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Abstract

The ultimate success of solar photovoltaic (PV) and organic light-emitting diode
(OLED) technologies requires significant advancements in cost reduction and effi-
ciency improvement. Both objectives can be simultaneously achieved through the
use of photon management nanostructures. The fundamental goals of photon man-
agement are reducing incident light reflection, improving absorption or enhancing
outcoupling, and tailoring the optical properties of a device for use in different types
of energy conversion systems. For optimal efficiency of PV cells and OLEDs, the
nanostructures should provide an extended spectral and angular range of effective-
ness. In this regard, photon management based on disordered nanostructures has
recently garnered significant attention. Such types of photonic layers operate over a
broader spectral range than their periodical counterparts and possess optical prop-
erties that can be easily predicted and tuned, unlike purely random configurations.

This thesis work presents photon management by 2D planar disordered nanostruc-
tures for optoelectronic thin film devices. Here, the nanostructures are designed to
act as an antireflective or efficient scattering architecture whose primary goal is to
improve the optical absorption of thin-film-based PV cells and increase their power
conversion efficiency. The methodology and structures developed also have direct
implications for the field of OLED devices. Thus, the engineered structures are used
to ameliorate the outcoupling properties of OLEDs, which possess a comparable
spectral range of operation as PV cells.

As a prerequisite for any experimental investigations, a mature fabrication route for
creating nanostructures with controllable disorder properties is established using a
versatile, large area, wet-chemical technique based on lateral phase separation of a
polymer blend. This wet-chemical technique has often been carried out by spin-
coating, which does not allow incorporating phase-separated nanostructures (PSN)
into arbitrary 2D designs as is required for their deployment in commercial products.
On the other hand, additive manufacturing tools like inkjet printers can create
almost any geometrically complex shape across micron to macro scales. However,
due to the micron-scale resolution of most conventional inkjet printers, their impact
in devising nanostructured materials and devices is still absent.

For the first time, this study tackles both of these shortcomings while preserving
the low-cost attractiveness and the versatility of phase-separation using homopoly-
mer blends by exploiting the unique advantages of inkjet-printing. Upon optimized
conditions, digitally printable PSN from the micrometer to sub-100 nm range are
realized according to a pre-determined 2D layout. These PSN can be fabricated on
various rigid and flexible substrates at a speed of 45cm/s. The proposed approach
also opens numerous new nanofabrication avenues, including dynamic variation of



PSN during inkjet printing, either by adapting printing resolution from pixel to pixel
for a given ink formulation or by working with multiple polymer inks.

Moreover, PSN are commonly deposited using polymers with low glass transition
temperatures, which limit their practical relevance for nanoimprint lithography
(NIL) as such PSN are prone to in-plane stamp distortions in the presence of high im-
printing pressure and temperature. To overcome this shortcoming, this work exploits
the unique advantages of an inorganic-organic hybrid polymer (OrmoStamp) that
has already gained prominence in the industry as a choice of imprinting stamps ma-
terial in UV and thermal-based NIL. For the first time, this work demonstrates that
nano-stamps based on PSN (made of OrmoStamp) can be directly fabricated over
various rigid and flexible substrates using a phase separation process. This opens
a direct route for using PSN in NIL without additional intermediate lithographic
or replication steps. Thus, spin coated and printed- as well as imprinted PSN can
improve photon management in manifold nanophotonic applications, demonstrated
here by incorporating them in PV cells and OLEDs for power efficiency enhance-
ment.

For PV cells, two different optical management techniques are explored. The first
technique focuses on developing light scattering layers for PV cells via either a
bottom-up or top-down strategy. In the bottom-up strategy, PSN are introduced
into hydrogenated amorphous silicon (a-Si:H) based PV cells’ backside prior to the
deposition of a reflector to realize light-scattering reflectors. These light scatter-
ing reflectors yield an efficiency better than that of a device based on a commercial
light-scattering substrate. Furthermore, complementary optical simulations are con-
ducted on an accurate 3D model to analyze the developed light scattering reflectors’
superior light-harvesting properties and derive general design rules. In the top-
down strategy, PSN are used to pattern a resist etching mask, which is employed for
transferring disordered nanoholes into a thin a-Si:H layer by dry etching. The study
began by conducting three-dimensional optical simulations to investigate systemat-
ically the impact of disorder of initially periodic arrangements of nanostructures.
Results of this simulation indicate that quasi-disordered structures lead to broader
spectral and angular responses, which is clearly beneficial for PV application. Fol-
lowing the top-down approach, enhancement in integrated absorption up to 93%
under normal incidence and up to 200% at large incident angles are demonstrated
with respect to an unpatterned absorber. Furthermore, a similar structure can serve
as nano-stamps in a top-down strategy, whereby perovskite layers are nanoimprinted
by the nano-stamps using a thermal NIL system. The nanopatterned perovskite film
achieves an integrated absorption and a photoluminescence emission peak increase of
7%rer and 121%,.¢;, respectively. This route paves the way for roll-to-roll processable
“photonized” absorbers.

The second technique focuses on the development of antireflection layers by addition-
ally tailoring the PSN to sub-wavelength dimensions. The design considered herein
consists of a front electrode, indium tin oxide (ITO), conformally deposited onto the
PSN. In the optimum case, the nanostructured I'TO electrodes yield a transmittance
increase of 7%, with respect to planar references. Their antireflective properties are
exploited to enhance the photocurrent density of 4-terminal perovskite/crystalline-
silicon (perovskite/c-Si) tandem solar cells. Perovskite/c-Si tandem devices with
nanostructured ITO exhibit enhanced short-circuit current density (2.9 mA /cm? ab-
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solute gain) and PCE (1.7% absolute gain) in the bottom c-Si solar cell compared
to the reference.

Finally, this thesis expounds the significance of the above findings for the reverse
problem- light extraction in OLEDs. In the first investigated configuration, this
work exploits the easily tunable light scattering properties of disordered titania
nanopillars, resulting from a self-assembly and a solvent assisted lift-off process.
The subsequent planarization of these nanopillars by a thin epoxy layer ensures an
excellent reproducibility of the devices, an aspect that is often critical for nano-
corrugated substrates, and preserves a strong spatial overlap of the trapped optical
modes with the light scattering structures. As an illustration, I show that the
proposed design improves the efficiency of a bottom emitting OLED (Apeak=5201nm)
by +22%,¢ and ameliorates the angular emission characteristics with respect to
planar devices.

In the second investigated configuration, inkjet printed light outcoupling PSN with
different 2D designs are tested as would be desired for their deployment into inkjet
printed OLED devices. Herein, a transparent anode material is directly deposited
onto PSN, resulting in the corrugation of anode/organic layers interface and subse-
quent scattering of the waveguide modes. An OLED (Apeak=520 nm) incorporating a
printed PSN exhibits a 57%, device efficiency increase at a luminance of 1000 cd/m?,
relative to a planar reference device. This approach can be integrated into a high-
throughput fabrication routine and be easily extended to other OLED layouts.
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Kurzfassung

Fiir den Erfolg der Photovoltaik (PV) und der organischen Leuchtdioden (OLED)
sind erhebliche Fortschritte bei der Kostensenkung und Effizienzsteigerung erforder-
lich. Beide Ziele kénnen durch den Einsatz von Nanostrukturen fiir das Photo-
nenmanagement gleichzeitig erreicht werden. Die grundlegenden Ziele des Photo-
nenmanagements sind die Verringerung der Reflexion des einfallenden Lichts, die
Verbesserung der Absorption oder die Verstirkung der Auskopplung sowie die An-
passung der optischen Eigenschaften eines Bauelements fiir den Einsatz in ver-
schiedenen Arten von Energieumwandlungssystemen. Fiir eine optimale Effizienz
von Solarzellen und OLEDs sollten die Nanostrukturen einen erweiterten Spektral-
und Winkelbereich aufweisen. In dieser Hinsicht hat das Photonenmanagement auf
der Grundlage ungeordneter Nanostrukturen in vor kurzem grofie Aufmerksamkeit
erregt. Solche photonischen Schichten arbeiten in einem breiteren Spektralbereich
als vergleichbare periodische Strukturen und besitzen optische Eigenschaften, die im
Gegensatz zu rein zufélligen Strukturen leicht vorhergesag- und eingestellbar sind.

In dieser Arbeit wird das Photonenmanagement durch planare, ungeordnete 2D-
Nanostrukturen fiir optoelektronische Diinnschichtbauelemente vorgestellt. Die Na-
nostrukturen sind so konzipiert, dass sie als antireflektierende oder effizient streuende
Strukturen fungieren, deren priméres Ziel es ist, die optische Absorption von Diinn-
schicht-Solarzellen zu verbessern und ihre Energieumwandlungseffizienz zu erhchen.
Die entwickelte Methodik und die Strukturen haben direkte Auswirkungen auf den
Bereich der OLED-Bauelemente. Die entwickelten Strukturen eingesetzt, um die
Auskopplungseigenschaften von OLEDs zu verbessern, die einen vergleichbaren spek-
tralen Wirkungsbereich wie Solarzellen besitzen.

Voraussetzung fiir alle experimentellen Untersuchungen ist eine ausgereifte Her-
stellungsmethode zur Erzeugung von Nanostrukturen mit kontrollierbaren Storung-
seigenschaften, bei der eine vielseitige, grofiflichige nasschemische Methode einge-
setzt wird, die auf der lateralen Phasentrennung einer Polymermischung beruht.
Diese nasschemische Methode wird haufig durch Schleuderbeschichtung durchge-
fithrt, die es nicht erlaubt, phasengetrennte Nanostrukturen (PSN) in beliebige 2D-
Designs einzubauen, wie es fiir ihren Einsatz in kommerziellen Produkten erforderlich
ist. Andererseits konnen additive Fertigungsverfahren wie Tintenstrahldrucker na-
hezu jede geometrisch komplexe Form im Mikrometer- bis Makromaflstab herstellen.
Da die meisten herkommlichen Tintenstrahldrucker jedoch nur eine Auflésung im
Mikromafstab aufweisen, sind sie fiir die Entwicklung von nanostrukturierten Ma-
terialien und Bauelementen noch nicht geeignet.

In dieser Studie werden erstmals beide Méngel behoben und gleichzeitig die kosten-
giinstige Attraktivitdt und Vielseitigkeit der Phasentrennung durch Homopolymer-



mischungen bewahrt, indem die einzigartigen Vorteile des Tintenstrahldrucks genutzt
werden. Unter optimierten Bedingungen werden digital druckbare PSN vom Mikro-
meter- bis in den Sub-100 nm-Bereich nach einem vorgegebenen 2D-Layout realisiert.
Diese PSN konnen auf verschiedenen starren und flexiblen Substraten mit einer
Geschwindigkeit von 45 cm /s hergestellt werden. Der vorgeschlagene Ansatz eréffnet
auBerdem zahlreiche neue Moglichkeiten fiir die Nanofabrikation, einschliefSlich der
dynamischen Variation von PSN wéhrend des Tintenstrahldrucks, entweder durch
Anpassung der Druckauflosung von Pixel zu Pixel fiir eine bestimmte Tintenfor-
mulierung oder durch die Verwendung mehrerer Polymer-Tinten.

Dariiber hinaus werden PSN in der Regel aus Polymeren mit niedrigen Glasiiber-
gangstemperaturen hergestellt, was ihre praktische Bedeutung fiir die Nanoimprint-
Lithografie (NIL) einschrénkt, da solche PSN bei hohem Druck und hoher Temper-
atur zu Verformungen in der Prageebene neigen. Um dieses Manko zu iiberwinden,
werden in dieser Arbeit die einzigartigen Vorteile eines anorganisch-organischen Hy-
bridpolymers (OrmoStamp) genutzt, welches in der Industrie bereits als Material
fiir Pragestempel in der UV- und thermisch basierten NIL bekannt geworden ist.
In dieser Arbeit wird zum ersten Mal gezeigt, dass Nanostempel auf der Basis
von PSN (aus OrmoStamp) direkt auf verschiedenen starren und flexiblen Sub-
straten mit Hilfe eines Phasentrennungsprozesses hergestellt werden konnen. Dies
ermoglicht den direkten Einsatz von PSN in der NIL ohne zusétzliche lithographische
oder replikative Zwischenschritte. So konnen schleuderbeschichtete und gedruckte
sowie gepriagte PSN das Photonenmanagement in vielféltigen nanophotonischen An-
wendungen verbessern, wie hier durch ihren Einsatz in Solarzellen und OLEDs zur
Steigerung der Leistungseffizienz demonstriert wird.

Fiir Solarzellen werden zwei verschiedene optische Managementtechniken erforscht.
Die erste Methode konzentriert sich auf die Entwicklung von lichtstreuenden Schich-
ten fiir Solarzellen, entweder durch eine Bottom-up- oder eine Top-down-Strategie.
Bei der Bottom-up-Strategie werden PSN in die Riickseite von Solarzellen aus hydro-
geniertem amorphem Silizium (a-Si:H) eingebracht, bevor ein Reflektor abgeschieden
wird, um lichtstreuende Reflektoren zu realisieren. Diese lichtstreuenden Reflek-
toren erzielen einen besseren Wirkungsgrad als ein Bauelement, das auf einem kom-
merziellen lichtstreuenden Substrat basiert. Dariiber hinaus werden ergénzende op-
tische Simulationen an einem akkuraten 3D-Modell durchgefiihrt, um die iiberlege-
nen Lichtsammeleigenschaften der entwickelten Streureflektoren zu analysieren und
allgemeine Designregeln abzuleiten. In der Top-Down-Strategie werden PSN verwen-
det, um eine Resist-Atzmaske zu strukturieren, die fiir die Ubertragung ungeordneter
Nanolocher in eine diinne a-Si:H-Schicht durch Trockenétzung verwendet wird. Die
Studie begann mit der Durchfiithrung dreidimensionaler optischer Simulationen, um
die Auswirkungen der Unordnung auf die urspriinglich periodischen Anordnungen
von Nanostrukturen systematisch zu untersuchen. Die Ergebnisse dieser Simulatio-
nen zeigen, dass quasi-ungeordnete Strukturen zu breiteren Spektral- und Winke-
lantworten fithren, was fiir PV-Anwendungen eindeutig von Vorteil ist. Nach dem
Top-Down-Ansatz wird eine Verbesserung der integralen Absorption um bis zu 93%
bei normalem Einfall und um bis zu 200% bei groBen Einfallswinkeln im Vergle-
ich zu einem ungemusterten Absorber gezeigt.Dariiber hinaus kann eine dhnliche
Struktur als Nanostempel in einer Top-Down-Strategie dienen, wobei die Perowskit-
Schichten durch die Nanostempel unter Verwendung eines thermischen NIL-Systems
nanogeprigt werden. Fiir den nanostrukturierten Perowskitfilm wird eine erhohte in-
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tegrierte Absorption und eine gesteigerte Photolumineszenz von 7%, bzw. 121%,.
erzielt. Dieser Weg ebnet den Weg fiir Rolle-zu-Rolle verarbeitbare "photonisierte”
Absorber.

Die zweite Methode konzentriert sich auf die Entwicklung von Antireflexionsschichten
durch zusétzliche Anpassung des PSN an die Abmessungen unterhalb der Wellen-

lange. Das hier betrachtete Design besteht aus einer Frontelektrode, Indium-Zinn-

Oxid (ITO), die formschliissig auf die PSN aufgebracht wird. Im optimalen Fall

fithren die nanostrukturierten ITO-Elektroden zu einer Erhohung des Transmis-

sionsgrads um 7%, im Vergleich zu planaren Referenzstrukturen. Die Antire-

flexionseigenschaften werden genutzt, um die Photostromdichte von 4-poligen Per-

owskit/Kristallsilizium (Perowskit/c-Si)-Tandemsolarzellen zu erhthen. Perowskit/c-
Si-Tandem-Zellen mit nanostrukturiertem I'TO weisen eine hohere Kurzschlussstrom-
dichte (2,9mA /cm? absolute Verstirkung) und PCE (1,7 % absolute Verstirkung)

in der unteren c-Si-Solarzelle im Vergleich zur Referenz auf.

Schliellich wird in dieser Arbeit die Bedeutung der genannten Erkenntnisse fiir
das umgekehrte Problem - die Lichtextraktion in OLEDs - aufgezeigt. In der er-
sten untersuchten Konfiguration nutzt diese Arbeit die leicht abstimmbaren Licht-
streueigenschaften von ungeordneten Titandioxid-Nanoséulen, die aus einer selbstor-
ganisierenden Struktur und einem losungsmittelbasierten Lift-off-Prozess resultieren.
Die anschliefende Planarisierung dieser Nanosdulen durch eine diinne Epoxidschicht
gewihrleistet eine hervorragende Reproduzierbarkeit der Bauelemente - ein Aspekt,
der bei nanowelligen Substraten oft kritisch ist - und bewahrt eine starke rdumliche
Uberlappung der eingefangenen optischen Moden mit den lichtstreuenden Struk-
turen. Zur Veranschaulichung wird gezeigt, dass das vorgeschlagene Design die
Effizienz einer von unten emittierenden OLED (Apeak=5201nm) um +22%,; und die
Winkelemissionscharakteristik im Vergleich zu planaren Bauelementen verbessert.

In der zweiten untersuchten Konfiguration werden im Tintenstrahldruckverfahren
hergestellte lichtauskoppelnde PSN mit verschiedenen 2D-Designs getestet, wie sie
fiir den Einsatz in gedruckten OLED-Bauelementen vorgesehen sind. Dabei wird
ein transparentes Anodenmaterial direkt auf das PSN aufgebracht, was zu einer
Strukturierung der Grenzfliche zwischen Anode und organischen Schichten und einer
resultierenden Streuung der Wellenleitermoden fithrt. Eine OLED (Apeak=520nm),
die ein gedrucktes PSN enthélt, weist bei einer Leuchtdichte von 1000 cd/m? im
Vergleich zu einem planaren Referenzelement eine um 57% hohere Effizienz auf.
Dieser Ansatz léasst sich in eine Hochdurchsatz-Fertigungsroutine integrieren und
kann leicht auf andere OLED-Layouts erweitert werden.
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1. Introduction

The current energy market landscape is changing, driven by technological improve-
ments and environmental concerns. The emerging links between environmental crisis
and energy source thus open a frontier for looking into abundant, reliable, and clean
energy. In this context, solar photovoltaic (PV) has become a mature technology
whose global installation has increased by 1950% over the past ten years (see Figure
1.1).

Gigawatts
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700 Gigawatts
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Figure 1.1. Solar PV global capacity and annual additions. Note: Totals may not
add up due to rounding. (Source: www.ren21.net)

To sustain this exponential market growth, PV research is still looking for more
cost-effective and efficient solutions. One way to lower the cost-per-watt ratio of
solar cells is to decrease the thickness of the silicon while retaining the efficiency
on a high level. This is the driving idea behind the transition from thick wafer-
based solar cell devices to thin-film cells. Additionally, it can open up new design
and integration possibilities (flexible substrates, building integration, compatibility
with novel printing techniques, etc.). However, thin-film solar cells pose optical
challenges, especially the low absorption of the photons with energy close to the
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active layer’s optical bandgap, which add to reflection losses. It has been discov-
ered that nanostructures can remarkably improve the energy conversion efficiency of
thin-film solar cells by eliminating losses from incomplete absorption or by reducing
incident light reflection. Nanostructures rely on a core set of phenomena to attain
these goals, including coupling to waveguide modes through surface structuring and
gradation of the refractive index. Such structures are also relevant for the reverse
process, namely for light outcoupling in organic light-emitting diodes (OLEDs). In
particular, light management with nanostructures is of paramount importance for
OLED in light technology. OLED light technology, as opposed to OLED display, is
primarily used for general lighting and automotive applications.

