bottom cell and the dependence
of top cell absorptance and transmittance into the bottom cell on the relevant pa-

rameters are investigated systematically:

Figure 8.18.: (a) Sketch of the triangular grating studied in theses Sections. In the following
Sections, different aspects of the interplay will be studied. (b) Dependence of IR
thickness and height of the isolated IR between a-S:H/ we-Si:H half spaces. (c)
Variation of IR facet angles/ height in the tandem cell with fized front grating
geometry. (d) Variation of front surface height/ angles at constant top cell layer
thickness. (e) Variation of the refractive index of the IR nyg for fized tandem cell
geometry.

Section 8.5.2 focusses on the interplay of a fixed front grating with a variation of
IR geometry (IR grating period pir, IR facet angles aqr) (Fig. 8.18(b)).

In Section 8.5.3, the a-Si:H layer is kept conformal and the influence on the grating
height h and IR thickness Tg is studied (Fig. 8.18(c)).

The role of leaky waveguide modes on absorptance and parasitic reflectance in the a-
Si:H top cell regarded as planar waveguide is studied in Section 8.5.4 (Fig. 8.18(d)).
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The influence on the refractive index of the IR nr is determined in Section 8.5.5
(Fig. 8.18(e)).

Finally, Section 8.5.6 summarizes the dependencies of the tandem cell performance
on these parameters and introduces a Figure of Merit which characterizes the spec-
tral selective reflectance and diffraction. This allows for an optimization of tandem
cell currents basing on angular distributions.

A triangular grating with a period of p = 400 nm which was already introduced
in Chapter 7.1 is used in the following simulation series: Texture heights h =
100 nm (indicated in blue) , h = 200nm (red) and h = 300 nm (cyan) are chosen
to cover a variety of surface angles.

8.5.1. Influence of the Grating Height on IR Reflectance

In the following, a periodically textured IR between two silicon half spaces is

investigated concerning the dependence of IR thickness and hef f

the geometry and modifications is showr~in Fig18.19. The reflec o gle
ZnO:Al IR layer with this periodiWﬂ two silicon haWd
in Fig. 8.20 as a function of the IR thickness for A = 700nm (a) and 9001 (b).

A flat thin-film IR is indicated as system with texture height A = 0 nm.
« S A

Figure 8.19.: (Sketch of the triangular grating studied in this Section. Dependence of IR thickness

and height of the isolated IR between a-S:H/ we-Si:H half spaces.

For the case h = Onm, the reflectance R shows the thickness-dependent oscil-
lation which was discussed before in Fig. 8.8. In contrast, the reflectance of the
grating with A = 300 nm increases monotonically to R = 0.7. This behavior can
be associated to ATR. The surface angles resulting from the grating period and
height are o100 = 19.3°, dnogo = 35° and agpzgo = 46°. For h = 100nm and
200 nm, the maximum of reflectance is shifted to larger thicknesses at A = 700 nm
indicating a larger angle of incidence. It can be concluded that the incident light
sees an effective distribution of surface facets. For A = 900nm (Fig. 8.20(b)),
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Figure 8.20.: Thickness-dependent reflectance R for normal incidence of a ZnO:Al IR with the

triangular texture and texture heights of h = Onm (black), h = 100nm (blue), h
=200nm (red), h = 300nm (cyan) at A = 700nm (a) and A = 900nm (b). The
black dashed line indicates the reflectance of a flat IR under an angle of incidence
of & = 27°. (c) Wavelength-dependent reflectance R for normal incidence of a
ZnO:Al IR with the triangular texture and texture heights of h = 200nm for an
IR thickness of t = 50nm and t = 114nm. (d) Angular intensity distribution in
reflection AIDpg g; into a non-absorbing a-Si:H half space for the above described

grating heights.

the maximum of reflectance is shifted to larger thicknesses. Further, the oscillat-

ing behavior is much stronger for ~ = 100nm and h = 200nm. As the texture

height is significantly smaller than the wavelength, the diffraction efficiency and,

consequently, the percentage of light with large kj-components is decreased. The
spectral dependence of the reflectance of an IR with £ = 50nm and 114nm is
shown in Fig. 8.20(c) for a triangular grating with A = 200nm. A general reduc-
tion of IR reflectance for longer wavelengths is observed and can be explained by
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the increase of the evanescent decay constant y (see Fig. 8.13). Figure 8.20(d)
shows the angular intensity distribution in reflection Al Dy g; into a non-absorbing
a-Si:H half space for the above described h = 100nm (blue line), 200 nm (red
line) and 300 nm (cyan line) for a 220 nm-thick IR at A = 700 nm. The dominant
amount of light is found at a scattering angle of 28° related to the first diffraction
order. Despite the different surface angles related to different surface heights, light
is diffracted into this particular angle which is determined by the grating period.

Regarding the IR as an isolated device between two silicon half spaces reveals
that the IR reflectance depends significantly on the IR texture. The surface angle
is a crucial parameter as it determines with which angle light faces the low refrac-
tive index layer. While low angle surfaces lead to a more coherent interference
behavior in the IR, for larger angles, attenuated total internal reflection and, as
a consequence, photon tunneling are the dominant effects. As the texture dimen-
sions are in sub-wavelength range the periodically textured IR acts as reflection
grating. Ray tracing is not feasible in this case and rigorous optical simulations
of the coupled layer stack are necessary to understand the interaction of different
mechanisms.
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8.5.2. Influence of the IR Texture and Geometry on Absorption

As the intermediate reflector is integrated in a solar cell stack, an in-

terplay between the scattering at the front interface and the reflectance

at the IR is found. In this study, the impact of the geometry of the IR
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Figure 8.21.: Sketch of the triangular grating studied in this Section. IR facet angles/ height are

varied in the tandem cell with fized front grating geometry.

400 nm front grating is chosen (in accordance with Chapter 7) and implemented
into a tandem cell stack (glass/TCO/a-Si:H/IR/uc-Si:H half space). Figure 8.21
illustrates the studied geometry. The front texture is kept constant, while four
different IR geometries are regarded. In all cases, an average a-Si:H absorber
thickness of #,.g.1x = 330 nm and a 114 nm-thick ZnO:Al IR layer are defined. The
simulated electric field intensity within these stacks are shown in Fig. 8.22(a-d). In
Fig. 8.22(a), the electric field intensity |F, oa1|? with flat IR (orange) is presented,
in (b) the a-Si:H growth is conformal (cyan line) and the IR exhibits the same
grating texture as the front texture. The IR in (c) exhibits an increased texture
height at the IR (h = 300nm) resulting in larger angles (purple line). In (d), a
conformal a-Si:H growth is combined with a different IR back interface (red line).
This device is a diffractive intermediate reflector (DIR) in accordance with [57]. It
combines the strong coupling into waveguide modes in the top cell in case of the
conformal IR with an improved light trapping in the bottom cell due to a larger
period of p = 1200nm which is more suitable for light trapping in the bottom
cell. A plane extracted from the electric field distribution within the a-Si:H film
is used to perform a FFT analogously to Chapter 7. The scattering intensity ST
determined by FFT is shown in Fig. 8.22(e) for the above presented structures (a-
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8. Interplay of Intermediate Reflector and Surface Texture

d). While the ST in case of the flat IR is dominated by lower scattering angles, like
the first diffraction order at 23°, for the configuration with conformal IR, higher
diffraction orders are found which contribute to trap light within the a-Si:H layer.
In particular, a large portion of light is coupled into waveguide modes which are
found at a scattering angle of @ = 72°. Large angle IR (purple) and DIR (red)
exhibit a large portion of light in larger angles but less than the conformal IR
which is in resonance.

0.55 T T

0.50
0.207

conformal IR
0.15
flat IR
0.10 ' large angle
IR
0.05

scattering intensity S/

20 40 60 80
scattering angle 6 [°]

electric field intensity |E|2

Figure 8.22.: Electric field intensity ‘Ez,total|2 at A = 700nm for flat IR t = 114nm (a), con-
formal IR (b), an IR with large-angle IR facets (¢) and a diffractive IR with a
larger IR back texture (d). (e) Scattering Intensity ST into the diffraction angles
0 at A = 700nm for flat IR (orange line), a conformal IR (cyan line), an IR with
large-angle IR facets (purple line) and a diffractive IR with a larger IR back texture
(red line).