Keeping in mind that about one-sixth of the total electricity is consumed for gen-
eral lighting,[" it is inevitable to use energy-saving, long-living, and environmentally
friendly light sources. The US Department of Energy estimates that the transition
to solid-state lighting sources will save 569 TWh of energy annually by 2035, an
amount equivalent to the output of more than 92 1000-MW power plants.!? That
is a significant amount of electricity that will not be needed anymore. OLED tech-
nology is one of those types of solid-state lighting (see Figure 1.2). Not only is it
ultra-thin, flexible, lightweight, and cool to the touch, it is glare free light surface,
in contrast to the light point source LED, which are optimal for illuminating rooms.
However, OLED lighting is yet to be widely adopted. In contrast, OLED displays
are nowadays mass-produced for mobile phones, tablets, and TVs. The former tech-
nology is focused on niche markets: automotive and specialty lighting. Some of the
critical challenges preventing the adoption of this technology for general lighting are:
the cost, the efficiency, and the lifetime of the OLEDs. Typically, lighting devices
require higher brightness levels than display applications, which makes practical de-
ployment of OLED lighting much more challenging as efficiency and lifetime can
degrade rather significantly when brightness level increases.

a b -

Figure 1.2. OLEDs for general lighting and automotive applications. (a) Bendable
OLED panels with efficacies >601m/W are commercially available and exemplify the
technology’s flexible design possibilities. (Source: www.oledworks.com) (b) Audi Q5
with digital OLED backlight. (source: www.audi-mediacenter.com)

The lifetime of the OLED can be extended by minimizing the electric power needed
to achieve high brightness. This can be achieved by, for example, eliminating op-
tical loss channels that often put a constraint on the external quantum efficiency
of OLEDs. Optical loss mechanisms responsible for that effect include light con-
finement in high refractive index layers (e.g., organic layers, transparent electrodes,
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and glass substrate), as well as the excitation of surface plasmon polaritons at the
interface between the metallic electrode and the organic layers. One possible way
to improve light management in OLEDs consists of incorporating light outcoupling
structures within the OLED stack.

Recent extensive studies have shown that the efficiency enhancement of both devices,
solar cells and OLEDs, using light management schemes largely depends on the
structural disorder of the nanostructures. In this regard, photonic materials with
tailored—i.e., with deliberately introduced structural disorder continue to attract
considerable attention in solar cells and OLEDs due to their extended spectral and
angular range of effectiveness. These characteristics are essential for solar cells in
terrestrial conditions (change in light intensity and diffused sunlight). They are
also relevant for the reverse process, namely for efficient light outcoupling while
maintaining stable angular and spectral emission profiles in OLEDs. Proofs-of-
concept have been successfully performed by fabricating nanostructures with short-
range structural correlation using a top-down method with a slow serial writing
process (e-beam lithography (EBL)), limiting the demonstration to small areas (see
Table 1.1). This shortcoming can be circumvented by tailoring the morphology
of self-assemblies that inherently incorporate structural disorder and which can be
more conveniently formed over large surfaces. Polymer blend lithography (PBL),
relying on the lateral phase separation of a blend made of immiscible polymers,
is a suitable patterning technique with that respect. Since it can be carried out
rapidly, cost-effectively, and because it allows exploring a broad set of disordered
configurations with tunable size distribution.

As I will show in this thesis, polymeric self-assemblies can also be obtained by
inkjet-printing, provided that a proper formulation of the solution containing the
two polymers is used. Moreover, this study demonstrates that disordered nanos-
tructures can be transferred into different functional materials with high fidelity
using nanoimprint lithography tools, including a roll-to-roll process. Thus, the pro-
posed approach offers great flexibility in terms of achievable designs and materials
choice to tailor light scattering and exploit it in various devices. Table 1.1 summa-
rizes the advantages and disadvantages of the proposed approach compared to the
most well-known available disordered nanopatterning methods.

Table 1.1. Summary of lithography methods relevant for disordered nanopatterning.

(++ = very high, + = high, - = low, -- = very low).

. . . Solid-state dewetting
Technique EBL Colloidal lithography of thin flms PBL
Resolution ++ + + +
Precision ++ -- -- -
Throughput -- + + ++
Area -- + + ++
Design flexibility ++ - - ++
Complexity + + + -
Cost ++ - + -
PV and OLED
industrial applicability * ) Tt

[3] [4, 5] [6, 7] This work
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The scope of this thesis is the development and evaluation of the proposed approach
for light management in solar cells and OLEDs. In this regard, the thesis first high-
lights the suitability of the fabricated nanostructures to design light scattering back
reflectors and front antireflection structures in solar cell multilayers. In addition,
the intrinsic absorption properties of solar cell absorber materials are tailored by
incorporating the self-assembled light scattering nanostructures inside the materials
via top-down routes, including imprinting and dry etching. The optical analysis of
patterned devices based on the proposed configurations above is further extended by
performing simulations based on the finite element method (FEM). On the modeling
side, this thesis focuses on developing a realistic 3D patterned solar cell model using
a growth model that exploits disordered photonics and the implementation of the
Lubachevsky-Stillinger algorithm to properly analyze structural disorder—starting
from random to correlated—in different schemes. Finally, the thesis elaborates on
the significance of these findings for the reverse problem, namely for light outcou-
pling in light-emitting diodes. In contrast to the approaches proposed for solar cell,
the OLED light outcoupling layer on a substrate is planarized to obtain a phys-
ically flat substrate surface but optically corrugated in a way that allows optical
scattering. As a result, the optimization of the self-assembled nanostructures with
respect to light scattering as well as their integration into an OLED stack in order
to achieve a functional and reproducible device is addressed. Moreover, this thesis
highlights that the light outcoupling nanostructures fabricated with the proposed
approach can be rapidly processed into the desired macroscopic design, as desired
for their deployment into inkjet-printed OLED devices.

Spin-casted
nanostructures

Inkjet-printed

Introducti Fund tal Materials & nanostructures Nanophotonic Conclusions
ntroduction undamentals methods Roll-to-roll applications & outlook
processed
Chapter 1 Chapter 2 Chapter 3 nanostructures | - Chapter 5-9 Chapter 10
Chapter 4 -~
Solar cell OLED
)
Nanostructured "Photonized" Nanostructured| |Planarized out- Printed corrug-
back electrode absorbers front electrode coupling layers ated substrates
Chapter 5 Chapter 6 Chapter 7 Chapter 8 Chapter 9

Figure 1.3. Schematic illustration of the scope of this thesis. In the top part the
content of the chapters is shown. The steps made in Chapters 5-9 are in further
detail at the bottom.

While the two examples above illustrate the potential of the proposed nanostructures
fabrication approaches, their applications extend well beyond PV and OLED (see
Tables 4.1 and 4.2 of Chapter 4), enabling the production of nanophotonic devices
of different shapes, types, and designs with precision from initial prototyping to
industrial manufacturing. Accordingly, I have tried to prepare the thesis such that
it is accessible for readers from the nanophotonic community without a dedicated
interest in PV and OLED details (please refer to Chapter 4 only) as well as for
readers from PV (please refer to Chapters 5 to 7 only) or OLED (please refer to
Chapters 8 to 9 only). Figure 1.3 highlights the chapter’s flowchart.
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In detail, this thesis is organized in the following way:

e Chapter 2 explains the principle of a solar cell and an OLED operation. The
factors that determine the efficiency of a solar cell and an OLED will be de-
fined. In particular, all-optical channels that influence the device’s efficiency
are discussed. In addition, the mechanism of nanophotonic structures fabrica-
tion based on binary blends of immiscible polymers is addressed.

e Chapter 3 presents the experimental methods, as well as the different materials
and characterization techniques used in this work. In addition, this chapter
introduces the optical simulation models used to investigate the light distribu-
tion within a solar cell thin-film stack and derive general rules for the design
of efficient light trapping nanostructures.

e Chapter 4 is the central part of this work. This chapter addresses the interest
and current state of the PBL for nanophotonic applications and structural col-
ors. Moreover, this chapter highlights the significant stride made in the tran-
sition of PBL “from lab to fab” by developing an industry-compatible inkjet
printing process and a roll-to-roll nanoimprinting process of phase-separated
nanostructures. These approaches are exploited in each of the following chap-

ters to fabricate nanostructures for light management in either solar cells or
OLEDs.

e Chapters 5-7 demonstrate that the up-scalable PBL technique can be used as
a versatile platform for fabricating phase-separated light scattering and antire-
flecting nanostructures that can be exploited in both top-down and bottom-
up strategies. Chapter 5 demonstrates that the nanostructures can serve as a
template in a bottom-up configuration, whereby back reflectors are deposited
onto phase-separated nanostructures to enhance the light entrapment in hydro-
genated amorphous silicon (a-Si:H) solar cells. In a second example, Chapter
6 elaborates that a similar structure can be used to pattern either an etching
mask made of resist or nano-stamps, which are employed for direct a-Si:H and
perovskite layers patterning to form light-scattering elements via a top-down
approach (i.e., dry etching and imprinting). In Chapter 7, phase-separated
nanostructures with dimensions smaller than the wavelength of incident light
(i.e., antireflective nanostructures) are proposed to reduce reflection losses and
thereby increase light absorption in perovskite and perovskite/c-Si tandem so-
lar cells.

e Chapters 8 & 9 illustrate the application of similar structures presented in
Chapters 5-7 as a light outcoupling layer for OLEDs. Chapter 8 reports on two
fabrication routes: (i) on the integration of low-index nanopillars (n=1.59 at
A=520 nm) planarized by a high-index material and (ii) on high-index nanopil-
lars (n=2.04 at A=520nm) planarized by a thin low-index resist layer, to fur-
ther improve the reproducibility of the OLEDs performance. The light out-
coupling layers are formed on top of the desired substrates (glass and flexible
foil) through spin-coating starting from an optimized binary polymer mixture.
In the second investigated configuration (Chapter 9), a transparent anode is
directly deposited atop inkjet-printed phase-separated nanostructures result-
ing in the corrugation of the anode/organic layers interface and subsequently
to the scattering of the waveguide modes.
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e The thesis concludes with a summary of the main results and gives an outlook
on promising future investigations.



2. Photonics for photovoltaic and
light-emitting devices

This chapter covers the physical and technical background on which this work is
based. First, an overview of the fundamental aspects of solar cell devices, including
the different factors determining their power conversion efficiency, optical loss mech-
anisms, and the various strategies for reducing the optical losses, will be introduced.
OLED devices are then reviewed. Basically, OLED and solar cell are reciprocal de-
vices. Light incoupling and harvesting in solar cells and light-outcoupling in OLEDs
can be understood as reversed processes. In particular, the importance of nanopho-
tonic structures for light management will be illustrated by discussing all-optical loss
channels which occur in solar cell and OLED devices. Finally, the mechanism of
nanophotonic structures fabrication based on binary blends of immiscible polymers
15 reviewed.

2.1 Solar cell

Solar cells work based on the photovoltaic (PV) effect, i.e. the generation of a
potential difference at the junction of two different materials in response to electro-
magnetic radiation. The conversion of light directly into electrical energy using the
PV effect was discovered by Alexandre Edmond Becquerel in 1839.18) The process
was observed when an electrode in a conductive solution was exposed to light. From
this discovery, till the current solar cells came to be, the timeline can be divided into
two periods:

1. The discovery years (1839 to 1904), a period characterized mainly with an
observation of the PV effect but without any fundamental understanding of
the science behind the operation (see Table 2.1), and

2. Theoretical foundation (1905 to 1950), a phase that laid the scientific founda-
tion for understanding PV device operation and its potential improvement.

The key events in the second period were A. Einstein’s photoelectric effect the-
ory (in 1905)! and fabrication of single-crystalline germanium (in 1948) and later,
silicon.[® 1% These two events mark the cornerstones of PV research.
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Table 2.1. 1839-1904: Discovery years

1839—PV effect is discovered by Alexandre Edmond Becquerel®

1873 Selenium’s photoconductivity is discovered by Willoughby Smith™"

1877 PV effect was observed in selenium by William G. Adams and Richard Evans!'?
1883 First working selenium solar cell was created by Charles Fritz!®!
1887—Photoelectric effect is observed by Heinrich Hertz!'?l

2.1.1 Electric power generation in solar cells

The generation of electric power requires the creation of free electron-hole pairs and
their collection at the terminals of the solar cell junction, as illustrated in Figure
2.1. The basic processes involve:

= B S?fio ®. N® o
Eph EG E @ k\. @
. o o A le

?@.?

Figure 2.1. Illustration of electric power generation in solar cells. In a semiconductor
with bandgap (E,), absorption of photon (E,, = hv) leads to (a) excitation of an
electron from E; to Ey when E,, = E, and (b) thermalization loss for part of energy
E,, > E,. (c) @ Absorption of a photon leads to the generation of an electron-hole
pair, @ the electrons and holes recombination, (@) with semipermeable membranes
the electrons and the holes can be separated, ) the separated electrons can be used
to drive an electric circuit and (§) after the electrons passed through the circuit, they
will recombine with holes. Adapted from the Ref.[14].

Absorption

The absorption of light in a solid film involves the excitation of an electron from its
initial energy level E; to a higher energy level E; (see Figure 2.1a). Only photons
with energy (hv) = E; — E; are absorbed,> 16/ where h and v are the Planck
constant and the photon frequency, respectively. Photons with hv < E; — E; will
traverse the material without interaction or will be reflected at its interface.['% 16l
In contrast, hv > Ey — E; are converted to heat (see Figure 2.1b). In an inorganic
semiconductor material, electrons are excited from the valence band (E,) maximum
to the conduction band (E.) minimum as shown in Figure 2.1a. There is no allowed
energy state between FE, and E. bands that electrons can populate. Hence, this
energy difference is called the bandgap, F, = E. — E,. The electronic property of
an organic semiconductor material is briefly discussed in section 2.2.1.

The change in the intensity (I, W-cm™2) of an ensemble of photons with incident
intensity (Iy) owing to absorption is give by the Beer-Lambert law!!™:

I(z) = Ipe™** (2.1)

8



2.1. Solar cell

where z is the depth into a film, and the effectiveness of a material at absorbing
photons is given by the absorption coefficient («) as a function of photon wavelength

(A):

a(\) = 47”;@ (2.2)

where x is the imaginary part of the material’s refractive index.

Generation

The excitation of an electron from E; to Ey, leaves behind a hole in the E; (see Figure
2.1a). The absorption of photon, therefore, leads to the creation of an electron-hole
pair as illustrated in Figure 2.1c@. The spectral (G)) and total (G) generation
rate of electron-hole pairs is proportional to the decay of the photon flux (¢)[15]:

Ny Oa(z, A E\x(N) - A —alNe

and G(z) = /G,\(z, A)dA,

G)\<Z, )\) = —
(2.3)

where 7, is a constant describing the photon-to-electron conversion efficiency, A is
the illuminated area and F) the spectral irradiance.

Separation

The generated electron-hole pairs exist for a time equal to the minority carrier life-
time (7). The 7 is limited by recombination, i.e. the electron will fall back to the
initial energy level FE;, as illustrated in Figure 2.1¢ ). If the carriers recombine,
the resulting energy will be released either as radiative recombination or transferred
to other electrons or holes or lattice vibrations (non-radiative recombination).[? 16!
For the electric power generation, a semipermeable membrane that ideally exclu-
sively transfer one carrier type must be present on both sides of the absorber film,
as illustrated in Figure 2.1¢@). The p-n homojunction (see Figure 2.2a) or p-i-n
heterojunction (see Figure 2.2b) represents a typical implementation of this concept,
where conductivities of majority and minority carriers differ by orders of magnitude
in the respectively doped regions.'®) Within the p-i-n-junction, the (generated) free
charge carriers are separated by a gradient in the electrochemical potential.['®! To
have working solar cell, the time required for the charge carriers to reach the mem-
branes must be shorter than their lifetime. Otherwise, the charge carriers recombine.

Collection

The charge carriers are extracted from the solar cells with electrical contacts so that
they can perform work in an external circuit. Under illumination, an ideal solar cell
can be described as a diode in parallel to a current source. The current output (I)
for an external voltage (V) is then given byl

I=1, [ea;p (g{;;) - 11 — I, (2.4)

Here, Iy denotes the reverse dark saturation current, I . the short-circuit current
density, kp the Boltzmann constant and 7' the temperature.and ¢ the elementary
charge.
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Figure 2.2. Band diagram and quasi-Fermi level splitting of (a) a p-n homojunction
and (b) a double heterojunction structure under illumination. n, i and p mark n-
type, intrinsic and p-type regions. E¢, Ev, Epy, Er. denote conduction, and valence
band energies, as well as quasi-Fermi energies of holes and electrons, respectively.
Depiction following Ref.[15].

2.1.2 Performance parameters

Imp

>
Vmp  Voc \Y;

Figure 2.3. Solar Cell I — V characteristic curve. The current at zero voltage (V')
is defined as the short-circuit current (Isc). The open-circuit voltage Vpe is the
maximum voltage available from a solar cell, and this occurs at zero current. The

working point in which Iyp - Visp becomes maximal is denoted maximum power
point (M PP).

The I —V curve depicted in Figure 2.3, plotted using Equation 2.4, can be used to
determine the characteristic solar cell parameters. These parameters are:
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Short-circuit current

The I,. is defined as the current flowing through the solar cell when the output
connectors are shorted together (a short circuit condition). This value is obtained
at V =0, given in (Ref.[15]) as:

Iy = q/ooo EQFEpy(E) - ¢darnsc(E)dE (2.5)

where EQFEpy (i.e., external quantum efficiency) is the spectral photon-to-electron
conversion efficiency of the solar cell, and ¢ A1 .5¢ is the photon flux under AM1.5G
illumination.

Open-circuit voltage

The V,. is the maximum voltage when the device terminals are not connected to any
load (an open circuit condition).

This value can be determined from Equation 2.4 by setting I to zero.

KpT (ISC )
Voo = In(=<+1 2.6
. T (2.6)

Fill factor

The FF is defined as the ratio of maximum obtainable power (P,,,,) to the product
of the V,, and J,,.['8

P

Where P, is given by the product of Vi;p and Ij;p. This value is shown at the
top right area of the brown rectangle in Figure 2.3.

Power conversion efficiency

The n is defined by the ratio of maximum electrical power output to an incident

light intensity (Pjign: ) 1:
Pm FF - Isc ' ‘/oc
PCE = ™ (2.8)
-Plight Plight

2.1.3 Optical losses

The absorptance - the ratio of the total number of photons absorbed in a material to
the incident flux- is a critical parameter for achieving high photo-current density and
thus high-efficiency solar cells.!' 2 However, the absorptance value of an absorber
material can be limited by several channel losses:

1. Reflection losses: incident photons can be reflected at interfaces between two
media with different refractive indices. For normal incident light, the re-
flectance at the interface of two materials with different refractive indices
(n1,my) is given by Fresnel equation!*):

R= (nl _"2)2 (2.9)

N1 + no

The derivation of Equation 2.9 can be found in Ref.[21].
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2. Non absorption: incident photons can be transmitted through the absorber
material with a low absorption coefficient. The absorption coefficient is best
conceptualized in terms of its inverse, a(\)~".'7) The a(A\)~!, which defines
the penetration length into an absorber material at which 67% (ie., 1 —
e~ 1) of photons at a given wavelength are absorbed, is an intrinsic material
property.[15 7]

2.1.4 Light management approaches

Light management approaches to overcome the optical losses discussed above while
preserving the materials in a solar cell stack consist!!”: (I) optical transmittance
improvement by anti-reflection effect, and (II) photon absorption rate improvement
in the absorber layer by light trapping effect. Alternatively, or in addition, one
can develop different absorber materials to increase the photon absorption rate and
absorption bandwidth. Much of this thesis work is devoted to implementing the
former two optical principles in solar cell devices to enhance their power conversion
efficiency (for more details, please refer to Chapters 5-7).

2.1.4.1 Anti-reflection effect

Anti-reflective properties can be achieved by using thin films that work based on
the basic principle of destructive interference, as illustrated in Figure 2.4a.*2l In
addition, it can be obtained from micro (refer to Figure 2.4b) and nanostructure
(refer to Figure 2.4c) arrays on substrates based on multiple internal reflections!'6: 22
and graded changes in the refractive index (for more details, please refer to Chapter
7), respectively.

a Incident light b C
Reflected light

n Thin film

Ns

Figure 2.4. Schematic illustration of incident light propagation through (a) a single
layer thin film on substrate (ns > n), (b) microstructure arrayed substrate (multiple
internal reflections of incident light), and (c) sub-wavelength nanostructure arrayed
substrate (interaction of incident light).

2.1.4.2 Approaches to light trapping

Light trapping in solar cells is achieved when the absorption of incident light is
higher than the absorption of a single light pass through the absorber material. The
considerations for thick and thin film light trapping designs are quite different: for
thick films light trapping can be described using ray optics, while thin-films require
treatment with wave optics.
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2.1. Solar cell

Ergodic limit for thick films

For thick films in the ergodic limit, light is not coherent over the thickness of the film
and light trapping can be described with ray optics. The very basic interpretation
of Equation 1 suggests that the absorptance is proportional to the travel length of
photons in the absorber layer. The travel length of photons, i.e., optical distance,
can be increased by changing the thickness of the absorber layer or by engineering
the material. The latter can be achieved by scattering of incident light at a textured
interface that allow the photon to remain in the material for much longer - to travel
a much longer path length - thereby increasing the probability of absorption (see
Figure 2.5).17 23] This, in short, is the goal of optical path length enhancement
(light trapping!'™).

One approach to enhance the path length is to use a Lambertian surface. This
surface is a perfectly randomising surface that scatters light isotropically, which
means that all reflected angles have the same probability. Assuming a perfect mirror
at the back side and a Lambertian scatterer at the front interface as schematized
in Figure 2.5, the maximum path length for weakly absorbed photons is given in
(Ref.[24]) as:

leff = 4n2d, (210)

Where d, n represents the thickness and the refractive index of the solar cell material,
respectively.

The equation is strictly valid in the geometric optics regime - where d > \/2n. It
represents a path length enhancement with respect to a planar semiconductor of
4n?, well known as the Yablonovitch limit.

Incident light

Reflecting layer

Figure 2.5. Path of light rays in the cell that is due to multiple reflections from the
front and back surface.

Thin film

When nanoscale photonic structures are used to manage solar photons in a thin
cell, the conventional ray optics models break down and wave optics concepts are
required to establish new performance limits. In the wave-optics domain, one needs
to start with an analysis of the electromagnetic modes of a solar cell. By using
nanophotonic structures that enhance the density of optical modes over a broadband
range of wavelengths, a light-trapping enhancement ratio significantly beyond the
Yablonovitch limit can be achieved.?”!
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2. Photonics for photovoltaic and light-emitting devices

2.2 Organic light emitting diode

Exploration of organic semiconductors as light-emitting material started about 55
years ago. The first electroluminescence of an organic compound was observed
in 1965.26] This was achieved by applying an electrical voltage to an anthracene
crystal. Shortly afterward (in 1990), electroluminescence was also demonstrated in
conjugated polymer based on poly(p-phenylene vinylene) film.? Since then, there
has been intensive research into other materials such as small molecules. This class
of materials is today the cornerstone technology for low-power flat panel displays
and energy-efficient light sources. 2%

2.2.1 Electronic properties of organic materials

OLED active materials, i.e., luminous thin-film components, are based on organic
semiconducting materials. The basic structure in these organic materials, e.g.,
conjugated molecules and polymers or organometallic compounds, consists of car-
bon compounds.?® Their semiconducting properties arise from the delocalized 7-
electrons, which are formed in hydrocarbons when not only single bonds are present
but also double and triple bonds. The overlap of the bonding 7 orbital (designated
as highest occupied molecular orbital —HOMO) and the anti-bonding 7* orbital
(lowest unoccupied molecular orbital — LUMO) provide a continuous system of elec-
tron density along the conjugated backbone.l?" 26! Thus, it supports mobile charge
carriers. The orbitals do not form a regular uniform energy band, unlike inorganic
semiconductors; it is instead a collection of states where the charges move. As a
result, the hopping process is the primary charge carrier transport mechanism inside
the organic semiconductor.?”l The bandgap (Ey), i.e., the energy difference between
HOMO and LUMO, is analogous to the energy difference between the valence and
conduction bands in the inorganic semiconductors. Generally, the Ej is in the range
of 1-4 eV.12 206 Light emission from ultraviolet to near-infrared can be achieved
by tuning the E,. The exact value of the energy gap depends on the size of the
conjugated m-system and, therefore, the molecule’s size.?!]

Energy levels in organic semiconductors

If a molecule absorbs a photon, an electron is promoted from the ground state S to
an excited state S,. Both energy levels have a substructure due to vibronic modes,
as shown in Figure 2.6a. The absorption can occur from the lowest vibronic energy
level v= 0 into one of the vibronic states v/ = n in the excited state. The electronic
transition is subject to the Franck-Condon principle (Kasha’s rule).?!l Afterward,
the system relaxes thermally to the lowest level of the excited state v’= 0. From
there, the vibronic relaxation from the excited states to the ground state occurs by
emitting photons. Eventually, the system relaxes non-radiatively until the vibra-
tional state v = 0 is reached. As a result, the energy difference in the emission is
smaller than in the absorption, as illustrated in Figure 2.6b. The emission spectrum
is red-shifted compared to the absorption spectrum and is called the Stokes Shift.
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Figure 2.6. The state diagram shows the energy levels of the ground state Sy and the
first excited state S; in a molecule. There are different vibrational states in the same
electronic state. (a) Absorption occurs between v= 0 at Sy and several vibrational
states at Sy, followed by vibrational relaxations. (b) The resulting absorption and
emission intensity versus energy. The difference between the maximum absorption
and emission is the Stokes shift.

The role of the spin

In organic molecules, there are well-defined spin states that play an important role
in the emission mechanism. Depending on the number of spatial orientations for
the spin vector, two electrons can assume single or triplet states. These states are
designated by multiplicity (25+1). If the total spin S = 0, the multiplicity takes the
value 1. This is called the singlet state and follows the Pauli exclusion principle (i.e.,
electrons in filled orbitals are paired with anti-parallel spins). For parallel oriented
spins of two electrons, the total spin S = 1. Hence, the multiplicity is 3 and called
the triplet state. Figure 2.7 illustrates the vector diagram representation of the
singlet and triplet states.

vV T T
VS S /N

L |
— -

Triplet

Figure 2.7. The relative spin orientations of two electrons around a local magnetic
field in the z-direction. In the singlet state, the electron spins are 180° out of phase
with a total spin of S = 0. There are three possible configurations for triplet states
with a total spin of S = 1, where the spin directions are in phase.
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2. Photonics for photovoltaic and light-emitting devices

Molecular luminescence

The probability of forming the triplet state is three times higher than the singlet
state. Excited singlet, triplet states are referred to as S, and T,,, respectively.
All excited states S, or T,,, except for the two lowest terms S; and T}, are very
short-lived.®) The transition from S, to S) takes place very rapidly (in the ns
scale) and relax nonradiatively. This process is called internal conversion.!?" 28l The
radiative decay mechanism of the singlet state, from the S; to the S, state, is
called fluorescence (see Figure 2.8). The transition from the T} to the Sp, is not
allowed due to the spin selection rules.?’ 28 As a result, organic materials display
weak phosphorescence (i.e., a radiative mechanism for the triplet states). In the
presence of heavy metals (e.g., in organometallic compounds), the spin selection rule
is relaxed.! 26 28] Thig allows the intersystem crossing and the radiative transition
from the Tj state to Sy (i.e., phosphorescence), as illustrated in Figure 2.8. Due to
the angular momentum difficulty, decay is inefficient and usually slow with a lifetime
of typically milliseconds. 2" 26 28l

A -

S2 & (2) -

Internal conversion

Energy

I T

SR W A—

(1) N\ (3) ————n
Fluorescence /V\N (5)

Phosphorescence

Figure 2.8. Energy level scheme of an organic molecule showing the most important
transitions between various singlet levels (.S,,) and triplet levels (75,). (1) Excitation
from the ground state to the excited state. (2) Non-radiative relaxation to the
lowest state of S; (internal conversion). Radiative relaxation to the ground state
by emission of a photon (fluorescence) or (4) transition to the triplet state with
spin conversion (intersystem crossing). (5) Radiative transition to the ground state
(phosphorescence).

2.2.2 Light emission in OLEDs

The OLED working principle is reciprocal to that of a solar cell (for more details,
please refer to section 2.1). An OLED emits light by conducting electricity to the
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2.2. Organic light emitting diode

organic materials sandwiched between two electrodes, i.e., the anode and the cath-
ode. In general, this effect is called electroluminescence. Figure 2.9a represents the
architectural characteristics of a multilayer OLED device. An OLED device consists
of a plurality of functional organic layers, including a hole transport layer (HTL), a
light-emitting layer(EML), and an electron transport layer (ETL). Figure 2.9b de-
picts the operation mechanism of an OLED device. The fundamental steps involve:
(D Injection of electrons and holes from cathode and anode, respectively, 2) trans-
port of charge carriers, @) recombination of electrons and holes to form excitons,
and @ finally the radiative exciton decay and emission of light.

a bA
® 9

Energy

| N
i Anode HTL EML ETL Cathode

| Substrate E @

>

Figure 2.9. Simplified illustration of light emission in an OLED. (a) A two-layer
OLED stack. ETL, EML and HTL denote the electron transport layer, the emission
layer and the hole transport layer, respectively. In order to obtain light emission,
a negative voltage must be applied to the cathode. (b) Schematic energy diagram
and charge carrier processes in a two-layer OLED illustrating the basic processes
of electroluminescence. (1) Injection of electrons from the cathode into the LUMO
and of holes from the anode into the HOMO, @) transport of charge carriers, @
recombination of electrons and holes to form excitons, and (@ radiative exciton
decay and emission of light.

2.2.3 Efficiency

The external quantum efficiency (7e.¢) is the most representative performance in-
dicator quantity when comparing different OLEDs, apart from their spectral char-
acteristics. The 7, gives the number of emitted photons (n,,) to the number of
injected electrons (n,) and is described in Equation 2.11.2% It can be separated into
internal quantum efficiency (7;,;) and optical photon extraction efficiency (7yut)-

n
Next = nih = NintMNout (211)

e

The 7, which is the fraction of photons generated per injected electron, can be
further split into factors representing the various loss mechanisms. This efficiency is
directly related to the electron-hole charge balance factor (7y), the fraction of a total
number of excitons formed which result in radiative decay (1g,7), and the effective
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2. Photonics for photovoltaic and light-emitting devices

radiative quantum efficiency of the emitting material (gesr). The 7, is related to
v, nsr and geps by the following the relation®:

Nint = YNS/TYeff (2.12)

The ~ gives the number of formed excitons divided by the number of injected charge
carriers. Suppose all injected charge carriers form excitons, then v = 1. In real-
ity, the v value is not unity due to injection barriers and different charge carrier
mobilities.” Hence, it leads to reduced OLED efficiency (1).¢). The charge carrier
balance () can be improved using multilayer stacks with doped transport layers
and additional blocking layers.[? 31]

The exciton recombination efficiency (ng/r) indicates the probability of an exciton
formation that is allowed to decay radiatively according to the spin selection rules.
It can be up to 25% for fluorescent emitters that only use singlet excitons and
up to 100% for phosphorescence emitters, which harvests both singlet and triplet
excitons.?® 31

The effective radiative quantum efficiency (g.rs) describes how many excitons re-
combine radiantly in relation to the total number of recombination events. The g.s¢
is given by the ratio of the radiative decay rate (I';) to the sum of the radiating and
non-radiating decay rates (> I',,), according to Equation 2.13. Due to the many
layers with different optical properties in an OLED), interference effects modify the
radiative decay rate (I'.), and this is described by using the Purcell factor (F).[2% 31
The T, can be modified by adjusting the microcavity effect. 28 31

FT,

PP 2.13

This thesis work is devoted to optical losses in an OLED device, and the character-
istics of 1y, and so will be explained in detail in the next section.

Near-field coupling to surface plasmons

<4— —> Cathode
) o« \
Waveguide / \ ; \ Organic layers (n~1.8)
modes & [ \ ) Anode (n~1.9)
N 7
Substrate \ / Substrate (n=1.5)
modes

Emission to air

Figure 2.10. Schematic illustration of the optical loss channels in a bottom-emitting
OLED. Without outcoupling enhancement, only a small fraction of light is directly
emitted to air.

2.2.4 Light extraction losses

As discussed above, an 7;,; to a high level of ~100% with the full use of both singlet
and triplet states is feasible. However, most of the emitted photons are trapped
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2.2. Organic light emitting diode

within the device because of various intrinsic light confinements by the mismatched
refractive index of the multilayer structure. In a conventional bottom-emitting
OLED, as shown in Figure 2.10, several high reflective index layers (napoder2,
Norganic”>1.8) are sandwiched between a low refractive index substrate (1ngas~1.5)
and a reflective metal electrode. For such configuration, optical loss channels are
surface plasmon polaritons (SPP),? 33 waveguided,*¥ and substratel®> 3% modes.

Waveguide mode

A planar waveguide formed from high index organic layers fabricated on a low in-
dex glass substrate and capped on top by a metal cathode in an OLED multilayer.
Hence, an OLED can be treated as an asymmetric metal-clad waveguide (metal-
dielectric-dielectric structure).” The scheme in Figure 2.11a shows the oversimpli-
fied structure and obtained by assuming the same refractive index for the anode and
the organic layers. In an asymmetric metal-clad waveguide, the effect of total inter-
nal reflection (TIR) at the interface of the low refractive index medium (cladding)
and the reflection from the metal electrode is used to guide light in a high refractive
index medium (core). The derivation of the dispersion relation of the waveguide
modes of such structures can be found in Ref.[38].

| | |
a b T T > ¢
6 ?.\ nyKop [\e n1Kp /le B
Dielectric, €2 > / Dielectric
Metal cladding

T \L ﬂ/\ﬂ

Dielectric cladding / \ ++\/ NS AN 2
Metal, €3 Metal

v X

Figure 2.11. Schematic representation of the structure of a bottom emitting OLED
and waves propagating inside the device. a) A bottom emitting OLED and an
asymmetric metal-clad (metal-dielectric-dielectric structure). (b) Schematic of mode
field profiles E(Z) of the planar slab waveguide shown in (a). The three regimes of
guided modes are indicated (1) radiative, leaky or partially guided, (2) fully guided
or bound, and (3) surface modes. ¢) Description of propagating SPP waves inside
the simplified OLED structure.

The optical modes of the waveguide can be categorized based on their in-plane
momentum or wavevector values, as illustrated in Figure 2.11b.3%] The in-plane
wavevector describes the propagation of modes by the tangential component of the
wave vector, kxz. The three available optical modes under this consideration are:
(I) Radiative (leaky) modes: 0 < B < nakg

Modes in this regime can escape as radiation since the in-plane wavevectors are
below the cut-off for TIR at the substrate interface. Hence, this modes are known
as ‘leaky’ modes.

(IT) Fully guided (bound) modes: noky < f < mikg

The in-plane wavevectors of the modes in this regime are above the cut-off for the
TIR at the substrate interface. As a result, the light is fully guided in the high
refractive index medium (core). In the end, these guided modes are lost by edge
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2. Photonics for photovoltaic and light-emitting devices

emission.
(III) Surface modes: niky < B
As highlighted in Figure 2.11c, these are mainly SPP modes.

SPP mode

SPP modes are related to waveguide modes in that they too are confined electro-
magnetic waves. SPPs are guided electromagnetic surface waves traveling along with
the interface between a dielectric and a metal.l? 281 An exemplary scheme is shown
in Figure 2.11c. For the p-polarized wave (TM mode, the electric field component
perpendicular to the surface of medium) incident on the interface, the oscillating
electric field will cause surface charges at the interface between the metal and the
dielectric. These are longitudinal electromagnetic waves with exponentially decay-
ing fields perpendicular to the interface.*!! The dispersion relation of SPP strongly
depends on the refractive indices of the metal and the adjacent dielectric and can
be written asl®":
€m€d
€m T €4

(2.14)

Rspp = Ko

Where, €, and €¢; being the complex dielectric function of the metal and dielectric

layer, respectively. kg is the wavenumber, ry = 27”

In conventional OLEDs, the emitter molecules are located in close proximity to a
metallic interface. Hence, the SPP modes can be formed via the optical near-field
of the excited molecule. Notably, strong coupling of radiation can occur for organic
emitter with a vertically oriented dipole moment.*” These SPP modes travel along
with the organic/metal interface and are eventually dissipated as heat.?" 37] This
leads to low-outcoupling efficiency.

Substrate mode

The thickness of a substrate (> 100 um) is much larger than the wavelength of the
emitted light. Hence, the waves propagating in a substrate can be analyzed using
geometrical optics. TIR can occur under a certain angle of incidence to substrate/air
interface when light propagates from the high-index substrate to air. This critical
angle of incidence can be described according to snell’s law as follow:

6. = arcsin (m) Ny < N (2.15)
na

Where n; and ny are the refractive indices of air and substrate, respectively. For
a substrate made of glass (ny4ss = 1.5), the TIR occurs at 6. = 41.8° (see Figure
2.12). These substrate modes propagate along the substrate and are lost by either
absorption or edge emission.

The OLED optical structure presented here is oversimplified. In reality, the inter-
faces between different organic layers (HTL, ETL, and EML) and the transparent
anode can not be ignored since all have different values of refractive index. As a
result, besides the optical losses mentioned above, there are losses due to Fresnel
reflections (for more details, please refer to Equation 2.9). These arise at every
transition between two materials with different refractive indices.
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ni=1

ny>1
B6j=6c

Figure 2.12. Total internal reflection at a glass/air interface: ngass > Nair (Ngiass =
1.5, ngir = 1). Left: normal refraction, 0; < 6. and 6; < 6;. Middle: 0; 4, = 90° for
critical angle 6; = 6., here 0. ~ 41.8°. Right: TIR, 6; > 6..

Distribution of modes in an OLED multilayer

Considering the optical structure in Figure 2.13a, the optical (loss) channel of an
OLED can be expressed using a dispersion relation as high-lighted in Figure 2.13b.
The dispersion relation depends on the refractive indices of the different layers and
the location where light is generated.?” A distinction is made between four regimes:
For electromagnetic radiation with an in-plane wavevector ranging between 0 and r,
light is out-coupled to air (air modes). At higher wave vectors (in-plane wavevector
ranging between rg and ny,ssk0), light is trapped in the substrate (substrate mode).
The dispersion relation that defines waveguide modes lies below the substrate light
line w = cgqssk, With w being the angular frequency of the electromagnetic wave.
These are propagating waves with an in-plane wavevector value ranging between
Nglassko aNd Ngrganicko. The waves with an in-plane wavevector larger than nerganicko
can not radiate and are usually described as evanescent waves decaying away from
the metal-dielectric interface (SPP modes).

a p @®
Metal Air modes SL strate %rgjgéc
Organic layer Kx=NorganicKo 4‘_ e . SPP modes
S
; Glass . ——> o/ B (\ ......................................
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Figure 2.13. Scheme of optical modes distribution for a bottom emitting OLEDs. (a)
A simplified OLED with propagating waves having a maximum in-plane wavevector
in each layer. w is the angular frequency of light and ky the magnitude of wavevec-
tor in free space. b) Schematic dispersion diagram for the OLED. Unlike air and
substrate regions (continuum space), only waves with a certain in-plane wavevector
can propagate in the organic layer and the metal surface (SPP modes).
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2.2.5 Light extraction approaches

The optical losses discussed above can be minimized by optimizing the layer thick-
ness of the organic materials (i.e., microcavity optimization) and the emitter dipole
orientation. However, the dominant optical losses are not effectively minimized with
the two approaches. Alternatively, or in addition, numerous light extraction struc-
tures have been investigated to outcouple the confined optical modes and further
enhance the efficiency of an OLED. Broadly, these light outcoupling structures can
be classified as external and internal light outcoupling layers. The external light
outcoupling layer only aims to extract the confined light at the glass/air interface.
The thin-film-guided modes, however, are still confined. Hence, to fully outcouple
the confined light, it is also essential to incorporate an internal light outcoupling
layer. The various strategies to extract the different optical modes in an OLED
device are reviewed below:

Dipole moment orientation

The outcoupling efficiency of an OLED is highly influenced by the orientation of
the transition dipole moment vectors of the emitting molecules with respect to the
plane of the OLED substrate.’” Among the three different optical loss channels,
the orientation of emitting dipoles has a considerable effect on the coupling to SPP
modes.?" 40l For example, vertically oriented emitting dipole overlaps with the elec-
tric field of SPP and thus leading to strong coupling of the emitted light to the
TM-polarized SPP modes of the metallic cathode.;4qy However, a horizontally ori-
ented dipole leads to reduced light losses from SPP modes since a dipole’s radiation
is the strongest in the direction vertical to the transition dipole moment.B7 40 A
horizontally orientated dipole can be achieved by either exploiting the guest-host
interactions between the emitter (guest) and the host or by chemically designing an
elongated rod-shaped emitter that would lay flat upon deposition.?7

Microcavity optimization

The microcavity structure is defined by the top metal electrode layer acting as mirror
and the dielectric mirror formed on a glass substrate.*!! Based on the multiple-beam
interference effect between two mirrors, a light wave with the wavelength that meets
constructive interference condition is strengthened while others are suppressed.[*?
This effect influences the electroluminescence spectra of an OLED device. With a
careful choice of the layer thicknesses and the inclusion of additional optical spacer
layers, the microcavity resonance effect was shown to enhance air modes while sup-
pressing the amount of power coupled to the waveguided and substrate modes.!*! 42

Manipulating refractive index in OLEDs

One possible solution to reduce the optical losses in an OLED is tuning the optical
material property (i.e., the refractive index) of the organic and anode layers. This
can be achieved by using chemical or physical means.’”) For example, a reduced
refractive index can be achieved by means of oblique angle deposition of an anode
and transport layers such as HTL and ETL.7 40)
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External light extraction layer

A large portion of the emitted light (around 40% to 60%) from the organic thin film
is confined in a glass or polymer substrate as a substrate mode. This is mainly due to
the TIR at the substrate/air interface, and any schemes attached to the outer surface
of the substrate to reduce the propagation angle or frustrate the TIR boundary
conditions are referred to as the external light outcoupling layer. Typical examples
of external light outcoupling structures are index-matching lens (e.g., macro lenses
and microlens array (MLA)), bulk optical scattering layers including particles or
air voids, and corrugated (or wrinkle) substrates. Among the different approaches,
MLAs give the highest substrate mode extraction efficiency. The substrate mode
extraction efficiency of the bulk optical scattering layers highly depends on their
light scattering strength and the absorption of the scattering film. The substrate
mode extraction efficiency of the corrugation (or wrinkle) structures depends on the
feature size (i.e., periodicity and corrugation depth). Greater feature size compared
to the internal corrugation structures (for more details, please refer to Chapter 9) is
required to suppress the substrate modes effectively.