The interplay between front and back texture of the a-Si:H film is investigated
by determining the angular scattering distribution into a non-absorbing a-Si:H half
space of a triangular grating with p = 400nm and A = 200 nm for transmission
(front grating, blue) and reflection (back grating, black dotted) at A = 700 nm by
scalar scattering theory (Section 4.1.4). The resulting angular intensity distribu-
tion AIDg; 1/g is shown in Fig. 8.23. The incident light is diffracted at the TCO/
a-Si:H interface into discrete diffraction angles. Diffraction angles are determined
by the grating period:

0,, = arcsin <l2+m2?\> (8.4)

n-p

where m, [ are the 2D diffraction orders. In Fig. 8.23(a), these diffraction modes
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are indicated by gray lines and assigned as (I,m) = (0,0), (1,0),(1,1), (2, 1). Trans-
mission and reflection grating diffract into the same diffraction orders, but while
diffraction efficiencies into low diffraction orders ((I,m) = (0,0), (1,0)) prevail in
case of the transmission grating. For the reflection grating, light is predominantly
diffracted into large angles. The scattering intensity ST in the a-Si:H top cell
on the conformal h = 200nm substrate (cyan line from Fig. 8.22(e)) is shown in
Fig. 8.23(b). Scattering angles within the layer correspond to the diffraction angles
of the grating. The ST is found to be a superposition of the diffraction at the front
and the rear side of the a-Si:H film. Within the film, just a really low specular
component is found. The specularly transmitted light at the front grating (zeroth
diffraction order) is redistributed to larger diffraction angles by scattering at the
back grating. Comparing the conformal triangular grating to the flat IR from
Fig. 8.22(e) (orange line), it is observed that the ST of the solar cell with flat IR
does not exhibit the higher diffraction orders which are induced by the reflection
grating as just one kj-transfer takes place. The surface texture at the IR acts as
reflection grating and transfers of Ak to the wave in order to access waveguide
modes. Thus, the coupling efficiency into waveguide modes of the a-Si:H film is
increased by the reflection grating.

To study the impact of the IR texture on the absorption in the top cell, the
EQFE,, of a solar cell on h = 200nm and p = 400 nm front texture is simulated
by FDTD and shown in Fig. 8.24. The front ZnO:Al/a-Si:H interface is textured
with the triangular grating of h = 200 nm, while the a-Si:H/ IR interface is chosen
conformal (cyan line), flat (orange line), large angle IR (h = 300 nm, purple line)
and the diffracting IR (red line). EQE},, of the conformal IR has already been
discussed in Chapter 7.1. For this IR, a waveguide mode is excited within the
a-Si:H film at A = 700 nm.

In case of the flat IR (orange line) the resonance frequency of the waveguide
mode is shifted because the geometry of the a-Si:H film is changed. The EQE;,,
with flat IR is higher than without IR (black line), but does not exceed EQ Eiop,
in case of the conformal IR. This is surprising as the light reflected at the flat
IR will interact with the front interface again, which acts as a reflection grating
in that case. Increasing the IR grating height to A = 300nm (purple line) shifts
the waveguide mode frequencies and, furthermore, increases the generated photo
current Jyop- The gain in short-circuit current density of the top cell AJytop is
shown in the table next to Fig. 8.24. The top cell short-circuit current density
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Figure 8.23.: (a) Angular intensity distribution AIDg; at A = 700 nm into a non-absorbing a-Si:H
half space of a triangular grating with p = 400nm and h = 200nm for transmis-
sion (front grating, blue) and reflection (back grating, black dotted). (b) Scattering
intensity SI within the a-Si:H film in a tandem cell with t = 114nm thick IR at
A = 700 nm.

is increased by the conformal IR in comparison to flat IR. An increase of back
side grating height results in a further increase of the top cell short-circuit current
density (AJsctop = 1.43). In case of the DIR (red line), waveguide modes are not
well pronounced. The absorption enhancement of the DIR does, however, strongly
depend on the thickness of low index layer between the facets. As studied by
Obermeyer et al. in [191], bottom cell absorption is enhanced by the back side
grating of the IR while the reflectance of light into the top cell is increased by
increasing the IR thickness.

The diffraction grating defines the discrete angles in which the light is dis-
tributed. By increasing the IR facet angles, a redistribution to higher diffraction
orders is provided. The scattering intensity in the layer is a superposition of the

130



8.5. Theory applied to Tandem Solar Cells on Periodic Grating Textures

0.8} _ flat IR 4
/

conformal IR

>

c

0

[S] 4

e 0.6

[} \

5 0.4 large angle] IR texture AJse top

= mA

g cm?

o

5 02 1 flat +0.86

E conformal +1.31

° 400 500 600 700 800 large angles | +1.43
wavelength A [nm] diffractive IR | +1.29

Figure 8.24.: External quantum efficiency EQE, of the tandem solar cell on triangular grating
with height h = 200 nm without IR (black), with a flat IR interface (orange), a
conformal a-Si:H solar cell (cyan), an IR with an increased texture height of h =
300nm resulting in larger surface angles oo at the top cell/ IR interface and a
diffractive IR with a larger period behind the IR.

different diffraction processes at the front texture and at the IR. The absorption
enhancement in the top cell is enhanced by a textured IR.
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8.5.3. Influence of the Grating Height on Absorption

It has been shown, that the texture plays a role both at the front side,

as well as at the IR. In Fig. 8.20, the dependence of the reflectance

of the IR on the grating height has been presented. In the previous

section, various IR textures were implemented in tandem solar cells

with triangular front grating. By the change of back grating height,

a redistribution of light to lower and higher diffraction o

provided. The influence of Wption in the G'W
eights i NN

for different front texture h s sudject of this study.

bottom cell

Figure 8.25.: Sketch of the triangular grating
different aspects of the inte

i—this Section. In the following Sections,
studied. Front surface height/ angles are
varied at constant top cefl la

The simulation setup for this study is illustrated in Fig. 8.25. Front surface
height h and angles are varied at constant top cell layer thickness. The top cell
is kept conformal for this series. The dependence of EQFE,, on the IR thickness
t in the tandem cell is studied in Fig. 8.26. Here, the top cell EQFE-ratio =
% is shown for 4 = 100 nm (blue), h = 200nm (red), h = 300nm (cyan)
at the wavelength of a local maximum corresponding to A = 680 nm (h = 100 nm),
A = 700nm (h = 200nm) and A = 670nm (h = 300nm). For comparison, the
reflectance of the textured IRs into a non-absorbing silicon half space was shown
in Fig. 8.20.

The EQLE, of the solar cell on a grating texture with A~ = 100nm follows
the progression of the IR reflectance. The position of the reflectance maximum
(t = 90nm) and minimum (¢ = 160nm) is the same as R of the IR between
silicon half spaces (Fig. 8.20). The thickness dependence of the EQ E;q,-gain of
this grating is similar to APCVD SnOy:F. The grating height A = 100 nm leads
to a high specular transmission. The facet angle of 19° is close to the maximum
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Figure 8.26.: Thickness-dependent top cell EQE-ratio = 5(95& for the tandem solar cells on

different texture heights h = 100nm (blue), h = 200 nm (red), h = 300nm (cyan)
at neighboring resonance to A = 700 nm.

of the surface angle distribution SAD of APCVD SnOs:F (Fig. 8.7(b)). For a
grating height of h = 200 nm, a much larger gain (EQ E-ratio= 5.4) with a similar
behavior as h = 200nm is found. In the case of the h = 300nm grating, the
saturation starts much earlier as well at ¢ = 100nm and slightly decreases for
t > 180nm. It is concluded that the reflectance of the IR alone is not a good
measure, the whole optical system including top cell and TCO has to be studied
as soon as the specular transmission is not the dominating contribution.

The incident light is diffracted at the TCO/a-Si:H interface into discrete diffrac-
tion angles. Figure 8.27 shows the scattering intensity ST of the triangular grat-
ing for h = 100nm (blue), h = 200nm (red) and A = 300nm (cyan) at A
= 650nm. The diffraction orders are indicated by gray lines and assigned as
(I,m) = (0,0),(1,0),(1,1),(2,1). For the studied 2D grating, diffraction angles of
01,0 = 24.0°, 0(1,1) = 36°, B(20) = 54.3° and O3 1) = 74° are obtained by Eq. 8.4
for A = 700 nm. The scattering intensity S corresponding to the diffraction orders
within the a-Si:H film is determined by FFT of the complex electric fields by the
Ansatz described in Chapter 7.1. By varying the IR thickness ¢, it is possible to
assign the contribution of the different diffraction modes to the absorption in the
a-Si:H film. In Fig. 8.28, this is shown exemplary for h = 100 nm (a-b) at the max-
imum Ay00 = 680 nm and for & = 200 nm at Apsgo = 700nm (c-d). In (a) and (c),
the influence of IR thickness on FQFE., is shown for ~ = 100 nm and h = 200 nm,
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Figure 8.27.: Scattering intensity SI in the a-Si:H film over scattering angle © for the different
texture heights h = 100nm (blue), h = 200nm (red), h = 300nm (cyan) at A =
650 nm. The diffraction orders m are indicated by gray vertical lines.

respectively, like already shown in Fig. 8.26. In (b) and (d), ST within the a-Si:H
film into the above assigned diffraction orders (I,m) = (0,0), (1,0), (1,1), (2, 1) for
the variation of the IR thickness ¢ is shown. For A = 100 nm, the zeroth and first
diffraction order are strongly pronounced while higher orders show S7 < 0.01. An
oscillation of ST is observed which is most pronounced for the zeroth diffraction
order (oscillation period of 150nm) and first diffraction order (oscillation period
of 200nm). The sum of all ST is shown as black dotted line (£;) in (b). It is domi-
nated by the effect of the zeroth and first diffraction order and exhibits a maximum
at t = 150nm which is in contradiction to the progress of FQ L. EQEp is in-
creased by rising IR thickness up to a maximum of absorption enhancement at
t = 90nm as seen in (a). According to Chapter 7.2, the EQFE-enhancement by
an IR is related to the integrated scattering intensity ST above the critical angle
of total internal reflection 0. The sum of all ST above Org is shown as blue
dotted line in (b) (X = IST). Here, an excellent agreement to the EQFE,, is
found.

In case of the triangular front grating with A = 200nm (Chapter. 7, without IR,
the zeroth ((0,0), black line) and first diffraction order ((1,0), grey line) dominates.
By introducing the IR, the interface acts as a reflection grating and contributions
with larger parallel wave vector component ((I,m) = (0,0), (1,0),(1,1),(2,1)) are
increased. The thickness dependence of the first diffraction order is maintained
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Figure 8.28.: (a) EQFEiop of a tandem solar cell on triangular front texture with a height h =
100nm depending on the thickness t of a ZnO:Al IR. (b) IR thickness depended
scattering intensity S1 into the certain diffraction orders indicated in Fig. 8.27
within the a-Si:H top cell absorber at a wavelength of A = 680nm. The sum of all
ST is shown as black dotted line (Z1), while the blue dash-dotted line indicates the
sum of all ST above Orir (Lo = ISI). (c) and (d) show the corresponding results
for h =200 nm.

showing a minimum at ¢ = 30nm and a pronounced maximum at 150 nm. For
IR thicknesses ¢ > 45 nm, the diffraction order (2,1) at 6 = 73° which has been
attributed to the waveguide mode (Chapter 7) provides the dominant contribution.
The sum of intensity in angles © > O (X2) is depicted as blue dash-dotted line
and correlates well with the increase and oscillation of the EQFEy,, with increas-
ing thickness. In the range of weak absorptance in the a-Si:H top cell, FQE;q,-
enhancement is determined by the contribution of large kj-components resulting
in O > Opr. For larger grating heights, even more light is redirected to large
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parallel wave vector components and results in in a stronger contribution of higher
diffraction orders.

The previous results indicate that for the evaluation of IR effectiveness, the
reflectance of the IR alone is not a sufficient indicator. The induced light path
prolongation in the top cell absorber by coupling light into waveguide modes by
reflection at the IR has to be taken into account. As a quantity incorporating the
top cell absorption enhancement and IR reflectance, I introduce the IR induced
waveguide coupling parameter WC Pir. It is the ratio of absorption enhancement
in the top cell JéSQQ;:,P/{O by the IR and the reflectance of the isolated IR into a
non-absorbing a-Si:H half space (like shown in Fig. 8.20). The WC'Pr indicates
how effectively the reflected light at the IR is coupled into waveguide modes in
the a-Si:H film. In Fig. 8.29, the W C Py for an IR thickness of ¢t = 50 nm (a) and
114nm (b) are shown for the triangular texture and texture heights of h = 100 nm
(blue line), i = 200 nm (red line), h = 300nm (cyan line).
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Figure 8.29.: Wavelength-dependent EQE yop-gain per reflectance R (waveguide coupling parame-
ter WCP1g) for normal incidence of a ZnO:Al IR with the triangular texture and
h = 100nm (blue), h = 200nm (red), h = 300nm (cyan) for an IR thickness of
t=>50nm (a) and t = 114nm (b).

The WC P for h = 100nm is predominantly around 1 but does not exceed
a value of 2. As just a small parallel wave vector is transferred by the grating,
the predominant part of the light does not exhibit a sufficient kj-component to be
trapped in the a-Si:H film. This light is coupled out to the ambient resulting in
an increased reflectance at the front of the solar cell. The reflectance of the solar
cell is shown in Fig. 8.30 for an IR thickness of ¢ = 50 nm (a) and ¢ = 114 nm (b).
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Depending on the wavelength, between 8% and 31% (¢ = 50nm) and 46% (¢t =
114nm) are reflected back. Reflectance for A < 640 nm is caused by insufficient
light incoupling into the solar cell, while reflectance for A > 640nm is due to
insufficient light trapping in the top cell resulting in an incomplete absorption of
the light spectrum dedicated to the top cell.

(@) ' " w=50nm | (b) ' " w= 114 nm

reflectance ¢

600 700 600 700
wavelength A [nm] wavelength A [nm]

Figure 8.30.: Wavelength-dependent cell reflectance R for normal incidence of a ZnO:Al IR with
the triangular texture and texture heights of h = 100nm (blue), h = 200 nm (red),
h =300nm (cyan) for an IR thickness of t = 50nm (a) and t = 114nm (b).

The increase of surface texture height has two effects: (i) Light incoupling is
significantly increased with an increase of h. Just 3% of reflectance remains for
h = 300nm. (i) The top cell light trapping is improved by a transfer of large k-
components by the grating. The coupling of incident light into waveguide modes
is significantly increased. A W Pig of up to 10 in case of the 114 nm thick IR is
reached (Fig. 8.29(b)) resulting in an increased light path in the a-Si:H absorber.
For h = 200 nm and 300 nm, the WC Py is predominantly ~ 2, showing certain
resonances with higher W Prg. These resonances of WC PR in Fig. 8.30 are
obtained for wavelengths A > 750 nm where absorptance of the a-Si:H absorber
is weak. These waveguide modes increase the light path, but do not contribute
to absorption in the top cell. This demands for a detailed study dedicated to the
gains and losses of waveguide modes in tandem cell.

The absorption enhancement in the a-Si:H top cell with IR depends significantly
on the grating height. Here, the top cell has to be considered as a nano-optical
device. The coupling efficiency into certain waveguide modes of the top cell is
defined by the diffraction efficiency of the front grating, the backside grating (at
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the IR) and the a-Si:H film thickness. As total internal reflection is the driving
effect for light trapping, the critical angle of total internal reflection defines which
diffraction orders are efficiently trapped and contribute to absorption enhancement.
It is revealed that a transfer of high k-components is important to secure complete
absorption of the top cell spectrum. An effective IR has to reflect effectively
its aiming spectral range, but, additionally, has to cause effective light
trapping in the top cell in this range.

8.5.4. Role of Leaky Waveguide Modes in a-Si:H Top Cell

In the previous section, the coupling into leaky waveguide modes has
been identified as the mechanism induced by the intermediate reflector.
Gains and losses of the coupling into leaky waveguide modes are studied
in the following. In particular, it shall be investigated how a trade-
off between high top cell enhancement and low reflection losses can be
designed.

In the following, tandem cells on triangular grating with ~ = 300nm and p =
400 nm are investigated as they show large contributions of waveguide modes and
EQEtop,IR

EQEtop,w/o
for the tandem cell of h = 300nm triangular grating is presented in Fig. 8.31(a).

scattering into large angles. The top cell absorption enhancement A, =

The transmittance into the pe-Si:H bottom cell for the same configuration is shown
in Fig. 8.31(b). As IR, ZnO:Al of three different thicknesses is applied. The
t = 114nm has been discussed in Chapter 7.1 and is printed as cyan line. The
EQEFE-ratio for an IR thickness of ¢ = 50nm is included as blue line, while the
orange line is for the case of an infinitely thick IR. According to Fig. 8.31(a), the
IR with t = 50nm results in a strong absorption enhancement at A = 760 nm
while, simultaneously, just slightly decreased transmittance into the pc-Si:H at
A = 850nm. In the regime of long absorption length of a-Si:H (A > 700nm),
the EQE-ratio exceeds values above 10. Resonances are found here. These res-
onances are due to coupling of the incident light into waveguide modes in the
a-Si:H film [16,18]. In the range of weak absorption, these waveguide modes are
just slightly attenuated leading to such absorption enhancements. In this regime,
the a-Si:H top cell can be interpreted as a waveguide [55,195] which is resonant

138



8.5. Theory applied to Tandem Solar Cells on Periodic Grating Textures

to certain wavelengths. Increasing the IR thickness ¢, results in an increase of
absorption enhancement according to Fig. 8.26. A strong absorption enhancement
in the top cell in (a) is associated to a minimum of transmittance. In particular,
the pronounced waveguide modes at A, = 820 nm, 860 nm, 980 nm and 1070 nm
result in minima of transmittance. In case of an infinitely thick ZnO:Al IR, no
photon tunneling occurs, so light with 8 > Oy is totally internally reflected at
the a-Si:-H/ IR interface. Consequently, transmittance is close to 0 at these wave-
length as most part of the light in the a-Si:H film exhibits a parallel wave vector
component above Opg. By decreasing the ZnO:Al layer thickness to ¢ = 114nm
and 50 nm, the absorption enhancement in the particular waveguide modes is de-
creased, and transmittance into the pe-Si:H bottom cell is increased. In this case,
transmission is realized by the above describe photon tunneling process resulting

in an exponential dependence from the IR thickness.
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Figure 8.31.: (a) Top cell absorption enhancement A = EEQ%SZ% i a-Si:H top cell with t =
opw/o

50nm (blue), t = 114nm (cyan) thick ZnO:Al IR and an infinite ZnO:Al half space
(orange) for a grating height of h = 300nm. (b) Transmittance into the we-Si:H
bottom cell without IR (black), with t = 50nm (blue) and t = 114nm (cyan) thick
ZnO:Al IR, as well as, into an infinite ZnO:Al half space (orange).