Internal light extraction layer

In contrast, the internal light outcoupling structures are built inside of the OLED de-
vice. Internal schemes may be classified into two categories: compact and volumetric
light scattering layer. The former includes a scattering layer (i.e., with a thickness
of a few hundreds of nanometers) relying on disordered or periodic 2D/1D planar
nanostructures. The latter include scattering layers, where high (or low) refractive
index nanoparticles are embedded into a thick transparent matrix layer. A detailed
discussion of different internal light outcoupling layers along with approaches devel-
oped in this study for improving the efficiency of OLEDs can be found in Chapters
8 and 9.

2.3 Phase separated nanophotonic structures

Polymer blends undergo a transition from a single-phase homogeneous solution into
two or more distinct phases when a solvent is removed, or temperature is changed.
This, in short, is referred to as a phase-separation process. The formation of distinct
phases can be explained using Flory-Huggins theory,*3 44 which deals with the
equilibrium phase behavior of a mixture of two linear polymers A and B. Accordingly,
the change in free energy upon mixing AG,, for a binary polymer blend is given
by[43—45}:
AG,, Py

Op
iol  Na Ings + Ny Ingp + dadpx (2.16)

Where kp denoting the Boltzmann constant, 1" the temperature, N4,p the number
of monomers in the polymer chain of A and B, ¢ 4,5 the volume fraction of polymer A
and B in the mixture, and y Flory-Huggins segment-segment interaction parameter.

The first two terms on the right-hand side of Equation 2.16 are related to the en-
tropy of mixing; whereas, the last term gives the enthalpy of mixing.*3 *4 In binary
polymer blends, the large chains assume fewer mixed configurational states; thus,
the combinatorial entropy becomes vanishingly small. As a result, x is a useful
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2. Photonics for photovoltaic and light-emitting devices

parameter for explaining the phase separation of polymer blends. The phase separa-
tion occurs when a single-phase system enters either the metastable or the spinodal
(i.e., ZAGm — () region (for more details, please refer to Chapter 4). The critical

9%¢
thermodynamic condition for phase separations is given by!*3 46

PAG,,  PAG,,
2 P

0 (2.17)

The x parameter at the critical point x. can be obtained from the definition
of the critical point (Equation 2.17) and Equation 2.16. Thus, x. given by the
expression[*3: 46

! ( ! + ! )2 (2.18)
X =5 | 7=+ —F= :
2\+vV/Nsy +/Np
Where x is treated as composition independent.
The final morphology of the phase-separated polymers is influenced by the polymer
blend recipe and the deposition conditions.[** Chapter 4 demonstrates how the mor-

phology depends on the blend properties and how processing conditions can control
phase size and shape.
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3. Materials, methods and
characterization

This chapter covers the different materials, methods and characterization techniques
used in this work. Section 3.1 gives an overview of the materials used for solar cell
and OLED devices fabrication, as well as for polymer blend lithography. Section 3.2
presents the methods used for processing the materials. At the end of the chapter,
the optical and electrical characterization techniques used for the devices are briefly
discussed. In addition, the techniques used for the topographical characterization of
the devices and the phase-separated nanostructures are highlighted.

3.1 Materials

Hydrogenated amorphous silicon

a-Si:H layers were prepared using plasma-enhanced chemical vapor deposition (for
more details, refer to the Methods section) at a plasma excitation frequency of
13.56 MHz and a substrate temperature of 180 °C. A high discharge power of 0.3 W /cm?
and a SiHy/Hy flow of 41/339SCCM (standard cubic centimeter per minute) was
used for the deposition of the a-Si:H films. More details regarding the deposition
parameters are provided in Ref.[47, 48].

Silver

a-Si:H based solar cells have front- and back-side metalized portions (front and back
electrodes). As a back electrode, a 250 nm thick silver (Ag) layer fabricated using
a thermal evaporator is used. As a front contact, Ag grids with a finger width of
around 100 gm, periods in the mm-range and a finger thickness of 700 nm are used.

Aluminum doped zinc oxide

ZnO:Al layers were prepared using a magnetron-sputtering method. The target
consists of 98 wt.% Zinc oxide (ZnO) and 2 wt.% Al,Os. In particular, the latter
increases the conductivity of the material. More details regarding the role of the
dopant aluminum is provided in Ref.[49]. ZnO:Al layers were used as a buffer and
capping layer in n-i-p a-Si:H solar cells (for more details, refer to Chapter 5).
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Hydrogen-doped indium oxide

IOH (InyO3:H) thin films were deposited using a sputter deposition system con-
structed by Kurt J. Lesker Company Ltd. The sputter coater was equipped with
a 6” InyO3 target with 99.99% purity. The process gasses used were argon, a 10%
hydrogen mixture in argon, and a 10% oxygen mixture in argon. More details re-
garding the stability and the deposition parameters of IOH are provided in Ref.[50].
IOH layers were used as transparent conductive oxides in n-i-p a-Si:H solar cells (for
more details, refer to Chapter 5).

Indium tin oxide

ITO was applied by Kurt J Lesker PVD-75 thin film deposition system. The deposi-
tion was carried out at room temperature (25°C) with a deposition time of 2000 sec,
0.8 mtorr, and 2.5% O,. Then, the samples were further annealed for 15min on a
hot plate at 200°C to improve the transmission and the conductivity. The layers
exhibit a sheet resistance of 22.9 Ohms/sq for a film thickness of 135 nm.

Emitter: Ir(ppy)s

Tris[2-phenylpyridinato-C2, Nliridium (III) (Ir(ppy)s) exhibits a very bright phos-
phorescence with an internal quantum yield of almost 100% [51], with an emission
maximum at Apeqr= 520nm. This green light-emitting utilize all of its singlet and
triplet excitons for the emission. The emitter material was doped in a double-layer
consisting of the hole and the electron transport materials, both at a concentration
of 7 vol.% (for more details, refer to Chapters 8 & 9). The material was purchased
from Lumtec Corp.

Injection and transport materials

Molybdenum oxide (MoQOj3) was used as a hole injection material, 4,4’,4”-Tris[phenyl(m-
tolyl)aminoltriphenylamine (m-MTDATA) as a hole transport material, 4,7-Diphenyl-
1,10-phenanthroline (BPhen) as the electron transport material. Lithium fluoride
(LiF) was used as the electron injection layer, followed by the cathode material
(Aluminum). The materials were deposited using a high vacuum thermal evapo-
rator (Lesker Spectros) at a pressure of 10~ mbar. The transport materials were
purchased from Lumtec Corp.

Polymer blend

The polymer blend solutions were prepared by dissolving each mixture of methacry-
late) (PMMA) and polystyrene (PS) precursor in a common solvent such as methyl
ethyl ketone (MEK, Sigma-Aldrich). PMMA and PS with different molecular weights
were purchased from PSS Polymer Standards Service GmbH (PSS) and used without
further modification.

3.2 Methods

Spin coating

Spin-coating is a method used for the deposition of a liquid phase (i.e., a solution)
onto a substrate that is subsequently rotated at high speed to form a thin layer.
Film thinning occurs due to rotational forces (hydrodynamic thinning) and through
evaporation (evaporative thinning). A number of parameters affect the interplay
between hydrodynamic and evaporative thinning including viscosity, vapor pressure,
molecular weight, acceleration rate, and rotational rate.?
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Inkjet printing

Inkjet printing is a non-contact, digital printing process. Based on operation modes,
inkjet printing is classified into two, continuous inkjet (CIJ) and drop-on-demand
(DOD) inkjet.l” In a CIJ printer, ink droplets are produced and ejected continu-
ously. An inkjet printer based on a piezoelectric DOD inkjet head (Pixdro LP 50)
is used in this research work. In a piezoelectric DOD inkjet head, a waveform is ap-
plied to a piezoelectric pressure transducer to control the ejection of individual ink
droplets in a DOD manner onto a printing substrate to produce a computer-defined
layout (for more details, refer to Chapter 4).15

Wet etching

Wet etching involves stripping off material from a substrate using liquid chemicals
or etchants. Such a process can be carried out by protecting an area of the material
not to be etched using a mask, for example, isotropic patterning of sputtered ITO in
hydrochloric acid (Merck KGaA, 37 vol.%) bath to form anode contacts. In contrast,
wet etching without a mask is carried out to develop a material from a substrate
selectively. In this work, the latter process is used to selectively develop either a
PS using cyclohexane (Merck KGaA) or a PMMA using acetic acid (ThermoFisher
GmbH) after the deposition of a PS/PMMA polymer blend on a substrate.

Dry etching

Dry etching is used as an alternative to wet etching. In this work, reactive ion
etching (Oxford 80 Plasmalab Etcher, United Kingdom)) is used to transfer pattern
into the a-Si:H layer by using a nanostructured PMMA matrix layer as an etching
mask (for more details, refer to Chapter 6). The a-Si:H is etched using a SFg/Ar-
based plasma at operational pressure and power of 25 mT and 50 W, respectively.
The SFg/Ar flow rate was fixed at 5/20 scem.

Sputtering

Sputtering is a vacuum technology for applying coatings of pure materials to the
surface of various substrates. The material to be deposited is called the “target”.
Ions generated by an electrical or magnetic field accelerate and knock atoms out
of this target, which is then coated onto a substrate. With this method, thin-
film conductive oxides such as indium tin oxide, aluminum-doped Zinc oxide, and
hydrogen-doped indium oxide were deposited onto various substrates.

Thermal evaporation

Thermal evaporation is used to produce organic, metal, and dielectric coatings. A
high-vacuum vapor deposition system (Kurt J. Lesker) was used to achieve these
coatings. The system is equipped with a three-stage pump system to reach working
pressure of less than 107% mbar. Organic materials are placed inside a quartz glass
tube and heated using a surrounding heating coil until the materials evaporate. The
metal and dielectrics are placed inside resistance evaporators (so-called crucibles)
and heated up to 400 amp. The samples to be coated are positioned above the
crucible and rotated to have a homogeneous coating.
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Plasma enhanced chemical vapor deposition

Chemical vapor deposition (CVD) is a process by which thin films of various mate-
rials can be deposited on substrates, using precursors in the gas phase at elevated
temperatures. CVD process requires a temperature in the range of 600 °C-800 °C and
thereby restricts its use to substrates that can withstand these deposition temper-
atures. As an alternative for low-temperature substrate (typically heated to 250 °C
to 350°C), plasma is used to provide energy during the material deposition process
(so-called plasma-enhanced chemical vapor deposition).!*"

Optical simulation

The optical properties of thin-film solar cells based on a-Si:H were simulated by
the finite element method (FEM) available in COMSOL Multiphysics version 5.2a.
Here, rather than reviewing the well-known FEM algorithm itself (which is thor-
oughly covered elsewherel®), the focus is on the particular design decisions that
went into developing the physical and mathematical model of the simulation do-
mains discussed in Chapters 5 & 6. The modeling capabilities in COMSOL are
accessed via predefined physics interfaces, referred to as wave optics/RF interfaces,
which allow to set up and solve electromagnetic models. The simulation domains
are sampled using mesh elements. A straightforward example of a vital simulation
parameter to choose is the domain sampling distance or mesh elements distance. In
optical problems, wave propagation is characterized by the wavelength of light, A.
Thus, it is found that spacing between mesh elements not larger than a fraction of
the wavelength is adequate to avoid numerical artifacts and obtain accurate results.
An optimum choice that minimizes the computational load and gives results with
reasonable accuracy is %. The effect of an infinite structure is achieved by the use of
a floquet boundary condition. This condition mimics the bulk structures required to
model a device’s optical properties, thereby saving memory and computational time.
Hence, it is used to flank simulation models from the sides. In contrast, perfectly
matched layers were introduced on the top and bottom of the simulation window to
avoid the reflection of the backward propagating light back to the simulated domain.

For a normally incident plane wave with transverse-electric (TE) and transverse-
magnetic (TM) orthogonal states, the integrated absorption was obtained usingl®” %!

Yo AN L

A = 2Amin (3.1)
Ag dI ’
where 4 is the incident solar radiation intensity per unit wavelength, and A(X) is

the absorption
Pa—Si:Hd
A(/\): fffv abs U'

3.2
Pincident (/\) ( )

abs

absorbed per unit volume calculated from the divergence of the Poynting vector.
2mc

|E(X)[? is the magnitude of the electric field intensity, w = ¢ is the angular fre-

quency of the light, where c is the speed of light in vacuum and €/l is the imaginary
part of the dielectric permittivity.

Pincident(A) is the incident power in watt, P 5H — %cue”|E()\)|2 is the power
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3.3 Characterization

Atomic force microscopy

AFM uses a cantilever with a very sharp tip to probe surfaces. Forces between the tip
and a sample surface deflect the cantilever. A laser beam is used to detect cantilever
deflections towards or away from the surface. The detected beam is converted into an
electronic signal and thereby utilized to reconstruct an image of the surface. It offers
qualitative and quantitative information on many physical properties including size,
morphology, surface texture, and roughness. In this work, AFM investigations were
performed by using a JPK nanoWizard II atomic force microscope in intermittent
contact mode (so-called “Tapping Mode”®) under ambient conditions. Herein, the
measuring tip is set into oscillations close to its resonance frequency and positioned
above the surface so that it touches the surface for a very small fraction of its
oscillation period.

Focused Ion Beam

FIB is used to make a cross-section on the surface of a sample to be examined. This
process is often achieved by applying gallium ions to the surface of the sample. This
process removes material from the surface and creates a hole with a smooth cut edge.
A scanning electron microscope (SEM) is then used to observe the cross-section by
tilting the sample. In SEM, a glow (so-called “hot cathode”) or a field emission
cathode first emits primary electrons. These electrons are focused on the sample,
where they are scattered back or re-emitted as secondary electrons. A detector is
used to detect this electron beam, and the beam’s position is combined with the
intensity of the detected signal to produce an image. The FIB-SEM investigations
were performed by using Zeiss Crossbeam 1540 ESB.

UV-vis-NIR spectrometer

The total transmittance (T) and reflectance (R) of samples were measured using a
UV-VIS spectrometer (Lambda 1050, PerkinElmer Inc.) equipped with a 150 mm
integrating sphere. For this, a light source (i.e., halogen lamp) spectrally selected
using an optical grating and split into two beams. The sample to be examined is
positioned in one of the two beams, while the other beam is used as a reference. The
R or T is determined by the ratio of the measured intensities of the reference and
sample beam. The absorptance (A) of the samples was then derived by applying
A =1—-T — R for every wavelength. The diffused T and R were performed by
letting the direct T and R escape out from the integrating sphere, respectively. A
haze was measured by making the ratio of the sole diffused reflected or transmitted
light to the overall reflected or transmitted light. Angle-resolved measurements
were performed by fixing the samples in the middle of the integrating sphere using a
vise-type center-mount, and the sample holder was rotated around its vertical axis.

Solar cell EQE setup

External quantum efficiency (EQE) of solar cells based on a-Si:H was measured using
a differential spectral response setup with a lens in order to display the exit slit of
the monochromator again with its smaller size to avoid partial shading by the front
grid. Data were acquired using 10 nm intervals.
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Solar cell simulator

The current-voltage characteristics of solar cells based on a-Si:H were obtained under
simulated AM1.5G illumination conditions at room temperature following standard
calibration and measurement procedures using a WACOM-WXS-140s-super (Class
A) AM1.5 sun simulator. The solar cells are defined by a mask during the sun simu-
lator measurements in order to avoid current collection at the solar cell boundaries.

Integrated sphere

The luminous flux of an OLED device was measured using an integrated sphere with
a 20 cm diameter. The inside of the integrated sphere is coated with barium sulfate
(BaSOy,) that has effective diffused reflectance in the spectral range of 350-2400 nm.
The OLED device is positioned at an entrance opening and operated electrically.
The emitted luminous flux introduced into the integrating sphere strikes the reflec-
tive walls and undergoes multiple diffuse reflections. The sphere exit is provided
with shading (baffle), reflecting diffusely and blocking direct emission. The sphere
exit is connected with glass fiber, which is connected to an external spectrometer
(CAS140CT, Instrument Systems GmbH). The scheme that represents the system
is shown in Figure 3.1. The absolute value of the luminous flux can be determined
by calibrating the integrated sphere with a luminous flux standard. A halogen lamp
with 17.11m from TechnoTeam GmbH was used as a luminous flux standard for cal-
ibration. An aiding lamp is also integrated into the system to consider the effect of
different substrate holders on the measured spectra. The OLED devices’ electrical

BaSO4
reflective coating

Aiding lamp unit

Optical fiber

® J ® m .

SMU Spectrometer

Figure 3.1. Measurement setup for determining the luminous flux of an OLED. The
SMU controls the OLED placed inside of the integrated sphere. The emitted light
is collected by the detector, which is connected to a spectrometer. The detector is
screened from direct light by the baffle.

characteristics (current and voltage) were monitored using a source measurement
unit (SMU, Keithley 2400).

Goniometer

A goniometer is used to measure the angle-dependent radiation characteristics of an
OLED device. A scheme of the setup is shown in Figure 3.2. Herein, the OLED
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device is operated at a fixed current or voltage. An SMU (Keithley 238) serves as
the current or voltage source. A multi-mode glass fiber connected to a spectrometer
(Ocean Optics USB2000) is used to collect the emitted light. The fiber cable was
located at a distance of ~15cm from the OLED device. The distance is chosen so
that the numerical aperture of the glass fiber corresponds to the angular interval of
the rotation. This distance is big enough to avoid near-field effects of the emission.
The angle-dependent radiation intensity is calculated by integrating the spectrum
in the visible range.

Fiber coupler

Optical fiber

®

® & ® m .