One resonant mode at A = 980 nm is indicated as A,, by the red line in Fig. 8.31(a)
and is examplarily investigated in detail in the following. The electric field distri-
bution of the a-Si:H top cell with 114 nm-thick ZnO:Al IR for the wavelength
Am = 980nm and at an adjecent wavelength with weak absorption enhancement
(A =960 nm) is taken and evaluated by FFT. The concerning scattering intensity
in the a-Si:H layer ST is plotted in Fig. 8.32. It is observed that in he resonance
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of the waveguide mode, contributions into the second diffraction order (6 = 68°)
increase significantly in accordance to Section 7.1.
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Figure 8.32.: Scattering intensity SI into the diffraction angles © for the periodic triangular sur-
face tezture of h = 300 nm and a ZnO:Al half space for N = 960nm (black line) and
980nm (blue).
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Figure 8.33.: (a) External quantum efficiency EQEop for N = 980nm for increasing IR thickness
of a tandem cell on h = 300nm triangular grating. (b) Reflectance (R, black line)
and transmittance (T, blue line) of the tandem cell system from (a) at A = 980 nm.
Inlets above the graph show cross sections of the rigorous optical simulations for IR
thicknesses of t;p = 30nm, 60nm and 114 nm.
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As the waveguide modes are excited by the front and back grating, the wave vec-
tor transfer from the grating can also lead to an outcoupling or leaking of the waveg-
uide. In Fig. 8.33(a), the absorption enhancement in the top cell for A = 980 nm is
shown for increased IR thickness ¢. The absorption enhancement increases mono-
tonically induced by the increase in IR reflectance shown in Fig. 8.20(b). The inlets
in Fig. 8.33 show cross sections of the simulated electric field intensity for IR thick-
nesses of tig = 30nm, 60 nm and 114nm. With increase of the IR layer thickness,
the top cell acts as cavity and leads to the excitation of a waveguide mode in the
top cell. The reflectance R (black line) into glass half space and transmittance
T (blue line) into the pe-Si:H bottom cell are shown in Fig. 8.33(b). Reflectance
shows the same increase with increasing IR thickness. The transmittance which is
around 90% without IR decreases dramatically with the IR thickness up to 48 %
at ¢t = 100nm, reaches a local maximum at ¢ = 180nm and slowly decreases for
larger thicknesses. The curve progression indicates a superposition of the reflec-
tion modes of Fabry-Perot reflectance (A) and total internal reflection (B) from
Section 8.3. Increasing the IR thickness, results in a discrimination of photon
tunneling. Evanescent wave-coupling to the pc-Si:H bottom cell is reduced and
for t > 110nm, leaking out into the ambient is the more probable loss channel.
A schematic illustration of the waveguide mode in the top cell and the involved
processes is presented in Fig. 8.34. Incident light (white arrow) is diffracted by the
TCO front grating (1) and coupled to the waveguide mode (2) if the wave vector
transfer k| meets the condition of the waveguide mode (Eq. 4.28). The waveguide
mode is illustrated as red curve indicating maxima and minima. A further wave
vector transfer can couple out the wave to the ambient (red arrow to the left) (4)
where it is measured as reflected light. Depending on the thickness of the IR, the
waveguide mode may leak into the IR, where it decays exponentially. For a thick
IR, top and bottom cell are de-coupled and no photon tunneling happens. If the
IR thickness is ¢ << A, the evanescent wave has not yet decayed to 0 and light
tunnels through the IR (3).

To achieve a spectrally selective IR as a selective tunneling barrier according to
Chapter 6, a high reflectance in range II (500nm < A < A.) and a low reflectance
in range IIT (A. < A < 1100nm) is desirable. To quantify the spectral selectivity,
the reflectance in wavelength range IT and IIT is calculated and integrated in de-
pendence of IR thickness ¢ and angle of incidence 0. A. is the critical wavelength
of the gain function for spectral selectivity (Section 6.1). The resulting quantity

141



8. Interplay of Intermediate Reflector and Surface Texture

bottom cell

Figure 8.34.: Schematic sketch of the loss mechanisms from a waveguide mode. Light is diffracted
at the front grating (1) and coupled to the leaky waveguide mode (2). By interaction
with the grating, light can be diffracted out of the cell to the ambient (4, reflectance

—— B} or tunnel through the IR into the bottom cell (3, transmittance T').

spectral reflectance parameter

1 Ac 1 1100 nm
SRP(ty, 0) = E\/ R()\,tIR,G)dA-A—}\/ (1— R\, i, 0))d\  (8.5)
500 nm Ac

is a measure of the spectral reflectance of the IR. A, depends on the used materials
and thicknesses and is chosen to be A, = 670nm in accordance to Section 6.1.
The SRP for a single layer with a refractive index njg = 2 is plotted over IR
thickness ¢ and angle of incidence 0 in Fig. 8.35. The two reflection modes can be
clearly identified. Below the critical angle of total internal reflection O1ig (mode
(A)), an oscillating behavior of the spectral selectivity is found. It is found for the
IR thickness of the second maximum of the Fabry Perot resonance. In accordance
with Fig. 8.9, the second maximum of reflectance at A = 650 nm coincides with the
reflectance minimum at A = 900 nm. This results in a maximum of the reflectance
ratio Ry/Rmp at ¢ = 220nm for normal incidence. The maximum is shifted to
larger thicknesses by increasing the angle of incidence in accordance with Fig. 8.9.
In case of reflectance mode (B), a clear trend can be formulated: Best spectral
selectivity is found for thin IRs which provide a trade-off between suffi-
cient top cell light trapping and low parasitic reflectance below the top
cell band gap energy. The parasitic reflectance in the spectral range III
rises by an increase of IR layer thickness or angle of incidence. Large
kj-components, like in case of waveguide modes in the top cell, results
in reflection losses.
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Figure 8.35.: Spectral reflectance parameter SRP in dependence of the angle of incidence © and
IR thickness t. The red line indicates the critical angle of total internal reflection

OTIR-

Regarding the top cell in a tandem solar cell as a nano-optical device, the exci-
tation of waveguide modes play a decisive role in generating light trapping in the
top cell. However, this section reveals that these leaky waveguide modes below
the band gap of the top cell absorber result in reflection losses. Light coupled to
waveguide modes of the top cell is preferably coupled to the ambiance. The IR
thickness has to be carefully chosen in order to permit photon tunneling into the
bottom cell. Tuning the IR thickness to the diffraction orders facilitates a good
spectral selectivity as a trade-off between good top cell light trapping and low

reflection losses.

8.5.5. Influence of the Refractive Index of the IR on
Absorption Enhancement

The absorption enhancement in the top cell of thin-film tandem solar
cells with IR strongly depends on the refractive index of the IR. Chap-
ter 5 showed that a lower refractive index of the IR results in higher
reflection and, thus, a higher gain of top cell short-circuit current den-
sity. In this section, the influence of the refractive index of the IR on
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the previously described theory s studied.

Figure 8.36.: Sketch of the triangular greting-studied—+
IR nR is varied for fize

Taking the triangular front gW 400nm, h —Wﬂat

IR, the scattering intensity S7 within the a-Si:H top cell is simulated for a flat
a-Si:H/air (blue line) and a-Si:H/ZnO:Al interface (cyan line) at A = 700nm. A
scheme of the geometry is shown as inlet in Fig. 8.37(b). The air and ZnO:Al is
implemented as half space in this simulation. The scattering intensity ST within
the a-Si:H top cell is shown in Fig. 8.37(a). Vertical dotted lines indicate the angle
of total internal reflection Org for the a-Si:H/air (blue) and a-Si:H/ZnO:Al (cyan)
interface. The highest intensity is found in the first diffraction order associated to
an angle of 24° independent of the refractive index of the half space. The intensity
is decreased by increasing the refractive index. This happens due to (i) a decrease
of the reflectance of the IR and (ii) an increase of Orr allowing more light to
couple out of the a-Si:H film.

Figure 8.37(b) shows the electric field intensity |Ez,total\2 behind the a-Si:H layer
depending on the distance d from the interface at A = 700 nm. |Ez,tota1|2 decays
exponentially with the distance. |E, | of the a-Si:H/ air configuration is indi-
cated as blue line and the a-Si:H / ZnO:Al interface as cyan line. Two important
conclusions can be drawn: (i) |F,oa]? at the interface is much higher for the air
medium (| £, tora1|>(0) = 0.23) than in ZnO:Al (|E, oa1]?(0) = 0.13). (ii) The decay
asymptotically approaches a value |E, tora1|*(00). The decay in case of the a-Si:H
/ air interface is steeper and decays to |FE, iota1]?(00) = 0.03 while in the ZnO:Al
half space, |E, total]*(00) = 0.11. The electric field intensity at the interface splits
up into two different parts:

® |Epop|? = |E,total|*(00) is the propagating part of the light with & < |k| in
the a-Si:H film in Fig. 8.37(a).
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Figure 8.37.: (a) Scattering intensity ST within the a-Si:H top cell layer for a h = 200nm tri-
angular diffraction grating and a flat a-Si:H / air (blue) and a-Si:H / ZnO:Al
interface (cyan) at A = 700nm. (b) Decay of the electric field intensity |E, tota1|?
at A = 700nm behind a flat a-Si:H/ air (blue) and a-Si:H/ZnO:Al interface (cyan)
in distance d from interface. The lines show exponential fits.

® |Eevanl? = | Estotal(0) — Eprop|? is the evanescent part of the light in the a-Si:H
film with kJH > |k’|

A reduction of the refractive index of the IR results in a decrease of Or to
OrRair = 14°. In this case, the first diffraction order (1,0) (6; = 24°) is above
O1ir and, thus, totally internally reflected at the interface. In case of the a-Si:H /air
interface, B2 is low (Eprp = 0.03) and represents the intensity which is found
in the (0,0) diffraction order within the a-Si:-H film. In case of the a-Si:H/ZnO:Al
interface, the (1,0) diffraction order is 0 < O1ir zno and, thus, propagates into the
7ZmO:Al half space.

To investigate the behavior within a tandem solar cell, the ZnO:Al half space is
replaced by a ZnO:Al IR with thickness ¢ and a bottom cell half space is added.
Figure 8.38(a) shows the external quantum efficiency EQEi., at A = 700nm of a
top cell for varied IR thickness ¢, while the transmittance into the pc-Si:H bottom
cell is shown in (b). EQE and transmittance T for the ZnO:Al IR are printed
in cyan, while the curves for the air IR are shown in blue. In comparison to
Fig. 8.37, the IR in this case is not flat, but conformal to the front texture. For
a sufficiently thick IR (£ = 300nm), the transmittance 7" into the bottom cell
corresponds to the transmittance into the ZnO:Al/ air half space discussed in
Fig. 8.37(b). Due to the additional large-angle facets of the IR, the percentage of
light which is totally internally reflected is increased like discussed in Section 8.5.2.
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The transmittance T is reduced to 0 in case of the air IR for ¢ > 200nm. The FQE-
curve does not show interference effects but a monotonic increase up to ¢t = 150 nm
before a slight decrease is present. In case of the ZnO:Al IR, the EQF increases
less and a weakly pronounced oscillation with the maximum at ¢t = 110nm is
found (corresponding to Fig. 8.28(c)). Oscillation minima and maxima are also
found in the transmission curve in Fig. 8.38(a), but just slightly pronounced. The
transmittance of T'(co) = 0.32 for ¢ > 250 nm corresponds to the propagating part
of the electric field intensity |Eop|?. In contrast to the air IR, the first diffraction
order is not totally internally reflected and is not directly trapped in the a-Si:H
film, but propagtes into the IR.

Analogous to Fig. 8.28, the IR thickness dependency of the intensities in the
distinet diffraction orders (I,m) = (0,0),(1,0),(1,1),(2,1) in the a-Si:H film are
shown for an air IR (n = 1.0) in Fig. 8.39(a). Here, the EQFE,, at A = 700 nm of
a tandem solar cell on triangular front texture with A = 200 nm is plotted against
the thickness ¢ of an air IR (blue symbols). In (b) the scattering intensity ST into
certain diffraction orders within the a-Si:H film at a wavelength of A = 700 nm is

shown.
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Figure 8.38.: (a) EQFEiop, at A = 700nm of a tandem solar cell on triangular front texture with
a height h = 200nm depending on the thickness t for an air IR (blue symbols) and
a ZnO:Al IR (cyan symbols), respectively. (b) Transmittance T at N = 700 nm into
the pe-Si:H bottom cell for a tandem cell with air IR (blue symbols) and ZnO:Al

IR (cyan symbols).

The scattering intensity SI in Fig. 8.39(b) is similar to that of the ZnO:Al
IR (Fig. 8.28) for thin IRs. But while the intensity in the first diffraction order
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Figure 8.39.: (a) EQEop at A = 700nm of a tandem solar cell on triangular front texture with
a height h = 200nm dependent on the thickness t of an air IR. (b) IR thickness
dependent scattering intensity SI into the certain diffraction orders indicated in
Fig. 8.27 within the a-Si:H top cell absorber at a wavelength of A = 700nm. The
sum of all ST Z; is shown as black dotted line. The sum of all SI with © > 0
X ¢ is shown as black dash-dotted line.

increases in the case of the ZnO:Al IR in Fig. 8.28, it decreases for the air IR
with increasing thickness. This light is redistributed to higher diffraction orders in
the waveguide. As a result, the intensities of the diffraction orders (1,1) and (2,1)
increase. The sum of all diffraction orders X, is shown as black dotted line while
the blue dash-dotted line shows the sum X, of all diffraction angles with 8 > 0.
In agreement with Chapter 7.1, the amount of light within the a-Si:H film which
exhibits angles above Orir, contributes to top cell enhancement and, thus, to an
increase of EQFEy,,. The thickness-dependent behavior of ¥, is, however, similar
as the specular light (0,0) just leads to a thickness-invariant offset. The EQFE\o,
and transmittance T of a tandem cell stack with pe-Si:H half space and varied IR
refractive index from nig = 1.0 to 2.7 are shown in Fig. 8.40(a) and (b), respectively
for an IR thickness of ¢ = 50num (nr = 1 (blue), 1.8 (light gray), 2.0 (cyan) and
2.7 (gray)). For decreasing n, the FQE enhancement in the top cell is increased,
in particular at the top cell waveguide resonance wavelengths (e.g. A = 700 nm).
On the other hand, at these particular wavelengths, the transmittance is decreased
by reduction of nig as more light is already trapped in the top cell.

The short-circuit current density J,. is calculated from the FQFE using Eq. 4.48
and the increase of short-circuit current density by the IR AJ,. is calculated. An
upper limit approximation of EQE} is done using the Tiedje limit (Eq. 4.46).
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Figure 8.40.: (a)EQEFEop over the wavelength N of a tandem solar cell on triangular front texture
with a period p = 400nm, height h = 200nm and t;p = 50nm depending on the
refractive index of the IR (njp = 1 (blue), 1.8 (light gray), 2.0 (cyan) and 2.7
(gray)). The transmittance into the bottom cell T for the same configuration .

For comparison Jy op and Jepot considering a Lambertian distribution of angles
in the top cell is calculated. Figure 8.41 shows the top cell gain AJgtop (a) and
total cell Jy-loss AJgsum (D). Red dots show the results from rigorous simulations,
the Lambertian curve is shown in cyan. A linear increase of top cell Jg.-gain by
decreasing the refractive index is identified for this particular grating. For the
total cell loss, a similar correlation is found allocating higher Jg. sum-losses to lower

n.

It can be concluded that a careful choice of the IR material depending on the
diffraction orders or k| components, makes it possible to shift the critical angle of
total internal reflection and, thus, the fraction of light in reflection mode (A) and

(B).
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Figure 8.41.: (a) Top cell short-circuit current density gain AJse top by different refractive indices
of the intermediate reflectors nyg on triangular grating with h = 200nm (red tri-
angles) with t;p = 50nm and considering a Lambertian angular distribution (cyan
line). (b) Total tandem solar cell short-circuit current density 10ss Ajscsum for
h =200nm grating and a Lambertian angular distribution (cyan line).
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8.5.6. Figure of Merit for Spectral Selectivity

In the previous sections, the influence of IR layer thickness, refractive
index and texture have been discussed. The issue of optimizing the
spectral selectivity of the IR has already been raised in the last section.
A quantity containing all this information seems necessary to evaluate

evanescent coupling IRs.

In the previous sections, the periodic triangular grating has been used to identify
the influence of IR texture height, waveguide geometry, front texture height, IR
thickness and refractive index on the optics of tandem solar cells with intermediate
reflectors. By changing the height of the grating with a constant grating period,
the diffraction efficiency and coupling into certain waveguide modes of the a-Si:H
film could be tuned. The reflection behavior of the IR basically breaks down on
how much diffraction goes beyond the critical angle of total internal reflection 0g.
In case of a grating height A = 100 nm where most light is found in angles 6 <
O11R, light propagates into the IR and reflectance is caused by interference (Fabry-
Perot reflection mode (A)). As a consequence, the back-reflection into the top cell
depends on the IR/bottom cell interface. If the IR is replaced by a ZnO:Al half
space, reflection into the top cell should be low (just remaining Fresnell reflection
at the interface). The h = 300 nm grating works in reflection mode B (TIR) as
diffraction efficiencies into large diffraction orders are high and a large amount
of light is coupled into waveguide modes. The thickness of the IR determines in
reflection mode B how much light is able to tunnel into the bottom cell. A ZnO:Al
half space behind the a-Si:H film results in the suppression of photon tunneling
and, finally, a total back reflection and a maximum of light absorption in the top
cell.