SMU Specti'ometer

Figure 3.2. Goniometer setup for measuring the angle dependent radiation charac-
teristics of an OLED. The OLED is rotated around the vertical axis. The emitted
light is detected and guided to a spectrometer via an optical fiber.
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4. Self-assembled nanostructures:
From spin-casting to printing to
imprinting

Quasi-periodic or disordered assemblies of light scatterers are playing an unprece-
dentedly tmportant role in optics and photonics. Recently, particular attention is
focused on the formation of such nanostructures in an inexpensive and facile way.
In this direction, a maskless lithographic approach (polymer blend lithography) based
on the spontaneous phase-separation of two or more polymers has shown great poten-
tial to fabricate such structures at high throughput and low cost. In this chapter, the
interest and current state of the polymer blend lithography for nanophotonic appli-
cations and structural colors are first addressed. Moreover, this study identifies key
challenges and opportunities within the field. In section 4.1, a spin-coating method
18 investigated as a deposition method to fabricate polymer blend lithography-based
tailored disordered nanophotonic layers. Herein, the tailored disorder is achieved
by adjusting the deposition condition and polymer blend parameters. The follow-
ing sections address the significant stride made in the transition of polymer blend
lithography “from lab to fab” by developing an industry compatible inkjet printing
process (section 4.2) and a roll-to-roll nanoimprinting process (section 4.3) of phase-
separated nanostructures. Finally, the chapter concludes with some perspectives and
outlook on the future developments in the field. Parts of the results presented in this
chapter have previously been published in the journal of ACS Nano and Advanced
Materials Technologies.[®% 611

Bottom-up nanostructures fabrication methods such as the self-assembly of am-
phiphilic lipids,[? block-copolymers,'% polymer blends,®* or colloidal particles!®!
have stimulated numerous studies due to their importance in basic scientific research
and potential technological applications. The top-down approaches offer the advan-
tages of high fidelity and high controllability.[% 67 Among many available top-down
approaches, optical lithography®! and electron-beam lithography (EBL)7 have
been well developed and widely used by the conventional semiconductor industry.
Optical lithography, however, lacks the resolution to pattern thin films into small
features due to the optical diffraction limit. In contrast, EBL allows fabricating finer
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structures but has limited throughput. In an alternative strategy, bottom-up ap-
proaches based on the phase-separation of homopolymer blends or block copolymers
can provide a route to the fabrication of finer patterns (e.g., feature size<50nm)
with higher throughput. In this approach, a single-phase homogeneous solution
demixes into two or more distinct phases.[8 9 Our everyday experience with water
and oil droplets illustrates such a spontaneous liquid-liquid phase separation. Be-
cause most polymer blends are incompatible, films undergo phase separation in the
presence of a hard wall and free surface.[%® % Afterward, one of the constituents can
be selectively removed, whereas the remained phase provides a template for additive
or subtractive pattern transfer operations. The attractiveness of phase-separation
processes for optics and electronics is highlighted in Table 4.1.

Table 4.1. Examples of phase-separated nanostructures processed by spin-coating
and ordered by increasing feature size. Adapted with permission from Ref.[60].
(©) 2021 American Chemical Society.

Application / optical material Feature size [nm]

Magnetic recording device <10, <5071

Field effect transistor <15,[721 «30[73]

Phase change memory <20[™

Nanocrystal memory device 2017

Laser diodes 20(76]

MOS capacitor 20771

Metasurfaces <40,1781 80-200[79
Anti-reflective coating <50,[8% 10081]

Photonic band-gap material 50,1821 500(83]

Optical filter <16084

Sensor (pressure,®3 # protein, DNA, 86l RNAIST) 500,33 <500,[3%] 200-800[86: 87]
Solar cells 200-600,!88! 140-560,391 40-3001°0]
OLEDs 200-1000(1

Photodiodes 10000-150002]

The successful transfer of phase-separated nanostructures (PSN) from lab-scale
demonstrators into real-world products; however, is limited by three factors:

1. The PSN are randomly oriented with poor long-range order.

2. The deposition of the polymer blends using spin-casting (used for the applica-
tions gathered in Table 4.1), restricts the incorporation of PSN into uniform
films and only offers limited control over the patterned areas location, size or
geometry.

3. The polymer blend recipe (e.g., molecular weight, mass-ratio and concentra-
tion) fixes the structural parameters such as size, periodicity and shape of the
nanoscale domains across the film.

Techniques for directed self-assembly based on chemically™ 93 94 and topographi-
cally 19 9] patterned substrates address the first two limitations. Several approaches
such as sequential solvent annealing,®” %) chemically patterned substrates,% 100
and external fields (stimuli)!®~1% were investigated to address the third limita-
tion. The materials and insights gleaned from these works are impressive; however,
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their industrial relevance is limited by the reliance on multiple steps and the use of
lengthy thermal annealing processes that are not suited for high—production indus-
trial applications. Eliminating such constraints could be valuable in many different
application contexts (see Table 4.1).

In this study, first the well-established spin-coating method will be used to generate
tailored disordered self-assembled nanostructures. Interest is driven by the need for
tunable nanophotonics structures to improve light management in optoelectronics
devices (which is also the topic of discussion in the following chapters of this thesis
work). The following section highlights the development of inkjet printable polymer
blend inks to fabricate 2D planar PSN using inkjet-printing (IJP). This approach
is exploited to overcome the second and third limitation of PBL that are discussed
above. In what follows, the homopolymer blend ink formulation is further tailored
to meet the growing interest for photonic materials and devices fabrication by roll-
to-roll (R2R) nanoimprinting lithography.

4.1 Spin-casted nanophotonic structures

Spin-coating Phase-separation

Nucleation and growth Sea-island structure

:i

PMMA

i i‘,:sn {;‘

— hilp
i
118

_a 5

PS/PMMA |

l

Substrate

Spmodal decc)mposition Tortuous channels

lf'\'-

Figure 4.1. Phase-separated nanostructures via the self-assembly of PS/PMMA. A
schematic illustration of the formation of spin-casted PSN via (a) nucleation and
growth, and (b) a spinodal decomposition mechanism at room temperature. SEM
images of the PSN formed via nucleation and growth (c,d), and spinodal decompo-
sition mechanism (e), after the selective development of the PMMA (c) or of the PS
(d,e) phase.
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This section establishes a stable and reproducible fabrication route for the PSN with
tunable characteristics using a spin-coating approach. To fabricate the PSN, a poly-
mer blend consisting of two immiscible phases (polystyrene (PS) and poly(methyl
methacrylate) (PMMA)) dissolved in methyl ethyl ketone (MEK) is used. As
schematized in Figure 4.1, initiation of phase separation in the spin-casted thin
film occurs through solvent evaporation. There are many routes to the formation
of solid phases from a homogeneous PS/PMMA solution, but they all involve one
of the two fundamental mechanisms of phase separation, nucleation and growth (N
& @) or spinodal decomposition (SD).!'%% 1051 When the starting condition from
which the new phase is formed is metastable, the phase transition occurs initially
by N & G. Such phase transition mechanism leads to the formation of PSN with
island-sea morphology as highlighted in Figure 4.1a. Outside of the N & G region,
i.e., when the homogeneous phase becomes thermodynamically unstable, phase sep-
aration occurs via SD. The PSN formed via SD exhibit a disordered bicontinuous
network (tortuous channels) morphology as shown in Figure 4.1b. Either of the
formed phases via N & G or SD can be selectively dissolved afterwards. Herein, cy-
clohexane (acetic acid) enabled the development of the PS islands (PMMA matrix)
selectively, leaving random nanoholes in a thin PMMA layer (random PS nanopil-
lars) on the substrate, respectively. As an example, Figure 4.1 presents scanning
electron microscopy (SEM) images of PSN formed via N & G and rinsed in acetic
acid (Figure 4.1c) and cyclohexane (Figure 4.1d,e) afterwards. The SEM image in
Figure 4.1e show a representative morphology of PSN formed via SD.

For the spin-coating of polymer blend films, there are many parameters and con-
ditions, such as the concentration of the polymer solution, the spin rate, and the
surface property of the substrate, among others, that affect the final morphology
of the polymer blend film. The following sections present a brief discussion on the
influence of each parameter on the resulting morphology of PSN.

4.1.1 Rate of solvent evaporation

The morphology of the PSN can be controlled by adjusting the common solvent evap-
oration rate. This is attributed to the time-dependent domain coarsening behavior
of PSN.[19: 107 The spin-coating approach allows controlling the solvent evapora-
tion rate and hence domain coarsening behavior of PSN by simply adapting the
rotational speed. Primarily, an increase in spin-casting speed shortens the time
available for the PS domains to coalesce into larger ones by accelerating the MEK
evaporation rate. Thus, it leads to the formation of finer PS nanopillars domains
at higher speed. Figure 4.2a atomic force microscopy (AFM) images highlight the
spin-casting speed’s significant role in manipulating the PSN surface morphology.
When PS/PMMA solution is spun at 500 rpm, the average diameter of the islands
is about 606 nm, and a very wide diameter distribution from about 200 to 1000 nm
is obtained. In contrast, the same solution spun at 3000 rpm exhibits an average
diameter of about 411 nm and a narrower diameter distribution from about 200 to
700 nm is found (see Figure 4.2b). Tuning the rotational speed during PS/PMMA
deposition also leads to variation in the layer thickness of the final PS nanopillar
domains on a substrate as highlighted Figure 4.2a,c.

In an alternative strategy, the solvent evaporation rate during spin-coating can be
controlled by adjusting the external environment conditions such as humidity and
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temperature.l%% %8 Since the preparation of samples in this study carried out in a

cleanroom with a controlled environment (with relative humidity between 40%-50%,
and temperature in the range of 21-23°C), the role of humidity and temperature is
addressed only briefly. This will be an interesting aspect to analyze in a follow-up
study. Herein, modest solvent evaporation rate control during deposition has been
achieved by opening and closing the spin-coater chamber. Figure 4.3 highlights that
a closed spin-coater chamber during spin-coating slows (down) the evaporation rate
thereby leading to larger PS domains (i.e., both in thickness and diameter) compared
with with open chamber deposition (see Figure 4.2).
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Figure 4.2. Influence of spin-casting speed on the PS nanopillars diameter and
height. AFM images of the PS nanopillars fabricated using spin-casting speed of (a)
500 rpm, 1000 rpm and 3000 rpm with a open spin-coater chamber. (b) Distribution
of the diameters of PS nanopillars of various spin-coating speed. (c¢) Height profiles
of selected PS nanopillars of the average size. The scan areas of all AFM images are
10 pm x 10 gm. Samples prepared using PS(34K)/PMMA (15K) with a 4:6 weight
ratio in MEK, with a concentration of 20 mg-ml~!.
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Figure 4.3. Dependence of the PS nanopillars diameter and height on the sol-
vent evaporation rate with open and closed spin-coater lid. AFM images of the
PS nanopillars fabricated using spin-casting speed of (a) 500 rpm, 1000rpm and
3000 rpm with a closed spin-coater chamber. (b) Distribution of the diameters of
PS nanopillars of various spin-coating speed. The scan areas of all AFM images are
10 um x 10 pm. Samples prepared using PS(34K)/PMMA (15K) with a 4:6 weight
ratio in MEK, with a concentration of 20 mg-ml=.

4.1.2 Composition of the blend

A change in PSN surface morphology similar to that shown in Figure 4.2 and 4.3
(achieved by adjusting the depositions conditions) can also be achieved by varying
the PS/PMMA blend compositions. Figure 4.4 shows representative AFM images
of the morphology for the sample prepared using PS/PMMA with different blending
ratios. When the weight ratio of the PS in the blend is increased, PS nanopillars with
larger diameter and increased thickness exist in polymer films. The driving force
for these behaviors during spin-coating on a substrate is based on the difference in
solubility of the PS and PMMA polymers in MEK.['%! Previous experimental studies
showed that MEK is a better solvent for PMMA than for PS.[8% 109, 110] Thig leads
to more MEK solvent in the PMMA-rich phase compared to the PS-rich phase. One
way to lower the MEK in the PMMA-rich phase is to increase the weight ratio of
the PS in the blend. Doing so, provides a longer period of time for the solvent in
the PS-rich phase to evaporate and hence sufficient time for the domains to coalesce
into larger ones (see Figure 4.4a,b). In contrast, when PS phase exceeds 40% in the
solution, a PS matrix with nanoholes is formed on the substrate as shown in Figure
4.4c. The change of the dispersed phase from PS-rich to PMMA-rich, with change
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in blend composition, is known as phase-inversion.''™") The resulting phase-inversion
phenomenon is commonly associated with the change in the viscosity ratio of the
polymer blends.'™ 112 Tt is predicted that the respective blend viscosity reaches a
maximum at the point of phase inversion.'?

350 nm
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Figure 4.4. Influence of the polymer blend weight ratio on the resulting morphology
of the PSN. AFM images of the PS morphology fabricated using different PS/PMMA
weight ratios= (a) 20:80, (b) 30:70 and (c) 50:50. The scan areas of all AFM images
are 10 yum x 10 gm. Samples prepared using PS(34K)/PMMA (15K) in MEK, with

a concentration of 20 mg-ml~!.
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Figure 4.5. Influence of the polymer blend concentration on the resulting morphol-
ogy of the PSN. AFM images of the PS nanopillars fabricated using three different
polymer blend concentrations: (a) 15mg-ml~, (b) 25mg-ml~! and (c) 35 mg-ml~.
The scan areas of all AFM images are 10 um x 10 um. Samples prepared using
PS(34K)/PMMA (15K) with a 4:6 weight ratio in MEK.

In a spin-casted polymer solution, film thinning occurs through centrifugal and vis-
cous forces.''?l The latter highly depends on the concentration of the polymer in the
solution. A more diluted solution exhibits lower viscosity and higher diffusivity, lead-
ing to a thinner polymer film on the substrate. In contrast, undiluted solutions lead
to a thicker layer, and such films are known to retain solvents for a more extended pe-
riod. Thus, it provides sufficient time for the PS nanopillar domains to coalesce into
larger ones. As shown in Figure 4.5, the average diameter of the PSN spun with a
more dilute solution is significantly smaller (average diameter=464 nm) as compared
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to that spun with the more concentrated solution (average diameter=738 nm). The
PS nanopillar domain height also increased linearly as the polymer concentration
was increased from 15mg-ml ! to 35 mg-ml~*.

4.1.4 Molecular weight

The polymerization degree of PS, expressed with molecular weight, is the main
parameter for varying the thickness of the polymer film. An increase in PS molecular
weight, increase the viscosity of the solution and consequently increases the film
thickness. This leads to increased diameter of the PS domains by increasing the
polymer film drying time. Figure 4.6 shows the dependence of the PS domains
height and diameter on the molecular weight of the PS polymer. The PS nanopillar
domains diameter increased from 383 to 748 nm as the PS molecular weight was
increased from 19 kg-mol ~* to 96 kg-ml ™.

350 nm

96 kg-mol?!

0

Figure 4.6. Influence of the PS molecular weight on the resulting morphology of the
PSN. AFM images of the PS nanopillars fabricated using three different molecular
weight of PS: (a) 19kg-mol™!, (b) 56 kg:mol™! and (c) 96 kg:mol~*. The scan areas
of all AFM images are 10 um X 10 um. Samples prepared using PS/PMMA (15K)
with a 4:6 weight ratio in MEK, with a concentration of 20 mg-ml~!.

4.1.5 Solvent

The common solvent of a PS/PMMA blend determines the phase that solidifies first
on a substrate. Typically, less soluble component depletes into solid earlier. How-
ever, the solvent effect is substrate-dependent, too. Different indicative morpholo-
gies, fabricated by solely switching the common solvent from MEK to chloroform,
toluene and tetrahydrofuran (THF) can be seen in the AFM images shown in Figure
4.7. In contrast to MEK, the other solvents considered above are better solvents
for PS."101 Ag result, the PMMA phase is expected to collapse earlier into solidi-
fication and form islands-like structures while PS forms the surface-covering layer.
With chloroform, as expected the PS polymer forms a matrix layer while the PMMA
forms the nanopillars structures (see Figure 4.7a). In contrast for toluene and THF,
the PS and PMMA formed tortuous channels via SD (Figure 4.7b,c).
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Figure 4.7. Influence of the common solvent on the resulting morphology of the
PSN. AFM images of the PS morphology fabricated using three different solvents:
(a) chloroform, (b) toluene and THF. The scan areas of all AFM images are 10 um
x 10 pm. Samples prepared using PS(34K)/PMMA (15K) with a 4:6 weight ratio,
with a concentration of 20 mg-ml—1.

4.1.6 Substrate

The type of substrate used for the deposition of the PS/PMMA blend determines
the wetting behavior of the polymers at the substrate interface.'* For hydrophilic
substrates (here achieved by oxygen (O2) plasma treatment for 5min), the more
polar PMMA is strongly attracted to the substrate interface (for more details, refer
to section 4.2). Hence, the PMMA might form a wetting layer. The difference on
the substrate between Oy plasma treated and untreated could change the kinetics
(mobility) of PS in these films. This might explain the PS nanopillars size distribu-
tion difference between PSN prepared on O5 plasma treated and untreated substrate
(see Figure 4.8).

a b

Figure 4.8. Influence of substrate wetting on the resulting morphology of the PSN.
AFM images of the PS nanopillars fabricated on subtrate that has a water contact
angle of (a) 55° and (b) 0°. (c) The corresponding distribution of the diameters of PS
nanopillars. The scan areas of all AFM images are 10 um x 10 gm. Samples prepared

using PS(34K)/PMMA (15K) with a 4:6 weight ratio in MEK, with a concentration
of 20 mg-ml~1.
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In summary, the findings reported here illustrate a PSN based on the phase sepa-
ration of PS and PMMA polymer blends through spin coating process. The pro-
cess of fabricating a cylinder like nanoholes and pillars, and bicontinuous network
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(tortuous channels) nanostructures based on this phase separation approach were
demonstrated. The required feature size of the nanostructures could be obtained
conveniently by tuning the parameters of the polymer blend recipe and the deposi-
tion conditions. The successful use of these easily tunable PSN for light management
in optoelectronics devices is highlighted in the following chapters. However, the spin-
coating method used to fabricate PSN limits their design possibilities, which in turn
hinders the deployment of PSN in commercialized products. To tackle this short-
coming, in the next section a versatile and industrially scalable deposition method
based on inkjet-printing (IJP) of a polymer blend is introduced. Thus, the presented
approach offers a great flexibility in terms of achievable designs and materials choice
in order to tailor light scattering and to exploit it in various devices.

4.2 Inkjet printed nanophotonic structures

IJP is a system for depositing a material onto a specific place (for more details, refer
to Chapter 3). This system has gained significant interest in industry for depositing
materials with specific electrical, optical, chemical, biological, or structural function-
alities. This is owing to its high scalability and cost-effectiveness.™'? Its benefits
are therefore well aligned with those provided by a phase-separation process. The
following sections demonstrate a versatile deposition method to fabricate arbitrary
patterns of 2D planar PSN via the IJP of PS/PMMA blend inks over different sub-
strates including glass, and polymer foils without physical contact. Here, tunable
PSN are demonstrated by adjusting the deposition conditions such as resolution or
post-annealing temperature. In addition, tunable PSN are achieved by tailoring the
initial mixture recipe such as PS/PMMA weight-ratio.

4.2.1 1JP ink formulation

In spin-coated PS/PMMA inks (refer to section 4.1), homogeneously distributed
PSN are achieved due to the dominating centrifugal force that leads to uniform but
dispersive distribution of inks. In contrast, the IJP process depends highly on the
PS/PMMA ink dynamics such as its viscosity () and surface tension (). For IJP
inks, the desired processing windows are 1 < n < 25mPa.s and 20 < v < 90mN.m™!.
In addition, IJP inks are commonly prepared with solvents possessing a boiling point
over 150°C. This helps to keep the nozzles wet, and therefore avoiding detrimental
clogging effects.

Herein, small molecular weight (MW) PS (MW=19kg-mol~!) and PMMA (MW=15
kg-mol~1) polymers are employed with a concentration of 50 mg-ml~! to maintain a
stable jetting process. The polymer blends were dissolved homogeneously in cyclo-
hexanone with a boiling point of 155.6 °C.

4.2.2 Direct writing of PSN enabled by 1JP

The working principle of IJP for writing customizable 2D designs incorporating
PSN is schematized in Figure 4.9a. Here, an applied waveform to a piezoelectric
transducer ejects droplets of PS/PMMA blend ink from each nozzle in drop-on-
demand manner onto the printing substrate to produce the computer defined layout
incorporating the PSN. For this ink formulation, phase-separation was assisted by
a rapid thermal annealing process after printing.

42



4.2. Inkjet printed nanophotonic structures

Piezoelectric

Nozzle Transducer
a Ink

PS(=) t PMMA(=) =]
in —>
Cyclohexanone ( )

[—Printing table

Hot plate

Substrate

Ink preparation Inkjet-printing Annealing

A 30
T
Spinodal line Single phase
Binodal line
I phase \ *
Iseparatedy
! \
!