Equation 4.48 is used to calculate J. from EQE., for the triangular grating
with p = 400nm and h = 100nm, ~ = 200nm and h = 300nm. Figure 8.42(a)
shows the top cell short-circuit current density gain AJy top On a triangular grating
texture of h = 100 nm (blue triangles), h = 200 nm (red triangles) and A = 300 nm
(cyan diamonds). A ¢ = 50nm air- and ZnO:Al IR, as well as, a 114nm-thick
ZnO:Al IR, the ZnO:Al half space, as well as a perfectly electric conductor are
shown. Dotted and dash-dotted lines are guides to the eye. Furthermore, the
Tiedje law (Eq. 4.46) is used to determine the EQF)o of a t = 2 pum bottom
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cell from transmittance and the short circuit current density Ji. is calculated by
Eq. 4.48. The bottom cell loss is calculated as AJy = Jocw/or — Jse,ir and
presented in (b). (c¢) shows AJysum suming up losses and gains in the sub cells.

Tandem solar cells on each substrate behave differently depending on the grating
height h. AJgcop increases with increasing IR thickness up to roughly ¢ = 100 nm
which is in accordance to the observations in Section 8.5.3. As in Section 8.5.3,
the maximal top cell gain is increased by larger grating height. Bottom cell losses
are in accordance to this. As a results, the sum of sub cell currents is independent
of the grating height and directly depending on the thickness of the IR. If the IR
is substituted by an infinite ZnO:Al half space (HS, fourth column), the discussion
above is consolidated and the different reflection modes can be distinguished. In
case of the tandem cell on & = 300nm (reflection mode (B)), Jy top rises asymp-
totically with ¢ and reaches its maximum in case of the ZnO:Al half space. In
contrary, AJy iop for the grating with A = 100 nm (reflection mode (A)) reaches its
maximum for ¢ = 114nm and is minimal in case of the ZnO:Al half space (nearly
reaches 0). The back reflection which is released by the IR thickness-dependence of
the interference of the incoming and reflected wave is not found in this case as no
back interface is present. The bottom cell loss shown in Fig. 8.42(b) for the ZnO
HS is calculated in the same way as before by Eq. 4.46 from the transmittance.
In this case, the transmittance into the ZnO:Al half space is used to quantify and
compare losses. As IR thickness is larger than the wavelength, this incoherent
reflectance is a valuable approximation. The gains and losses for tandem cells
on h = 200nm are between A = 100nm and A = 300 nm indicating that light is
partly specularly transmitted (reflection mode (A)), while another part is totally
internally reflected (reflection mode (B)). Overall, losses predominate the gain as
every back refection is associated with a reflection loss either by incom-
plete light trapping in reflection mode (A) or parasitic light trapping in reflection
mode (B).

As EQE, and EQ Ey, both shall be maximized, as a figure of merit FOM, the

AJsc,top
AJsc,sum
enhancement is present and increases for an increased absorption enhancement.

ratio — is proposed in Fig. 8.43. The FOM is 0 in case of no IR absorption
The top cell gain is weighted by the loss of Jssum in order to ensure minimal
parasitic losses. For a thick IR like t = 114nm and the half space, top cell gains
are strongly overcompensated by the losses which are mainly due to reflection.
A thin ZnO:Al IR with ¢ = 50nm in combination with a large-angle substrate
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Figure 8.42.: (a) Top cell short-circuit current density gain AJgetop by different intermediate
reflectors on triangular grating with grating period of 400nm and grating heights
h = 100nm (blue triangles), 200nm (red triangles) and 300 nm (cyan diamonds).
(b) Bottom cell short-circuit current density loss Nge poy for the same structures. (c)
Total tandem solar cell short-circuit current density loss Adsc, sum for the discussed
structures.

reaches a maximal FFOM of 0.74. This is in agreement to literature from EPFL
where the higher reflection losses by thicker IRs have also been reported by various
groups [43,45,59].

To ensure that this thickness of ¢ = 50nm fits the figure of merit criterion
indeed the best, further simulations with the tandem solar cell on triangular grating
with A = 300 nm were performed applying various IR thicknesses. The resulting
FOM = 7?}’;:% is presented in Fig. 8.44. The FOM increases with the IR
thickness ¢ up to 50nm and then rapidly drops due to an increase of losses in
Jsesum- This shows that an IR thickness of ¢ = 50 nm (ng = 2), in reflection mode
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Figure 8.43.: Figure of merit FOM = 7% for various IRs and a triangular grating texture

with period p = 400nm and height h = 100nm (blue), h = 200nm (red) and
h =300nm (cyan).
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Figure 8.44.: Figure of merit FOM = 75{.“& depending on IR thickness t and a triangular

grating with period p = 400nm and height h = 300nm (cyan).

(B) of total internal reflection, results in the best trade-off between back reflection
and, thus, coupling into leaky waveguide modes in the top cell and transmission
into the bottom cell. It is noticed, however, that in case of the absence of an IR,
FOM will be 0 which would indicate a loss-less transfer of current from bottom to
the top cell. A loss of potential bottom cell current due to a transmittance 7' < 1
into the bottom cell is inherent if total internal reflection is present (reflection mode
(B)). On the other hand, tandem cells with low front scattering for which Fabry-
Perot reflection is the dominating process (triangular grating h = 100 nm, APCVD
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SnO,:F, sputter-etched ZnO:Al), suffer from incomplete light trapping in the top
cell and do not reach high top cell short-circuit current densities. As a quantity
for light trapping, the integrated scattering intensity I.ST has been introduced
before. For the triangular grating, Fig. 8.28 showed the correlation between X,
and the EQFEjp-enhancement. It was further revealed that the portion of light
with & > |k| are not transmitted into the bottom cell. For photon energies below
the band gap of a-Si:H, this is however, not desirable. The criterion of the target
function of spectral selectivity which has been demanded in Fig. 6.3 has to be
extended by the parameter of the I.S7. Figure 8.45 shows the target function for
the optimization of spectral selectivity for IRs in tandem solar cells. Up to a target
wavelength A, which is 670 nm in this case, reflectance R and integrated scattering
intensity 7,57 have to be maximized, while a minimal R and [.ST shall be reached
for A > 670 nm.
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Figure 8.45.: Wavelength dependent target function for IR reflectance R and integrated scattering
intensity in the top cell 1ST.

This is in accordance to Lal et al. [62] where the maximum efficiency of tandem
solar cells on base of a ¢-Si bottom cell has been calculated depending on the
reflectance R of the IR and the light trapping cut-off frequency L. of the top cell.
It reveals that high scattering angles at the front side above the cut-off wavelength
Ac will be trapped in the top cell instead of being transmitted to the bottom cell. As
top cell in such multi-junction devices, high current densities are favorable to gain
current matching. Perovskite top cells are recently put into attention [?,62,63].

Examining the scattering intensity SI within the top cell is presented as a
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powerful tool to determine the optimal refractive index and thickness of the IR.
Figure 8.46 shows the scattering intensity in the a-SI:H top cell ST depending on
the photon energy FE,, and the transverse wave vector kj in the a-Si:H top cell.
ST is calculated from the electric fields in the simulated a-Si:H layer in analogy
to Chapter 7. The intensity maxima are found at the k) value corresponding to
the diffraction orders of the grating. The diagonal lines indicate the light escape
cones assuming different IR materials with a refractive index of n = 1 (green), 1.8
(yellow), 2.0 (red) and 2.7 (blue). The white horizontal line is the cut-off energy
E.: For higher energies (shorter wavelengths) light trapping is beneficial and leads
to a top cell gain, whereas for E < E., a good top cell light trapping results in
losses for the bottom cell. The representation of the distribution of & can be used
to choose the optimum refractive index of an IR defining the escape cone and Og,
respectively.
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Figure 8.46.: Scattering intensity within the a-Si:H top cell on h = 300nm triangular grating
structure depending on the photon energy Eppo and the transverse wave vector k.
The colored lines indicate the dispersion relation of the Si/ IR interface for certain
IR materials of a refractive index of n =1 (green), 1.8 (yellow), 2.0 (red) and 2.7
(blue). The cut-off energy E. indicates the limiting energy for which light trapping
in the top cell (range I + II) is relevant and when this light trapping should be
minimal for maximized transmittance (range IIT).
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8. Interplay of Intermediate Reflector and Surface Texture

This section reveals that no gain in the top cell can be generated without losses
for the total tandem cell short-circuit current density Jgcsum. These happen either
due to incomplete light absorption of back reflected light in the top cell (small
feature height, h = 100nm) or a mitigation of transmission into the bottom cell
by coupling into leaky waveguide modes in the top cell below the band gap of the
top cell absorber (large feature height, large surface angles, heights). To find the
best compromise in case of current-matching, the IR refractive index and thickness
has to be carefuliy optimized to a given substrate morphology. The introduced
Figure of Merit Aj:fﬁ
in case of the h = 300 nm grating.

(t) exhibits a maximum for an IR thickness of ¢ = 50 nm

8.6. From Periodic to Random Textures

The examination of well-defined periodic structures enabled a detailed
analysis of the dependency of the intermediate reflector effectiveness for
particular substrates. Coming back to the starting point of this chapter,
observed findings shall now be applied to randomly textured substrates,

i.e. LPCVD ZnO:B.

For the investigated periodic gratings, leaky waveguide modes induce absorption
enhancement and prevent transmission into the bottom cell as shown and discussed
in Fig. 8.31(Section 8.5.4). For randomly textured surfaces like LPCVD ZnO:B
reflectance and transmittance spectra are continuous and no particular resonances
are found (Fig. 8.1). Figure 8.47 shows the cell reflectance R (a) and transmit-
tance T into the bottom cell (b) of tandem cells on a triangular grating with
p = 400nm and h = 300nm (cyan circles, dotted line). Additionally, reflectance
and transmittance of the tandem cell on LPCVD ZnO:B texture are plotted as
full cyan lines in (a) and (b). Reflectance and transmittance curve of LPCVD
ZnO:B traverses through the turning points of the curves for periodic textures.
The randomly textured surface combines a broad distribution of different peri-
ods and heights of pyramids. Well-pronounced waveguide modes with high cavity
modes are broadened by a continuum of states as already reported in Chapter 7.
The scattering intensity within the a-Si:H layer ST is shown in Fig. 8.48 for a-Si:H
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Figure 8.47.: (a) Reflectance R of the tandem solar cell on triangular grating with period p =
400 nm and height h = 300 nm (cyan triangles + dotted line), as well as on LPCVD
ZnO:B texture (full cyan line). (b) Transmittance into wc-Si:H bottom cell with
t =114nm ZnO:Al IR on LPCVD ZnO:B (full cyan line) and grating (dotted cyan
line).

top cells on on triangular grating with period p = 400 nm and heights A = 100 nm
(blue dotted line) and h = 300nm (cyan dotted) at A = 650 nm. Furthermore, the
S1 is evaluated in a top cell on LPCVD ZnO:B texture (full cyan line). As the
surface roughness of the texture is larger than the layer thickness ¢, g5, the com-
plex electric fields in a 'plane’ conformal to the a-Si:H/ IR interface are extracted
and corrected by the phase collected by the surface topography (analogous to Sec-
tion 4.1.4). Discrete grating orders of different pyramid sizes are broadened and
peaks smear out into a continuous distribution. It is observed, that especially the
large-angle components in the diffraction order (2,1) which have been attributed
to the contribution of waveguide mode resonances (Chapter 7, Section 8.5.4) is
suppressed in case of tandem solar cells on randomly textured surface.

In the following, the tandem solar cells on LPCVD substrate are simulated with
different IR thicknesses. Figure 8.49 shows a comparison of the EQ E},, (full lines)
and transmittance 7' (dotted lines) of the tandem cells on ZnO:B texture without
IR (black), with tjg = 50nm (blue) and ¢ = 114nm (cyan). The 50 nm-thick
ZnO:Al IR boosts the top cell EQFE and induces just slight losses to transmittance
into the bottom cell above A = 800nm due to its spectrally selective behavior.
Increasing the IR thickness increases EQ Ei, and transmittance into the bottom
cell. In accordance to Section 8.5.4, a larger IR thickness results in a decreased
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Figure 8.48.: Scattering intensity SI in the a-Si:H film over scattering angle © for top cell on
LPCVD ZnO:B (cyan line) and on triangular grating of with period p = 400 nm and
heights h = 100nm (blue dotted line) and h = 300 nm (cyan dotted) at A = 650 nm.
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Figure 8.49.: External quantum efficiency EQFEiop (full lines) and transmittance T into the jic-
Si:H bottom cell (dotted lines) of the tandem solar cell on LPCVD ZnO:B front
texture without IR (black), with a 50nm (blue) and 114nm IR (cyan). The dashed
lines indicate the transmittance of the periodic system on h = 300nm triangular

grating.

Randomly textured surfaces lead to a broadening of leaky waveguide resonances
which is similar to a smoothing of the FQFE curves. However, it was seen that
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8.7. Summary and Discussion

it is crucial to regard the top cell as a nano-optical system which does not follow
geometrical behavior of light propagation. In particular, waveguide modes in the
top cell play a decisive role, both for top cell gain and bottom cell loss. They
prevent that a highly reflective IR leads to a top cell with high optical confinement
resulting in high transmission losses. For LPCVD ZnO:B, IR thicknesses of ¢t =
50 nm provide a suitable compromise between top cell gain and bottom cell losses.

8.7. Summary and Discussion

In this chapter, a comprehensive model of the working principle of the interplay
of texture and IR has been developed and applied to solar cells on periodic and
randomly textured surfaces. The physical mechanisms of intermediate reflectors
in tandem solar cells with nano-optical textures have been determined. A detailed
behavior of nano-textured IRs, two different reflection modes have to be considered.
Depending on the surface angles and angular distribution of light within the layer,
reflection can take place either by (A) a Fabry-Perot-like constructive interference
within the IR or (B) by total internal reflection at the a-Si:H/ IR interface. An
analysis of the top cell as a leaky waveguide revealed that best top cell currents
can be obtained if the grating/ front texture couples incident light effectively into
leaky waveguide modes within the a-Si:H film. The a-Si:H film acts as a cavity,
but further interaction with the front side grating can lead to an out-coupling
of the light to the ambient. This happens particularly below the band gap of
a-Si:H where the waveguide mode is not absorbed and results in a reduction of
transmittance into the bottom cell. To increase the efficiency of tandem solar
cells, light transmittance into the spectral range (A > A.) has to be maximized. If
the IR is sufficiently thin, top and bottom cell are evanescently coupled allowing
for tunneling of photons from the a-Si:H waveguide into the bottom cell. As the
evanescent decay constant is wavelength-dependent, high transmittance for long
wavelengths can be achieved. For grating with high coupling efficiencies into large
angles, an optimum IR thickness can be obtained by a trade-off between top cell
enhancement and transmittance into the bottom cell. The waveguide model is
valid for periodic gratings where discrete waveguide modes are excited. It has been
extended to randomly textured surfaces where thin waveguide mode resonances are
smeared out to a broad distribution of states in the a-Si:H film. The model was
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8. Interplay of Intermediate Reflector and Surface Texture

compared to experimental data and rigorous optical simulations for the commonly
used textures APCVD SnOs:F, sputter-etched ZnO:Al and LPCVD ZnO:B, as
well as to a periodic triangular grating texture. Surfaces with rather small surface
angles o like APCVD SnOs:F, sputter-etched ZnO:Al and gratings with low surface
angles exhibit small kj-components resulting in the reflection mode (A). Tandem
cells on this textures have been extensively studied by [44,59] for APCVD SnOq:F
and [49,56,59,143,196,197] for sputter-etched ZnO:Al. The presented model is able
to reproduce and explain the behavior of the IR in these studies and, furthermore,
unifies it with large angle substrates like LPCVD ZnO:B [43,45,47,165] or periodic
structures [57,198]. It is compatible with other comparative studies in [59, 199]
and concepts like e.g. asymmetric or diffractive IRs [57,200]. It is revealed that
losses due to parasitic reflection are inevitable if the ideal reflectance and light
trapping of the filter target function in Fig. 8.45 is not reached. These losses
are, in particular, of interest for future high efficiency multi-junction concepts like
tandems on base of crystalline silicon where a maximal transmittance into the
bottom cell has to be secured. Spectrally selective intermediate reflectors, like
developed in Chapter 6, provide a high transmittance, do, however, not work for
large angle substrates inducing a strong front-side scattering [201] which results
in total internal reflection (reflection mode (B)). To reduce transmission losses
for these substrates, spectrally selective light trapping in the a-Si:H top cell is
desirable. The investigated randomly textured surfaces, as well as periodic gratings
exhibit high diffraction and coupling efficiencies to higher diffraction orders (than
the zeroth) and, as a consequence, trap a large amount of light in the a-Si:H top
cell above the angle of total internal reflection over a broad spectrum. Future
works should identify structures with large scattering/diffraction efficiencies below
a certain critical wavelength (A.) and weak scattering above. The combination
of different textures at the front side and the IR like proposed by [57,200] and
discussed in Section 8.5.2, enables an independent optimization of light in-coupling
at the front and diffraction into large angles at the IR or back side of the solar
cell. In this case, the spatial differences in the IR thickness breaks down the clear
definition of the reflection modes, as there is neither Fabry-Perot reflection (A),
nor a constant photon tunneling.
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8.7. Summary and Discussion

8.7.1. Design Workflow For IR Optimization for Multijunction
Solar Cells

Basing on the results of this Chapter, an optimized workflow for the design of IRs

in tandem solar cells would be as follows:
1.) Simulate multi-junction on given substrate with unoptimized IR
2.) Extract scattering intensity S within the layer as shown in Chapter 7

3.) Determine which reflection mode applies: Fabry-Perot reflection mode (A)
or TIR reflection mode (B)

4.) Choose method to improve IR
in case of reflection mode (A): spectrally selective multilayer IR or in case of re-
flection mode (B): follow the following points:

5.) Choose critical angle of total internal reflection Orig on basis of the SI ac-
cording to the Section 8.5.5.