Figure 4.9. 1JP enables the direct writing of PSN in complex designs. a) Schematic
illustration of the key steps involved in IJP of the PS/PMMA=30:70 ink. (b)
Schematic phase diagram of a polymer blend of PS and PMMA as a function of
weight ratio of PMMA, ¢ and temperature, T. Above the binodal line, the system
is a one-phase mixture. Below the binodal line, the mixture separates into PS and
PMMA phases. Between the binodal and spinodal (dashed) line at B, the phase sep-
aration happens via nucleation and growth. Outside of the nucleation and growth
region (A) phase separation occurs via spinodal decomposition and leads to disor-
dered bicontinuous network (tortuous channels). AFM phase images (8 yum X 8 um)
of the film (c) pre-annealing and (d) post-annealing. Adapted with permission from
Ref.[60]. (© 2021 American Chemical Society.

Samples are annealed at higher temperature than the glass transition temperature
of both polymers (105°C for PS and 115°C for PMMA) under normal atmosphere.
Then, the phase separation takes place during the annealing process and is either
based on N & G or SD mechanism as schematized in Figure 4.9b. Figure 4.9¢c,d
highlights the AFM phase images of printed PS/PMMA film pre-annealing (no PSN)
and post-annealing (with PSN). Printed lines (post-annealing) forming the bee logo
layout on a glass substrate (Figure 4.10a) and on a flexible plastic foil (Figure
4.10b), present examples that demonstrate the versatility of these processes in terms
of printed film uniformity, geometry and PSN distribution. The SEM image (see
Figure 4.10c) of the printed bee logo (after selectively developing the PS phase)
shows that the PSN do not feature local clustering of the phase-separated nano-
domains. Furthermore, the resulting morphology of the printed PSN are independent
of the printed pixel size. Figure 4.10d highlights the dependence of the surface
morphology on the printed pixels area that include a microscopic (smallest possible
side dimension of 100 um) and macroscopic scale. In particular, the average NH
depth and diameter for the printed pixels with different scales shown in Figure
4.10d are 80nm, 79nm and 96.2 nm, 97.4 nm, respectively.
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Figure 4.10. IJP enables the direct writing of PSN over diverse substrates. a)
Photograph of an IJP 25 mm x 25 mm glass substrate illuminated by a white LED
from the edge. The PSN efficiently scatter out the in-coupled light, revealing the
bee logo. b) Photograph of the same IJP bee logo on a flexible plastic foil made of
polyethylene terephthalate. c¢) Representative SEM top-view image of the disordered
and uniformly distributed nanoholes (NHs) in a PMMA matrix, fabricated on a glass
substrate after selective development of the phase-separated PS domains. (d) Center:
Light microscopic image of printed pixels with the same thickness but with different
lateral scales. The enlarged AFM images (left and right) show the corresponding
surface morphology. The scale bar in the light microscopic image and the AFM
image represents 0.5 mm and 1pum, respectively. Adapted with permission from
Ref.[60]. (© 2021 American Chemical Society.

4.2.3 Dynamic variation of the PSN’s morphology during IJP

In similar manner as that of the spin-casted PS/PMMA film, the orientation of the
inkjet printed phase-separated domains depend on the printed film thickness. This
is attributed to the change in the kinetics of phase-separation'® and time required
for the rearrangement for stable chain conformation depending on the considered
film thickness.™'7 18] The 1JP approach allows controlling the film thickness by
simply adapting the printing resolution. This offers the possibility of adjusting the
surface morphology of PSN, defined at the printing step, without changing the ink
formulation. From an application viewpoint, this approach opens the possibility
to digitally control the in-plane shape, the effective period and the diameter size
distribution of the PSN at pre-determined locations over the same substrate, which
would not be possible with ordinary spin-casting approach discussed above.

In order to explore the influence of the printed PS/PMMA thickness on the PSN
surface morphology, squares with an area of 25 mm? were printed on a substrate
with varying printing resolution from 400-1200 dpi as highlighted in Figure 4.11a.
For a low resolution (here at 400dpi), discontinuous films are formed due to the
small number of ink droplets over the printed area. In contrast, printing resolutions
above 500 dpi provide continuous films with a uniform thickness.
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Figure 4.11. Influence of the printed pixel thickness on the nanoscale morphology of
the phase-separated polymer films. a) Photograph of pixels printed at an increasing
resolution and including NHs in a PMMA matrix after selective development of the
PS phase (ink based on PS/PMMA (30:70)). The scale bar represents 1 cm. Cross-
sectional SEM of pixels printed with a resolution of (b) 600 dpi, (c¢) 800dpi and (d)
1000dpi. The scale bar represents 0.5 um. Adapted with permission from Ref.[60].
(©) 2021 American Chemical Society.

Figure 4.11b-d shows cross-sectional SEM images of FIB cut pixels printed with
different resolutions. Depending on the printing resolution used, a different wet-
ting layer formation is observed. Both polymers wet the substrate for a printing
resolution of <700dpi, as shown in Figure 4.11b. For films printed with higher
resolutions, mainly the PMMA layer wets the substrate (see Figure 4.11c,d). In
polymer blends, the air-polymer interfacial region is normally enriched in the poly-
mer of lowest surface energy in order to minimize the interfacial free energy.!'® 1)
Here, despite similar surface energies of PS and PMMA, M8 119 cross-sectional SEM
images of focused-ion-beam (FIB) cut PS/PMMA films have demonstrated the ten-
dency of PMMA to form the wetting layer (see Figure 4.11c,d). The only possible
reason for the preferential surface enrichment is the influence of the substrate used.
Herein, the substrates were exposed to Argon plasma for 5min. Hence, the more
polar PMMA is strongly attracted to the hydrophilic substrate and forms a wetting
layer.
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Figure 4.12. Defining the PSN’s morphology at the inkjet-printing step. a) Pho-
tograph of chameleon logo layout printed with different resolutions and including
NHs in a PMMA matrix after selective development of the PS phase (ink based
on PS/PMMA (30:70)). The scale bar represents 1cm. The inset 3D AFM im-
age shows the NHs fabricated with 1200dpi. (b)-(d) Corresponding AFM images
from selected areas showing an increase of the mean NH diameter together with the
printing resolution. The scale bar represents 2 um. e) Measured diffuse reflectance
from pixels printed with different resolution over the visible spectrum (under close
to normal incidence). f) Thickness of printed square films (area of 4 mm?) measured
using contact profilometer before annealing as a function of the printing resolution
and average depth of NHs in the PMMA matrix from AFM measurements. Depen-
dence of the PSN structural parameters as a function of the printing resolution: (g)
Effective period of the NH array calculated using a pair correlation function and
average diameter of the NHs in the PMMA matrix. Adapted with permission from
Ref.[60]. (© 2021 American Chemical Society.

In one application example, the developed approach is used for printing customized
structural colors. Figure 4.12a display a photograph of a chameleon logo pixels
obtained upon a gradual change of the printing resolution. Figure 4.12b-d shows
the corresponding AFM topography images of the PSN. The resulting pixels display
different haze and colors arising from spectrally dependent light scattering at the
PSN with different feature sizes (see Figure 4.12e). The thickness of the printed films
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(before annealing) reported in Figure 4.12f increases with the printing resolution.
After annealing the films, it is observed that the average depth and diameter of NHs
in the PMMA matrix increases with the printing resolution, as shown in Figure
4.12f,g. The pair correlation function (denoted “PCF”'2%) was used to derive the
effective period from the AFM images. It can be concluded from Figure 4.12g that
the calculated effective period also increases with the printing resolution.

4.2.4 Ink composition dependence of the PSN’s morphology

180 nm

Figure 4.13. Influence of the polymer blend weight ratio on the resulting morphology
of the phase-separated nano-/micro-domains. AFM images of the PMMA matrix
fabricated using three different PS/PMMA weight ratios (PS/PMMA)= (a) 20:80,
(b) 30:70, (c) 40:60, and obtained after 5min of annealing at 150°C, and after
the selective development of the PS phase. The scale bar represents 3 um in all
AFM images. Adapted with permission from Ref.[60]. (C) 2021 American Chemical
Society.

The processes of printed PS/PMMA film formation and phase separation depends
strongly on blend composition. Effects related to blend composition emerge from
a change in concentration of either PS or PMMA for a fixed PS/PMMA solution
concentration. A series of printed films printed using PS/PMMA inks with a weight
ratio of 20:80, 30:70 and 40:60 served as the basis of investigations (see Figure 4.13).
PSN with a diameter size distribution centered at 113 nm obtained by increasing the
weight-ratio of PS in the PS/PMMA blend to 30:70 from an original composition of
20:80, for which this distribution is peaking at 40 nm only (see Figure 4.14). Since
the high PMMA weight ratio (for a fixed PS/PMMA solution concentration) also
decreases the PS concentration, it is expected that the PSN made of PS resulting
from a high PMMA weight ratio have smaller diameter (for more details, refer to
section 4.1). When the PS weight ratio exceeds a given value, 30% in the present
case, one observes a transition of the PSN morphology from a “sea-island” configu-
ration (see Figure 4.13a,b) to a disordered bicontinuous network, involving domains
with a width of a few hundreds of nanometers. A representative AFM image is given
in Figure 4.13c for a blend composition of 40:60.
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Figure 4.14. Size analysis of the disordered NH array for different weight ratios
of PS/PMMA. A Gaussian distribution with a mean hole diameter of (a) 40 nm,
and (b) 113nm is obtained for inks with a PS/PMMA weight ratio of 20:80 and
30:70, respectively, and after annealing at 150°C for 5min and after the selective
development of the PS phase. The solid lines in (a) and (b) represent the Gaussian
fit. Adapted with permission from Ref.[60]. (C) 2021 American Chemical Society.

a 20:80 b 30:70 c 40:60

Figure 4.15. The dependence of the phase-separated nano-/micro-domains on the
polymer blend weight ratio. Schematics depicting the phase-separation mechanism
for different weight ratios. AFM images of the PS domains fabricated using three
different PS/PMMA weight ratios (PS/PMMA)= (a) 20:80, (b) 30:70, (c) 40:60,
and obtained after 5 min of annealing at 150 °C, and after the selective development
of the PMMA phase. The scale bar represents 3 um in all AFM images. Adapted
with permission from Ref.[60]. (C) 2021 American Chemical Society.

4.2.5 Annealing temperature dependence of the PSN’s morphology

The growth of the PS domains’ lateral size in PS/PMMA film is largely determined
by the diffusion rate of the PS in the system, which is known to increase with a rise of
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the annealing temperature.'>!] This PS phase coarsening phenomenon in the PMMA
matrix follows the Ostwald ripening mechanism.!'??l For an annealing temperature
of 150°C, the PS domains for thinner films printed with a resolution of 550 dpi after
selective development of the PMMA phase are shown in Figure 4.15. Similar density
of PS domains and NHs in the PMMA matrix is expected when only switching the
developer solvent. Herein, the density of PS domains is significantly higher than
the NHs in the PMMA matrix (see Figure 4.13a,b) when the PS/PMMA weight
ratio is 20:80 and 30:70. The reduction in the NHs density in the PMMA matrix
indicate that most PS domains fail to come into a direct contact with the polymer-
air interface and are buried in the PMMA layer as illustrated using the schematics
in Figure 4.15.

Typically, PS/PMMA films that are in non-equilibrium evolve towards the mini-
mization of the surface energy once the polymers become mobile upon increasing
the annealing temperature.!'?> 124 Figure 4.16 highlights the morphology of printed
PSN obtained by varying the annealing temperature for PS/PMMA with a weigh
ratio of 30:70. As the lateral size and thickness of the PS domains increase with the
annealing temperature, the adjacent PMMA layer becomes thinner with an increase
in surface coverage. By increasing annealing temperature from 150 to 300°C, the
average lateral size and thickness of the PS domains was tuned from 113 to 1500 nm
and 350 to 1300 nm, respectively.
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Figure 4.16. Influence of the annealing temperature on the resulting morphology of
the phase-separated nano-/micro-domains. The AFM images of samples obtained
after annealing PS:PMMA (30:70) blend thin films fabricated using 550 dpi at a
temperature of 200 °C, 250°C and 300°C for 5 min are shown in (a), (b), (c), re-
spectively, after selective development of PS (top row) or of PMMA (bottom row).
The scale bar in (a) and (b) represents 3 pm, and 9 um in (c). Adapted with per-
mission from Ref.[60]. (C) 2021 American Chemical Society.
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For a printing resolution >700 dpi, the resulting phase morphology at lower temper-
ature (150°C) is different from the situation shown in Figure 4.15. As can be seen
in Figure 4.11c,d, the PS domains extend over most of the film thickness, but do
not reach the interface with the substrate (here the PMMA forms a wetting layer)
for high printing resolutions. As a result the selective development of the PMMA
layer leads to the collapse of the PS domains. A higher annealing temperature of
printed PS/PMMA film decreases the thickness of the PMMA layer wetting the sub-
strate and consequently the PS domains grow towards the substrate, as highlighted
in Figure 4.17a,b. Herein, standing hemispherical PS domains were achieved by se-
lectively developing the PMMA matrix as shown in the cross-sectional SEM images
of FIB cut pixel (Figure 4.17b). A few PS domains that are not vertically standing
on the substrate were also observed as shown in the SEM image of the pixel (see
Figure 4.17b). This is due to the difference in the thickness of the wetting PMMA
layer below the PS domains.

Figure 4.17. Morphology of the PS domains fabricated with 1000 dpi under a high
annealing temperature of 250 °C. SEM top-view images (top row) of 45° tilted sam-
ples obtained after annealing PS/PMMA (30:70) blend films and selective develop-
ment of (a) PS or of (b) PMMA. The bottom row shows the corresponding cross-
sectional SEM images of the pixels. The scale bar represents 1 um. Adapted with
permission from Ref.[60]. (©) 2021 American Chemical Society.

Lastly, the effect of annealing duration on the morphology of PSN is investigated.
Indeed, the lateral size of the PS domains increased with an increase in annealing
duration for a given temperature (see Figure 4.18). For example, as the annealing
duration of a printed film of PS/PMMA (30:70) increases from 15 min (Figure 4.18a)
to 60 min (Figure 4.18b), the average lateral size increases by 59nm. This finding
highlights that a similar change in the surface morphology of printed PS/PMMA
films can be obtained by varying the annealing duration instead of the annealing
temperature. To quantitatively analyze the photonic properties of the films annealed
for different duration, the normally incident diffuse reflection spectra is measured
(see Figure 4.18c). It is readily apparent that as annealing duration increases, there
is a red-shift in the peak reflected wavelength (which corresponds to the increase in
average lateral size).
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Figure 4.18. Influence of the annealing duration on the morphology of the printed
PSN for a film printed with 550dpi. AFM images (5pum x 5pum) of the surface
morphology obtained after annealing PS:PMMA (30:70) films at 150°C for differ-
ent durations (a) 15min, (b) 60min. (c) Corresponding diffuse reflectance spectra
measured in samples annealed for 15min and 60 min (cropped photographs of the
samples shown as insets). Adapted with permission from Ref.[60]. (C) 2021 Ameri-
can Chemical Society.

In summary, the findings reported here illustrate that direct, additive inkjet print-
ing and self-assembly of PS/PMMA can be used together to form deterministically
defined structures in wide-ranging, hierarchical patterns with feature sizes in PSN
ranging from a few pym down to 100nm. A critical feature of this scheme is that
it enables to easily adapt the morphology of the PSN at the micro-/nanoscale in
pixels shaped according to any pre-determined 2D design and printed over the same
substrate by varying the printing resolution. It is expected that, with modest ad-
justments, these printing approaches solve the second and third limitations of PBL
discussed above that restricted its advance from “lab to fab”. In addition, in this
approach the PSN morphology can be tailored by adjusting the ink formulation
(weight ratio of the binary blends) or the annealing post-treatment. These manifold
possibilities facilitate the development of printed photonic layers for various applica-
tions, two examples of which are given in our work.[%”l One of the example is briefly
discussed in Chapter 9.

Until now, PSN have been fabricated using polymers with low glass transition tem-
peratures, which limit their practical relevance for nanoimprint lithography (NIL),
as the PSN are prone to in-plane stamp distortions in the presence of high im-
printing pressure and temperature. On the other hand, inorganic-organic hybrid
polymers have already gained significance in industry and are successfully used for
imprinting stamp material in UV and thermal-based NIL. For NIL, inorganic-organic
hybrid polymer copies of the PSN can often be employed, but direct micro-/nano-
structuring of this polymer using phase separation process for NIL is still absent. In
the following section, these shortcomings are tackled by exploiting the unique advan-
tages of a homopolymer /inorganic-organic hybrid polymer (PS/OrmoStamp) blend
and phase separation processes. Upon optimized conditions, imprinting stamps
based on PSN (made of inorganic-organic hybrid polymer) are directly fabricated
over various rigid and flexible substrates. As demonstrations of the envisioned ap-
plications, the developed imprinting stamps are integrated into a roll-to-roll (R2R)
NIL system for patterning a PS thin-film.
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4.3 Roll-to-roll imprinted nanophotonic structures

Since the early Mesopotamian civilizations, direct printing techniques (e.g., hot em-
bossing) have been used to impart relief patterns.'?®’ The technique evolved to
replicate nanometer length scale relief patterns in 1995.1281 This route to pattern-
ing, known as NIL, offer many advantages such as high throughput and resolution,
applicability to curved and large-area substrates, and a low fabrication cost due
to its simple manufacturing process. Hence, it is important to industries invested
in photonic and optoelectronic devices,!'?™ 1281 high-density integrated circuits, !’
nanofluidics,™% and many biological applications.[3: 132

In the NIL process, a patterned stamp containing an inverse of the desired patterns
is pressed onto a resist-coated substrate or a polymer foil. When heat and pressure
(also known as thermal NIL[33 134]) or pressure and ultraviolet exposure (also known
as ultraviolet NILI') are applied, the pattern is transferred with excellent fidelity
via mechanical deformation. In terms of imprint contact types, NIL processes can
be categorized into three types: plate-to-plate (P2P) NIL,'3l roll-to-plate (R2P)
NIL,'% and R2R NIL.!'34 The successful implementation of the different nanoim-
printing techniques require a durable and long lasting nanophotonic stamp, which
will allow to replicate nanofeatures with high fidelity over hundreds of imprinting
cycles. Beside these properties, a semi-flexible nanophotonic stamps are required for
R2R NIL process. The conventional semi-flexible nanophotonic stamp fabrication
method; however, involves a series of steps:

1. Fabrication of a master stamp made of soft material using different lithography
approaches including, but not limited to, EBL,!!3¥ laser interference,!!3” and
colloidal lithography.!138 139

2. Replication of the master stamp to polydimethysiloxane (PDMS).[10)
3. A daughter stamp fabrication made of semi-flexible material such as UV-
curable OrmoStamp!'*! via another soft NIL using the patterned PDMS.

To this end, the resulting stamps have been successfully used for patterning dif-
ferent functional materials (see Table 4.2). Their fabrication, however, involves a
complicated process and is usually time-consuming. In some cases, these processes
are expensive to carry out and pose a challenge to further development of NIL-
based devices (see Table 4.2) in terms of commercialization. Bottom-up lithography
approaches based on the phase-separation of homopolymer blends, which is briefly
discussed in section 4.1 and 4.2, can provides a route to the fabrication of imprint-
ing stamps with higher throughput and low-cost. The attractiveness of PBL for
NIL-based devices (see Table 4.2) results from its capacity to generate easily tun-
able quasi-periodic patterns to aperiodic, disordered ones with unique properties at
high throughput and low-cost.[%% 88 142 Tts benefits are therefore well aligned with
those provided by NIL. In general, NIL utilizes a high temperature (>100°C) for
pattern transfer to the underlying film by mechanical deformation.!'*? 44 However,
the polymers used in section 4.1 and 4.2 to fabricate the PSN exhibit low glass tran-
sition temperatures.l® 9 The direct use of the PSN based on these materials as
an imprinting stamp causes in-plane stamp distortions or stress build-up during the
cooling cycle.['43 144 Hence, it affects the pattern fidelity and registration accuracy.
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These issues have to be addressed to translate the PBL benefits into a commercially
viable NIL manufacturing process.

This section reports the realization of scalable and tunable imprinting stamps for NIL
tools through a phase-separation of inorganic-organic hybrid polymer/homopolymer
blend. Herein, a UV-cross-linkable inorganic—organic hybrid polymer (OrmoStamp)
is used as one of the two components of the polymer blend. Compared with the
the polymers used in section 4.1 and 4.2 to fabricate the PSN, OrmoStamp exhibits
high thermal stability (up to 270°C).["6 Furthermore, the values of OrmoStamp
modulus of elasticity (650 MPa) and hardness (36 MPa) are sufficient for imprinting
of micro-/nano-structures without in-plane stamp distortions.!'*6l These properties
of OrmoStamp are attributed to its chemical composition, which contains Si-oxygen-
Si networks connected covalently to the organic backbone.['*6 In what follows, this
study address the original points listed below:

1. The influence of the deposition conditions and of the PS/OrmoStamp polymer
blend formulation (weight ratio of the two polymers in the blend, their con-
centration and common solvents) on the shape and size of the phase-separated
domains, which can be tailored from the micrometer down to the sub-100 nm
range at room temperature.

2. The successful implementation of PSN-based imprinting stamps for the R2R
NIL system, whereby PSN (made of OrmoStamp) are used as imprinting
stamps to nanopattern PS thin films.

Table 4.2. Imprinted functional materials using either hard or soft nano-stamps.

Imprinting stamp Functional materials Application/optical materials

Hard material

—silicon quantum dots,[*47 perovskite [148] photodetectors

—quartz transparent polymer!'49] security and authentication

—AAO® UV-curable resin[1%% SERS? substrate

—mnickel polystyrene, 34 fluoropolymer film!*5!)  microfluidic SERS, solar cells

Soft material

—PDMS nanocrystal,?m] . sensor, memory devices
organometallic assemblies(!5!

——perfluoropolyether nanoparticles, conductive polymer >4 OLEDs and organic solar cells

—ETFE° conjugated polymer!'5°! organic solar cells

UV-curable resin[*®¢! and

metal oxidel157 159 ARC, optical filters

—polyurethane acrylate

—polycarbonate ferroelectric polymer[!59] organic electronics
—polyvinylsilazane polyurethane acrylate resin!*60 optoelectronic devices
—ormostamp perovskitel133] solar cells

@Anodic aluminum oxide, *Surface-enhanced Raman scattering, “Ethylene tetrafluoroethylene
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Figure 4.19. PS/OrmoStamp blend enables the direct patterning of OrmoStamp
material via PBL. A schematic illustration of the formation of spin-casted PSN via
(a) nucleation and growth, and (b) spinodal decomposition mechanism. Afterward,
the PS matrix is selectively etched using Oy plasma treatment. AFM images of
the PSN before (c) and after (d) O, plasma treatment of a sample prepared using
PS/OrmoStamp with a 3:1 ratio in toluene, with a concentration of 35mg-ml™".
A spin-casting speed of 1500 rpm is used for producing the PSN. The Ormostamp
nanopillar top surface is represented by a black color in (c¢) and with a bright color in
(d). (e) Cross-sectional SEM image of the Ormostamp nanopillars in (d). Adapted
with permission from Ref.[61], (C) John Wiley & Sons.

4.3.1 Formation of nano-stamp via PBL

The imprinting stamps based on PSN were fabricated by PBL following the se-
quence illustrated in Figure 4.19a,b. A blend of two immiscible polymers, namely PS
(MW=100kg-mol~') and OrmoStamp, was spin-coated over substrates in order to
achieve phase separation initiated by solvent extraction. After the formation of PSN,
the OrmoStamp phase is solidified by UV-initiated crosslinking. This process leads
to the formation of a three-dimensional polymer network in OrmoStamp.!!4! 146l
Thus, it makes the material resistant to Oy plasma.l'*"> 146l Ag a result, the PS/Or-
moStamp film was treated using O, plasma at an operational power of 100 W, and
the O, flow rate was fixed at 45cm™ min (qn). This process allows to selectively
remove the PS at etching rate of 50 nm-min~—! and thereby obtain PSN made of Or-
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4.3. Roll-to-roll imprinted nanophotonic structures

moStamp. For inks with a weight ratio of PS/OrmoStamp (3:1) in toluene, PSN are
directly formed via N & G and visible after spin-casting, upon solvent evaporation
at room temperature (see Figure 4.19a). The AFM images of the PSN before (see
Figure 4.19¢) and after (see Figure 4.19d) the O, plasma treatment, reveal different
surface morphology. Before the selective etching of PS (see Figure 4.19¢), the top
surface morphology of the resulting PSN is composed of a continuous matrix with
shallow nanoholes. The scale bar in the AFM image reveals an average nanohole
depth of 40nm. After Oy plasma treatment, nanopillars instead of the nanoholes
were observed in the AFM image, as highlighted in Figure 4.19d. Thus, it can be
concluded that the polymer matrix is made of PS and the nanopillar domains of
OrmoStamp. A SEM image of a cut substrate, after O, plasma etching of the PS
matrix, has demonstrated the tendency of OrmoStamp to form a wetting layer, as
highlighted in Figure 4.19e. As discussed in the section 4.2, the wetting layer for-
mation is largely related to surface energy difference between the two polymers in
a blend, whereby the polymer with the lowest surface energy is enriching the air-
polymer interfacial region.[''®: 19 Here, the OrmoStamp exhibit lower surface energy
(23 mN-m~'[*61) compared to the PS (40.2mN-m~*11%2). However, the OrmoStamp
forms the wetting layer. The result indicate that the difference in surface energy of
the two polymers is not the main factor here for the preferential surface enrichment.
It might be attributed to the difference in density between OrmoStamp (p =1.14 +
0.01 g-cm ™3 163]) and PS (p =0.97 g-cm ™3 [164]),

The ability to easily tune the structural parameters of the imprinting stamps is high
priority in NIL. The following section demonstrates the versatility of the developed
imprinting stamps by tuning the PS/OrmoStamp deposition conditions and the
initial mixture recipe.

4.3.2 Tuning the morphology of PBL based nano-stamps

For PS/Ormostamp in toluene, structural parameter (i.e., domain size, height and
average inter-distance) control of the resulting OrmoStamp domains can be achieved
by tuning the deposition conditions and the polymer blend recipe as discussed in sec-
tion 4.1 and 4.2 for the PS/PMMA blend. Figure 4.20 highlights the AFM images of
OrmoStamp nanopillars fabricated using different spin-casting speed, concentration
and weight-ratio of PS/OrmoStamp in the solution. With an increase in spin-casting
speed, finer OrmoStamp nanopillar domains have been observed (see Figure 4.20a).
Conversely, the increase of the PS weight ratio in PS/OrmoStamp blend (see Figure
4.20b) and concentration of the PS/OrmoStamp in the solution (Figure 4.20c) lead
to an increase in the average diameter of the OrmoStamp nanopillars. The phase
separation mechanism and domain coarsening behaviors of polymer blend during
spin coating are briefly discussed in section 4.1 including for different spin-casting
speed, concentration and weight-ratio of polymers in the solution. The influence of
an external environment (e.g., humidity), substrate surface treatment, and molecu-
lar weight of the PS on the resulting morphology of PSN based on PS/OrmoStamp
are briefly discussed in our work.[*6%l

Beside tuning in-plane parameters (i.e., domain size, height and average inter-
distance) of the OrmoStamp domains by adjusting with the polymer blend recipe
and disposition conditions, their shape can be changed. Herein, the shape of the PSN
were tuned either by adjusting the weight-ratio of the polymers in the solution or by
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changing the common solvent. Figure 4.21a shows AFM image of sample fabricated
using solution based on higher content of OrmoStamp phase in PS/Ormostamp
blend. When the Ormostamp phase exceeds 75% in weight-ratio, an OrmoStamp
matrix with nanoholes (see Figure 4.21a) is observed instead of OrmoStamp nanopil-
lars (see Figure 4.20c). In contrast, changing the common solvent for the polymer
blend leads to a drastic change in the surface morphology as highlighted in Figure
4.21b,c. The OrmoStamp domains shown in Figure 4.19d are modified from round
domains to a disordered bicontinuous network (tortuous channels) morphology by
switching the blending solvent from toluene to either anisole (see Figure 4.21b) or
to cyclohexanone (Figure 4.21c).

Figure 4.20. Influence of the ink composition and the deposition parameters on
the resulting morphology of the PSN. (a) AFM images of Ormostamp nanopillars
fabricated using four different spin-casting speeds: (i) 500 rpm, (ii) 1000 rpm (iii)
2000 rpm, and (IV) 3000 rpm. A PS/OrmoStamp=3:1 blend in toluene solvent with
a concentration of 35 mg-ml~! was used. (b) AFM images of Ormostamp nanopillars
prepared with different concentrations of PS/Ormostamp with a 3:1 weight ratio
in toluene: (i) 20mg-ml~', (ii) 50 mg-ml~!, (iii) 65 mg-ml~* and (iv) 80 mg-ml~'.
A spin-casting speed of 1500 rpm is used to produce the PSN. (¢) AFM images of
Ormostamp nanopillars prepared with different weight-ratios of PS and OrmoStamp
in the blend, PS/OrmoStamp weight ratio: (i) 1:2, (ii) 1:1 (iii) 2:1 and (iv) 4:1. The
blends were dissolved in toluene with a concentration of 35 mg-ml~! and spin-casted
at 1500 rpm. All AFM images were acquired after the selective etching of the PS
matrix using O, plasma. The scale bar represents 2 pm in all AFM images. Adapted
with permission from Ref.[61], (C) John Wiley & Sons.
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Figure 4.21. PS/OrmoStamp blend enables the formation of PSN with tunable
shape. Tuning the shape of the PSN shown in 4.20c by solely switching PS/Or-
moStamp weight ratio to 1:3 (a) or by switching the common solvent from toluene
to anisole (b) and cyclohexanone (c). Adapted with permission from Ref.[61], ©)
John Wiley & Sons.

The developed PSN, benefit from the properties of Ormostamp, which is a material
of choice for an imprinting stamp.["*1: 146 161 Practically, these imprinting stamps
can be directly integrated into the respective NIL systems regardless of the imprint
contact types (i.e., P2P NIL,!'33 R2P NIL,% and R2R NILI'4). This is owing
to the implemented fabrication approach, which allows the production of large-
area imprinting stamps over a wide variety of substrates, including silicon wafers
as large as 4 inches in diameter (Figure 4.22a), a semi-flexible polymer (Figure
4.22b), and a metal foil (Figure 4.22¢). Similar PSN morphologies as highlighted
in Figure 4.22d-f were obtained for samples prepared on various substrates (for
a given PS/OrmoStamp blend and for the same spin-casting parameters). These
manifold possibilities facilitate the development of imprinted photonic layers for
various applications using different NIL systems, one example of which is given in
the next section.

4.3.3 PSN enabled roll-to-roll processed nanophotonic polymer films

R2R systems can today produce imprinted thin film layers in the range of 0.2-30 m
per min, depending on the structures.'% 1671 Nonetheless, R2R NIL holds much
promise in enabling various new applications; their imprinting stamp fabrication is
challenging. The challenge is the need for a cylindrical-shaped imprinting stamp.
Herein, patterned metal foil mounted onto an imprint roller is used to imprint nanos-
tructures under load onto a flexible substrate placed onto a supporting roller as
highlighted in Figure 4.23a. Figure 4.23b-d displays the photographs of the im-
printing stamps along with their corresponding AFM images obtained over metal
foils upon a gradual change of the spin-coating speed, and after selectively etching
of the PS phase using Oy plasma. These stamps display different haze and colors
arising from spectrally dependent light scattering at the nanopatterend ormostamp
with different feature sizes. In an example process, the nanophotonic stamps were
integrated into R2R NIL tool to pattern a 120 um thick PS foil as shown in Figure
4.23a. Figure 4.23e highlights the AFM image of the imprinted PS film using a
stamp shown in Figure 4.23d. Full height transfer from the stamp to the PS foil is
achieved by using an imprinting temperature close to the glass-transition of the foil
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Figure 4.22. Fabrication of PSN using PS/OrmoStamp blend on various substrates.
(a) Photograph of 4 inch silicon wafer coated with PS/OrmoStamp blend before
and after selectively etching of the PS matrix. The reddish area corresponds to the
unetched part. (b) Photograph of a flexible plastic foil (25 mm x 50 mm) made of
polyethylene terephthalate and covered with OrmoStamp nanopillars after selective
etching of the PS matrix. The blueish appearance is due to the optical scattering. (c)
Photograph of a Christmas tree logo on a flexible (stainless steel) metal foil (25 mm
x 50mm) formed by selectively etching the PS matrix in the foil’s unmasked area.
The samples in (a)-(c) were prepared using the same recipe as in Figure 4.19. AFM
images of the PSN on (d) silicon wafer, (e) flexible plastic foil made of polyethylene
terephthalate, and (f) flexible metal foil. The AFM images were acquired after the
selective etching of the PS matrix. Adapted with permission from Ref.[61], (©) John
Wiley & Sons.

(~80°C). Homogeneous imprinting of PS was achieved for a pneumatic cylinders
pressure higher than 5bar. The patterned PS foil can be employed in many-fold
optical applications. A typical application area will be in surface-enhanced Raman
spectroscopy measurements. 34

Summing up the results above, the introduced PBL based on OrmoStamp/PS blend
enables to easily adapt the morphology of the NIL stamps surface texture. This
can be achieved by varying the spin-coating speed, the polymer blend recipe such
as weight ratio, concentration or solvent. These manifold possibilities facilitate the
development of tunable and scalable nanophotonic stamps over different substrates
for patterning photonic materials using NIL. As demonstrations of the envisioned
applications, the developed imprinting stamps were integrated into a roll-to-roll NIL
system for patterning a PS thin-film. An additional example is given in Chapter 6,
whereby PSN (made of OrmoStamp) are used as imprinting stamps to nanopattern
a perovskite layer and improve its light absorption capability for photovoltaic appli-
cations and light emission properties for light-emitting devices. The PSN made of
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Metal foil

v
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Figure 4.23. Roll-to-roll hot embossing of PS foils using PSN based imprinting
stamp. a) Schematic of the R2R hot embossing setup. The lower embossing cylinder
carries the imprinting stamp and PS foil, both cylinders are heated, and pressure
is applied to the lower cylinder. Controlled motors drive the upper and the lower
embossing cylinder to realize a stable imprinting velocity. (b,d) AFM images of
imprinting stamps prepared by varying the spin-coating speed. The insets in (b,d)
show the photographs of the imprinting stamps, fabricated on a stainless steel foil
using PS/OrmoStamp=3:1 with a concentration of 50 mg-ml~'. (e) AFM image of
the nano-imprinted PS foil using an imprinting stamp shown in (d). Adapted with
permission from Ref.[61], (©) John Wiley & Sons.

OrmoStamp material can also be applied to many other technologies such as nano-
transfer printing (i.e., transferring patterns between substrates by manipulating the
adhesion forces between the nanophotonic stamp/functional material and the func-
tional material/substrate) as illustrated in the Ref.[168]. Moreover, the PSN based
on Ormostamp materials can be used as biomedical substrate (e.g., to prevent bac-
terial adhesion as highlighted in Ref.[169] and as light management nanostructures
for optoelectronic devices. 8% 91

4.4 Summary and discussion

Phase-separated nanostructures (PSN) are nowadays used in a myriad of applica-
tions as they can spontaneously form functional nanostructures over large areas
and be tuned to achieve various morphologies, from completely periodic patterns to
structurally disordered ensembles.

Herein, first a stable and reproducible fabrication route is established using spin-
coating method for phase-separated disordered nanostructures with tunable char-
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acteristics for light management in optoelectronic devices. In this work, tailored
disorder is achieved by adjusting the deposition conditions or by tuning the initial
polymer blend recipe. In the following chapters, the interest of spin-casted disor-
dered phase-separated nanostructures for improving the light management in light-
emitting diodes and thin-film solar cells is addressed. However, the polymer blend
deposition methods restricted the incorporation of the phase-separated nanostruc-
tures into uniform films and hence only offered a limited control over the location,
size or geometry of the patterned areas. The successful transfer of phase separated
nanostructures from lab-scale demonstrators into real-world products will depend on
the possibility to easily form these micro-/nanostructures over a pre-defined macro-
scopic design without the need for additional masks and patterning steps.

Next, a digitally printable nanophotonic structures are demonstrated using [JP to
overcome the limitations mentioned above. The step from spin-coating towards
inkjet printing is a major achievement both from a basic scientific and an application
point of view. IJP opens a new world of science and applications as it is a method
that allows laterally defined deposition and thus a lateral patterning. Basically
all commercially relevant applications rely on a lateral control of device structures
and can not be realized by spin-coating. Here, a completely new ink-formulation is
established to meet the requirements of this demanding process. The developed 1JP
based approach has two key advances:

1. phase-separated domains with a scaling from a few pm down to sub-100nm
range, processed on arbitrary substrates and obtained within any pre-determined
2D design without template or mask; and

2. two ways of varying the morphology of the phase-separated micro-/nanostructures

during printing, either by adapting the printing resolution from pixel to pixel
for a given ink formulation, or by working with multiple inks (using, for ex-
ample, different PS/PMMA weight ratios).

While this approach was introduced with a homopolymer blend ink, it is also appli-
cable to block co-polymers and biopolymers. Moreover, as this cost-effective method
can be readily scaled up to large areas, it will foster the widespread implementation
of PSN in nanophotonic applications. The successful implementation of printed PSN
for two of the most relevant promising applications: light emitting devices (refer to
Chapter 9) and pixelated point-of-care biosensors are highlighted in our work. ()

Lastly, a completely new ink-formulation consisting of the homopolymer—PS and
the inorganic-organic hybrid polymer—OrmoStamp is established to improve PSN
practical relevance for nanoimprint lithography. The resulting PSN based on Or-
moStamp, owing to the material’s nature, exhibit excellent bulk flexibility with
mechanical stability. The phase-separated OrmoStamp domains tuned from a few
pm down to 100 nm range. The PSN structural parameters were tuned over various
substrates through an interplay of the initial polymer blend recipe and process pa-
rameter. Upon optimized conditions, the resulting PSN made of Ormostamp were
integrated into roll-to-roll nanoimprint lithography system to pattern PS film. Such
approach opens the way for large-area roll-to-roll based processing of photonic mate-
rials. Thus, it helps to meet the growing interest for photonic materials obtained by
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additive manufacturing. As an additional example, light management by nanopat-
terning of a perovskite semiconductor in plate-to-plate process is demonstrated in

Chapter 6.
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5. Nanophotonic back reflector for
light trapping in thin-film solar cells

In this chapter, a back reflector deposited onto phase-separated nanostructures is
proposed as a solution for enhancing the light entrapment in hydrogenated amorphous
silicon (a-Si:H) solar cells. In section 5.1, the concept and design of nanophotonic
reflectors with tunable optical properties used in this work are explained. In the fol-
lowing section, experimental results of a-Si:H solar cells with nanophotonic reflectors
along with benchmark devices are discussed. By coupling optical characterizations
with computer modeling in section 5.3, general guidelines for nanophotonic reflector
designs are discussed briefly. Finally, the results of this chapter are summarized.
Parts of the results presented in this chapter have previously been published in the
journal of Nanoscale.l®?]

In a thin film absorber with a back reflector, incompletely absorbed light can reflect
off each interface several times, making multiple passes through the semiconductor
as in a Fabry-Perot cavity.'™ When nanostructures are introduced, however, the ab-
sorption in the film will depend on many effects such as scattering, localized modes,
and guided modes, which significantly modify both the magnitude and the location
of absorption within the thickness of the device.’” 171 In this study, nanostructured
reflective electrodes are introduced into thin film hydrogenated amorphous silicon
(a-Si:H) solar cells (see Figure 5.1) to couple light into in plane waveguide modes
of the thin a-Si:H layer, thereby increasing photon absorption at energies just above
the a-Si:H band-gap.'™ This optical absorption enhancement, in turn, allows for
decreasing the a-Si:H layer thickness, and hence lowering material costs. Besides, it
can lead to higher conversion efficiencies as a thinner a-Si:H layer offers improved
conditions for carrier collection, potentially a higher open-circuit voltage.l17 174

To date, nanostructured back reflectors with widely varying morphologies have been
developed by using e-beam lithography,['™! colloidal lithography,['™! and sponta-
neous self-assembly approaches.[” 1767178 Owing to its large area patterning compat-
ibility and tunable geometries, the spontaneous self-assembly approach was widely
employed as a method for the fabrication of scattering nanostructures. For exam-
ple, the efficiency of n-i-p a-Si:H solar cells was significantly enhanced compared to
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state-of-the-art random textures by incorporating self-assembled silver nanoparti-
cles in a plasmonic back reflector configuration.l”! However, it is not easy to tune the
structural parameters (i.e., size, inter-distance, shape, and thickness) of the nanos-
tructures obtained with this approach. As a result, it is challenging to obtain an
optimal optical scattering at the spectral regions of interest. Also, the light scatter-
ers suffer from significant parasitic absorption losses due to their irregular contour
profiles,[ 1767178 hampering the ultimate efficiency gain they can provide. Further-
more, the high temperature (400-500 °C) required for the annealing step negatively
impacts such solar cells’ fabrication costs and limits their application.['” This issue
calls for alternative patterning approaches that can be implemented at room tem-
perature, without requiring an e-beam lithography or a dry etching step, and that
can provide proper control over the morphology of the scattering nanostructure.
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Figure 5.1. Schematic view of light scattering by planar and nanostructured reflec-
tive electrode layer of a-Si:H solar cells. The a-Si:H solar cell stack, deposited on
the (a) planar and (b) nanopillar (NP) array, consists of an Ag back reflector, a rear
transparent and conductive oxide (TCO) layer, an a-Si:H n-i-p type active layer,
and a front TCO layer. Light trapping in (b), where the cell’s surface is structured
to guide incident light, as an electromagnetic wave, inside the solar cell.