6.) Adjust the IR thickness to trade-off between top cell enhancement and re-
flection losses by maximizing the spectral reflectance parameter SRP Fig. 8.35
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9. Summary and Outlook

Within this work, light management in silicon-based multi-junction solar cells by
intermediate reflectors (IR) was studied. IRs get essential for light management,
as soon as, the thickness of absorber layers in multi-junction devices is physically
limited. In this case, IRs can be introduced to match the currents and power of
the sub cells in series-connected multijunction solar cells. As each element added
to a working device increases its complexity, the understanding and decrease of
loss mechansims is crucial to obtain an improvement of the device.

This work focusses on the analysis of the optics in multijunction solar cells. Thin-
film silicon tandem solar cells made of hydrogenated amorphous and microcrys-
talline silicon (also called ‘micromorph’) were chosen as model system, as they
are a well established, industrally up-scalable technology and exhibit the impor-
tant characteristics of other multijunction cell material systems: Thin-film lay-
ers, nano-structured surfaces, as well as, physical limitations of thicknesses and a
broad utilization of the solar spectrum. The combination of thin-film layer stack
and nano-structured surfaces demands for a treatment of the solar cell as a nano-
optical device. Motivated by the results of experimental studies, tandem solar
cells are modeled by thin-film optics and rigorous optical simulations. An agree-
ment between simulation to experimental results allows for an investigation and
optimization of these devices.

First, the optical losses induced by intermediate reflectors in tandem solar cells
were studied. Therefore, tandem solar cells without and with micro-crystalline
silicon oxide intermediate reflectors were fabricated on different aluminum-doped
zinc oxide front contacts which had partially been treated to decrease absorption
within the zinc oxide. Increased cell reflectance and parasitic absorption due to
the IR were observed. The comparison to tandem solar cells on non-treated front
contacts showed that in spite of the increased reflectance, parasitic absorption in
the front contacts due to the IR is negligible. The results are supported by optical
simulations of tandem solar cells with intermediate reflector which, additionally,
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9. Summary and Outlook

allowed to quantify parasitic losses. Furthermore, it was shown that the decrease
of the refractive index of the silicon oxide intermediate reflector results in a de-
crease of parasitic absorption and an increase of total tandem cell current if layer
thicknesses are adapted. In this case, parasitic reflection of light by the IR out of
the solar cell is determined to be the dominating optical loss mechanism.

Second, the reflection losses were assigned to the low spectral selectivity of re-
flection of single layer IRs. Basing on this, a 1D photonic crystal produced of
conductive and low absorptive thin-film materials which are available in-situ in
thin-film silicon solar cell production is designed for a flat layer stack. The influ-
ence of surface texture on the effectiveness of the multilayer IR is studied and it
is shown that the IR functionality remains for a textured solar cell. A multilayer
IR consisting of aluminum-doped zinc oxide (Zn0O:Al) and microcrystalline silicon
oxide(pec-SiOy:H) layers was successfully integrated into a nano-textured thin-film
silicon solar cell and decreases the bottom cell losses in comparison to other IRs
while still increasing the top cell current density by AJsiop = 1.2 mA/cm2. A
further optimization of material choice and layer quantity shows that top cell
enhancement and spectral selectivity can be slightly increases by increasing the
number of layers and increasing refractive index contrast.

Third, the light trapping in the top cell was investigated in detail. Therefore, a new
method to extract the angular distribution of light within a thin amorphous silicon
film from rigorous optical simulations was developed and applied to a-Si:H cells
on both, periodic gratings and randomly textured front structures. For photonic
structures, absorption in the silicon film is assigned to the coupling of incident
light to leaky waveguide modes by the grating. It is shown that in case of silicon
films on randomly textured surfaces, these waveguide modes are present, as well,
but they are broadened due to the superposition of a variety of distinct periods
and heights. As a quantity for light trapping in thin films, the integrated scatter-
ing intensity ISI could be established which describes the coupling to waveguide
modes and correlates well to the absorption enhancement in a-Si:H film with dif-
ferent reflectors.

Fourth, absorption and transmission enhancements are investigated on a variety
of periodic and randomly textured substrates. In a broad experimental and sim-
ulation study, tandem solar cells on various substrates have been deposited and
reproduced by rigorous optical simulations. An artificial modification of the sub-
strate texture, revealed the front texture scattering distribution and the surface

164



angles at the IR to be the decisive surface parameters to determine the effectiveness
of the IR. A dependence of the functionality of the IR on the angular intensity dis-
tribution in the top cell is observed. In particular, two different reflection modes
of the IR are observed: In reflection mode (A) below the critical angle of total
internal reflection, light propagates into the IR and the reflectance depends on
interference of the incident light and light reflected at the back IR interface. The
effectiveness of the IR on surface textures comprising low surface angles and low
parallel wave vector transfer as APCVD SnOs:F or sputter-etched ZnO:Al textures
can be well reproduced by a thin-film model applying the angular scattering distri-
bution at the front side. If the critical angle is surpassed, light is totally internally
reflected and tunnels through the IR as an evanescent wave. This reflection mode
(B) results in large absorption enhancements for thick intermediate layers but is
always connected to reflection losses. A spectral reflectance parameter SRP was
introduced. It was used as a tool to analyze the influence of IR refractive index
and thickness on the absorption enhancement and bottom cell transmission losses.
The theory is successfully applied to understand the interplay of front side texture
and IR reflectance on the relevant randomly textured surfaces. The study of the
IR effectiveness on photonic structures emphasized the importance to examine the
waveguide modes, which do not just increase top cell enhancement, but further
induce parasitic reflection losses in the NIR range which are disadvantageous to
the current of further bottom cells. The analysis gives a hint that these losses can
be decreased by broadening the resonances as it is the case in randomly textured
solar cells. Simulations on tandem solar cells on LPCVD ZnO:B reproduce the
results of previous experimental studies.

The model allows for the optimization of the IR on a given surface topography.
In future work, this model should be used for a variety of multijunction concepts:

e Tandem solar cells on nano-imprinted periodic substrates.

e Thin-film Silicon-based quadrupole junction solar cells regarded as a disor-
dered 1D photonic crystal.

e Crystalline Silicon based tandem solar cells with organic/perovskite top cells.

Until now, optical simulations are still de-coupled from electrical simulation part.
Computationally extensive rigorous optical simulations are necessary to determine
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9. Summary and Outlook

the effectiveness of the IR. The implementation of scattering intensities and angular
dependent reflection into optoelectronic device simulator (ASA) is one next step
to be done.

The influence of disorder on waveguide modes in the top cell has been partially
addressed in this work. The Fourier-based method for guided modes in the a-Si:H
film is a powerful tool to investigate the influence of partially disordered systems
and photonic quasi-crystals on the absorption in a-Si:H and in thin semiconducting
films. Thus, a goal is to determine a trade off between periodicity and disorder for
light management in multijunction solar cells.

Patterning the IR with a different texture has been shown to de-couple top and
bottom cell light trapping while the remaining IR thickness accounts for the re-
flectance/ transmittance of the IR. Using nanoimprint lithography [202], the IR
could be textured differently according to [57]. Especially, the usage of blazed grat-
ings like proposed in [17] in combination with IRs is of large interest to facilitate
a directionally selective light trapping and an improved guidance of light in the
bottom cell.
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A. Appendix

A.1. Optical Data
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Figure A.1.: (a) Refractive index n of the ZnO:Al layers used for optical simulation within this
work. Dark grey lines indicate the low temperature ZnO:Al, the highly conductive
high temperature ZnO:Al is shown in light grey. (b) Extinction coefficient k of the
Zn0:Al layers used for optical simulation within this work.

A.2. FDTD simulations

The absorption cross section of a dielectric particle (r = 100 nm (red) and 200 nm
(black)) of ZnO:Al was calaculated using FDTD in the described resolution (sym-
bols) and compared to analytically calculated absorption cross section using the
freeware software "MiePlot’ [205] which implements Mie theory described in [206].
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Figure A.2.: (a) Refractive index n of the intrinsic a-Si:H (black) and pc-Si:H (red) layers used
for optical simulation within this work. (b) Extinction coefficient k of the intrinsic
a-Si:H, we-Si:H layers used for optical simulation within this work.
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Figure A.3.: (a) Refractive index n of the different we-SiOx:H layers used for optical simulation
within this work. we-SiOx:H is deposited in two different PECVD reactors (type A:
6-chamber system [49, 203, 204]; type B: large area system [189]). (b) Extinction
coefficient k of the we-SiOx:H layers used for optical simulation within this work.
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Figure A.4.: Absorption cross section Q of a ZnO:Al nanosphere with radius r = 100nm (red)
and 200 nm (black) determined from FDTD simulation (symbols) and from analytical
Mie theory calculations [205, 206].
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