In this study, a fabrication route that can satisfy all the requirements mentioned ear-
lier is introduced. The proposed approach exploits the up-scalable polymer blend
lithography technique. To this end, the study make use of phase-separated nanos-
tructures (PSNs) discussed in Chapter 4. Onto these patterns, silver (Ag) is evap-
orated thereby leading to scattering back reflective electrodes. This work show
that the phase-separation process enables to tune the morphology of the scatter-
ing nanostructures easily and to obtain regular and smooth surface profiles. These
characteristics result in excellent light-scattering properties and limit parasitic ab-
sorption in the devices, which is a significant advantage compared to commercial
randomly textured substrates. Moreover, absorption losses are analyzed in-depth
using optical simulations performed on a realistic 3D model built from the measured
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scattering reflectors profile. I also numerically investigate the influence of the main
scattering layer geometrical parameters on the solar cells’ overall absorption and
derive general rules to design efficient light scattering back reflectors. It should be
noted that Hubert et al. (2020) extended the approach developed here for silicon-
based tandem solar cells to enhance their infrared response.l'™ Thus, highlighting
the potential of the developed approach for other photovoltaic technologies.

5.1 Design of nanophotonic back reflector

—>
Ag deposition

Figure 5.2. Light scattering back electrode fabrication via polymer blend lithogra-
phy. (a) Phase-separated polystyrene (PS) NPs on a substrate after the selective
development of the PMMA matrix. Followed by the deposition of Ag onto the PS
NPs. (b) Photographs of Ag coated samples with different PS NPs densities and
lateral size, fabricated following the route (a).

The light scattering back reflectors (SBR) were obtained by conformal deposition of

a 200nm thick Ag film onto the PSNs, as illustrated in Figure 5.2a. Figure 5.2b
displays the photographs such SBR prepared using PSNs with different morphology.
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Figure 5.3. Topographical characterization of the disordered NH and NP array. (a)
SEM top-view image of the disordered and uniformly distributed NHs. The diameter
size distribution and pair correlation function (PCF) of this array are reported in (b)
and (c), respectively. (d) SEM top-view image of the PS NP array. The diameter
size distribution and PCF of this array are reported in (e) and (f), respectively.
The solid red line in (c) and (f) represents Gaussian fit. The height distribution
within the NP array can be appreciated in the 5pum X 5pum AFM image in (g)
and analyzed in more detail (h). A single NP vertical profile is measured in (i) and
emphasizes a smooth transition from base to apex. Both SEM and AFM images are
representative of the whole patterned surface (5cm x 5cm). Adapted from Ref.[89]
with permission from the Royal Society of Chemistry.

By changing the polymer blend recipe (for details, please refer to Chapter 4) and
keeping the Ag layer thickness at 200 nm, the SBR reflection peak wavelength can
be modulated, as highlighted in Figure 5.2b. The morphology of the nanohole (NH)
and nanopillar (NP) array leading to the best light-trapping properties in a-Si:H
solar cell (refer to section 5.2) were experimentally analyzed (see Figure 5.3a-f).
The scanning electron microscopy (SEM) images displayed in Figure 5.3a,d gives a
qualitative impression of the NHs and NPs self-organization. The SEM topographies
have also been analyzed to assess the nanostructures’ size distribution and period-
icity by extracting the area-weighted base radius and the pair correlation function
(radial distribution?%l). The NPs and NHs diameter size distribution are reported
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in Figure 5.3b.e for the selected configuration, respectively. It can be concluded
that they follow a Gaussian distribution, with a mean diameter of 357 nm (NP con-
figuration) and 510nm (NH configuration). The calculated mean surface coverage
(SC) is 30% for NP and 50% for NH configuration. The nearest neighbor peak
(average periodicity) for both configurations is around 0.5 ym on the deduced pair
correlation function shown in Figure 5.3c.f, indicative of short-range order. From
an AFM image of the NP array (see Figure 5.3g), an average NP height of 80 nm
(Figure 5.3h) is calculated. Thus, it leads to a mean aspect ratio (height/diameter)
of around 0.22, and such a moderate value promotes high-quality layers on top of the
patterned substrate (refer to section 5.2). The NP also exhibits a smooth transition
from the base to its apex, as highlighted in Figure 5.3i, and as will be discussed in

the following, it is free from sharp edges responsible for high parasitic absorption
losses. 180 181]
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Figure 5.4. Light scattering properties of the patterned back reflectors. (a) Mea-
sured haze spectra from a planar Ag/Zno:Al layer, and Ag/Zno:Al layer processed
ontop of NH and NP array over the visible spectrum (under close to normal inci-
dence). (b) Photographs of the patterned reflectors taken under varying incidence
angles after the Ag and ZnO:Al deposition layers on top of the NP array. (c¢) Cor-
responding haze spectra showing a high scattering coefficient above 600 nm. The
arrows follow the increase of the angle of incidence. (d) Total reflectance of the
scattering back reflectors. Adapted from Ref.[89] with permission from the Royal
Society of Chemistry.

The haze (defined as the diffused fraction of the overall reflected light) usually char-
acterizes the light-scattering properties of the SBRs and is correlated with the light
trapping capacity of solar cells. The samples’ haze was measured as function of the
wavelength from 300 nm to 800 nm using a PerkinElmer Lambda 1050 spectropho-
tometer with an integrating sphere. Experimental details of the measurements can
be found in Chapter 3. As shown in Figure 5.4a, the flat back reflector’s haze pa-
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rameter is zero, as expected. The scattering layer based on NPs has the highest haze
values in the weak absorption regime of an a-Si:H active layer, which implies that
the scattering layer’s shape is an essential factor in reaching the appropriate light
scattering regime.™27185] A promising approach for increasing the light-trapping ef-
ficiency in a-Si:H solar cell devices is to design a nanopatterned back reflector that
allows a proper scattering of the incoming light, regardless of the incidence angle.
Consequently, the reflection spectra of the scattering layer based on NPs have been
experimentally studied under various incidence angles. Figure 5.4b gathers pho-
tographs of the patterned reflectors for viewing angles ranging from 10° to 60°, and
the corresponding reflectance spectra are shown in Figure 5.4c,d. Irrespective of
the illumination condition, high reflectance is measured for the NP-based scattering
reflectors (65% on average between 400 nm and 800 nm, see Figure 5.4d). Combined
with the broadband peak measured above 600 nm (maximum value exceeding 85%)
as shown in (see Figure 5.4c), the NP-based scattering layer can provide efficient
light trapping over a broad spectral range.

To directly assess the NP and NH-based backscattering layer’s light-trapping po-
tential under realistic conditions, devices were subsequently fabricated according to
the layout introduced in Figure 5.1.

5.2 Nanophotonic back reflector-based a-Si:H solar cells

1lcm 1lcm 1lcm
— —— —

Figure 5.5. Photographs of a-Si:H solar cells prepared over various substrates. Im-
ages of the a-Si:H solar cells processed atop the planar glass (a), the state-of-the-art
randomly textured Asahi substrates (b), and the disordered phase-separated NP ar-
ray. The solar cells in (b) and (c¢) demonstrate the high absorption properties with
respect to the planar device.

The light-trapping capability of solar cells based on disordered NP and NH array
is evaluated by comparison with devices processed on the top of planar reflectors,
and state-of-the-art randomly textured Asahi substrates.[8% 187} More precisely, the
Ag layer and ZnO:Al buffer layer were sputtered onto a planar substrate, onto the
disordered NP and NH array, and onto glass substrates covered with an as-grown
textured, SnOs:F layer, provided by the Asahi Glass Company. On top of this a-Si:H
layers were prepared in an n-i-p deposition sequence by plasma-enhanced chemical
vapor deposition (for details, refer to Ref.[47]). A hydrogenated indium oxide (IOH)
layer with 5mm x 5mm pads was then deposited through a contact mask to define
the solar cell active areas. Lastly, a ZnO:Al layer was used as a capping layer. The
fabrication of the solar cells was finalized by evaporating Ag grids with a finger
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width of around 100 pm, periods in the mm range, and a finger thickness of 700 nm.
All the devices were annealed at 160°C for 30 minutes to improve their electrical
performance. One sample consisted of 16 solar cells, each with an active area of
S5mm X 5mm, as shown in Figure 5.5 photographs. The optical images in Figure
5.5 highlight the solar cells’ darkish appearance processed on patterned substrates
due to enhanced light trapping compared to the unpatterned solar cell.

5.2.1 a-Si:H solar cells atop of nanohole array

In Figure 5.6a,b, the cross-sectional SEM images made using focused ion beam
(FIB) milling of the solar PV stack grown on the NH array and Asahi substrate
are shown. All devices’ light-harvesting properties were evaluated by measuring the
overall PV stacks’ absorption spectra (see Figure Figure 5.6¢). For wavelengths ()
above 620 nm, the absorption of the solar cell deposited on NH based back reflector
is significantly enhanced with respect to a solar cell equipped with a planar reflec-
tor. Figure 5.6¢ also shows the absorption within the “Asahi” solar cell stack, which
overcomes the “NH” configuration over almost the whole spectral range considered.
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Figure 5.6. Improved light-harvesting properties of thin-film solar cells integrating
the scattering NH array. SEM cross-sections of (a) the a-Si:H solar cell deposited on
the substrate with NH array (“NH”) and of (b) a similar thin-film stack processed
atop the Asahi substrates (“Asahi”). The scale bar represents 500 nm. (c) Absorp-
tance spectrum of the solar cell based on the “NH” design, benchmarked against
“Asahi” type devices and equivalent but planar solar cells (“Planar”). The improved
light trapping properties of the “NH” configuration translates into a substantial in-
crease of its external quantum efficiency (EQE) above 600 nm, as shown in (d). All
spectra were acquired under close to normal incidence. Adapted from Ref.[89] with
permission from the Royal Society of Chemistry.

The external quantum efficiency (EQE) spectra were acquired (see Figure 5.6d) to
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separate the parasitic and useful absorption, i.e., the optical absorption that trans-
lates for the generation and collection of charge carriers. The NH-based reflector
enables the increase of EQE over a wavelength of larger than 620 nm thanks to its
light scattering properties and to its topography that allows capitalizing on most
of the absorption gains. Additionally, it can be observed that the “Asahi” design
yields the best EQE in this spectral range. Compared to the planar design, the
scattering NHs, and “Asahi” design improve the short-circuit current density (Jsc)
by ~21.8% and ~24.5% (relative values), respectively. Even though solar cell de-
posited on the “NH” design exhibits improved light trapping, the light trapping is
not competitive with the state-of-the-art texture-based devices. This is due to the
NH-based light scattering layer’s low haze values over a A >670nm (refer to Figure
5.4a). Thus, the NP array-based light scattering layer (which exhibits strong light
scattering properties over A >670nm) has been utilized in the following section to
enhance the performance of PSNs based solar cells performance.

5.2.2 a-Si:H solar cells atop of nanopillar array

Figure 5.7a shows a cross-sectional SEM image of a solar cell fabricated on top of
the NP-based back reflector. The characteristics absorption spectra and EQE spec-
tra curves of all three types of devices (i.e., “Planar”, “Asahi”, and “NP”) are shown
in Figure 5.7b and c, respectively. With the “NP” design, a significant absorption
increase is achieved over almost the whole spectral range relative to the “planar” de-
sign. Below 450 nm, the “NP” design’s significant absorptance gain originates from
the strong parasitic absorption in the corrugated front layers (IOH and ZnO:Al, see
inset image in Figure 5.7a). As a result, the planar device EQE configuration dom-
inates or equals those obtained with the patterned devices at these wavelengths, as
highlighted in Figure 5.7c. At wavelengths longer than 600 nm, there is a dramatic
increase in the EQE of the “NP” solar cell assisted by the light scattering NPs with
respect to the “Planar” one. Unlike periodic diffraction gratings, which introduce a
limited set of new EQE peaks,!!83 the disordered NPs efficiently scatter light over
an extended spectral range. Figure 5.7c also shows the superior light utilization of
the “NP” based devices compared to solar cells fabricated on top of the commercial
Asahi substrates. The optical improvement is achieved by limiting the amount of
parasitic absorption compared to the “Asahi” counterpart. More precisely, the regu-
larly shaped NP scatterers exhibit negligible parasitic absorption losses (for details,
refer to section 5.3) and are therefore desired for solar PV applications. Furthermore,
the Asahi texture incorporates sharp-edged nano-features, which create undesired
local thickness inhomogeneities (see Figure 5.6b) and, in turn, potential electrical
shorts. However, the NPs smooth and low aspect ratio profile leads to functional and
reproducible devices with improved efficiency compared to the “Asahi” configuration.

Table 5.1. Influence of the reflector design on the Jsc, Voc, FF, and the power
conversion efficiency () of the a-Si:H solar cells.

Reflector design Jsc [mA/cm?] Voc [mV] FF [%)] n (%]
Planar 10.2 873 51.9 4.6
Asahi 12.7 900 64.4 7.3
NP 13.6 901 62.3 7.6

The performance data of the three types of solar cells are summarized in Table 5.1.
They were derived by averaging the values of the 16 devices shown in Figure 5.5.
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The standard deviation of the efficiency measured on a single substrate is 0.5% for
the “Asahi” based devices and 0.1% for the “NP” and “Planar” based solar cells. The
“NP” based solar cell lead to a +34% and +7% photocurrent improvement compared
to “Planar” and “Asahi” based devices, respectively. The photocurrent improvement
in the “NP” based solar cell is achieved without degrading the filling factor (FF)
and open-circuit voltage (Voc) of the device. Compared to the planar devices, the
scattering NPs improves the Voc and FF of the “NP” cells, whereby the higher
FF could be the consequence of an increased conductivity of the nanostructured
Zn0:Al layers."l This property ultimately results in a power-conversion efficiency
enhancement of +4% and +65%, compared to devices deposited atop an Asahi
substrate and a flat substrate, respectively. This gain is analyzed by simulating the
complete solar cell in the next section using the so-called “growth model”, accounting
for the exact nano-corrugation at all interfaces. These complementary numerical
results allow us to investigate the light distribution within the solar cell stacks (i.e.,
the different optical loss channels are quantified). Hence, to derive general rules for
the design of efficient light scattering disordered NP array for a-Si:H solar cell.
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Figure 5.7. Improved light-harvesting properties of thin-film solar cells integrating
the scattering NP array. (a) SEM cross-sections of the a-Si:H solar cell deposited on
the substrates with NP array (“NP”). The scale bar represents 500 nm. The SEM
top-view image of the front side (ZnO:Al layer) of the solar cells are shown as an
inset. The scale bar in the inset represents 2 um. (b) Absorptance spectrum of the
solar cell based on the “NP” design, benchmarked against “Asahi” type devices and
equivalent but planar solar cells (“Planar”). The improved light trapping proper-
ties of the “NP” configuration translates into a substantial increase of its external
quantum efficiency (EQE) above 600 nm, as shown in (d). All spectra were acquired
under close to normal incidence. Adapted from Ref.[89] with permission from the
Royal Society of Chemistry.
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5.3 Optical modelling of nanophotonic a-Si:H solar cells

The thin-film solar cells’ optical properties were simulated by the finite element
method (FEM) available in COMSOL Multiphysics version 5.2a,/'%% with a ren-
dered a-Si:H/ZnO:Al/Ag interface that is an approximation to the experimental
back reflector geometry as found in Figure 5.7a. The developed 3D model illustrated
in Figure 5.8a consists of a supercell integrating 124 disordered NPs to compute
statistically relevant optical properties. It was obtained by first extracting, using
AFM, the topology of 124 phase-separated NPs (Figure 5.3g). I slightly modified
this topology to impose continuity at the simulation window’s boundaries (periodic
boundary conditions in the horizontal plane). The exact morphology of the differ-
ent interfaces in the solar cell stacks was reproduced in the 3D FEM model using
the growth model described in Ref.[189], which exploits the surface morphology of
the NPs and the layer thickness as input data. The FEM computation performed
using a lateral simulation window of 5 um by 5 um with a spatial grid of A/10. The
selected simulation window size is sufficiently large to ensure the convergence of
the results.'®) Moreover, a perfectly matched layer was introduced on the top of
the simulation window to avoid reflecting the backward propagating light to the
simulated stack.
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Figure 5.8. Numerical analysis of the parasitic absorption effects in the patterned
solar cells (a) 3D model developed to accurately compute the optical properties of
the a-Si:H solar cells integrating the disordered NP array with a mean diameter of
357nm, SC of 30% and average height of 80 nm. These parameters corresponds to
the fabricated structure shown in Figure 5.3. (b) Distribution of the absorptance in
the different layers of the PV stack shown in (a). The reported values correspond
to the integrated absorptance for each layer. (c) Comparison of the Ag reflector’s
parasitic absorption between solar cells based on the NP and the Asahi designs (in
the 500-800 nm range). (d) Normalized electromagnetic power loss density simulated
in the NP- and Asahi-based solar cells at A=665nm (cross-section views). All the
simulations are performed under normal incident light. Adapted from Ref.[89] with
permission from the Royal Society of Chemistry.

Figure 5.8b gives an overview of the absorptance in the different layers of the 3D
model considered. The overall spectral shape corresponds well to the measured spec-
tral response data (see Figure 5.7b), reproducing the predominant spectral peaks
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and shoulders, indicating that the optical absorption model is reasonable for com-
parison to the experimental data. It is evident from Figure 5.8b that high parasitic
absorption losses take place in the front layers (ZnO:Al, IOH, and p-a-Si:H) at short
wavelengths. These optical losses account for 24% of the overall spectrally weighted
absorptance between 300nm and 500nm. In this wavelength range, the optical
losses can be overcome by tuning the disordered NPs average period, as discussed in
Chapter 7. Above 500 nm, the primary optical losses are in the rear layers (mainly
n-a-Si:H and Ag). In particular, the Ag reflector’s parasitic absorption becomes in-
creasingly detrimental towards the a-Si:H optical bandgap. To gain further insights
into the impact of these optical losses, I also computed the parasitic absorption
stemming from the reflector integrated into the “Asahi” type solar cells (see Figure
5.8¢). A comparison of the optical losses in the “NP” and “Asahi” back contact
shows that the losses are higher for the “Asahi” back contact. The low parasitics
absorption in the “NP” device is due to the NP improved regularity (in-plane) con-
tour profile. As highlighted in Figure 5.3i, the NP profile is free from sharp edges
responsible for high parasitic absorption losses. Besides, Asahi substrates exhibit a
higher average peak-to-peak height of the nano-features (up to 200 nm) compared
to the mean NP height of 80 nm. This effect can also be visualized in Figure 5.8d,
which illustrates the cross-sectional view of the normalized electromagnetic power
density inside each layer of the a-Si:H solar cells for a normally incident plane wave
at A=665nm. Herein, A=665 nm corresponds to a wavelength for which Asahi-based
solar cells possess a much higher absorptance but a lower EQE value than NP-based
devices (see Figure 5.7b-c). In Figure 5.8d, the Ag layer has a higher power density
for the Asahi texture than the NP case, and this implies a more significant parasitic
absorption for the former, which again advocates using the scattering NPs possessing
a low surface roughness and a smooth profile.

Finally, I investigated the NP design’s robustness following a variation of the NP
mean height or SC. The NP design was realized numerically in order to modify only
one parameter at once. To generate the different designs, I modified the measured
AFM data (i.e., the height and diameter sizes of the NPs) shown in Figure 5.3g
using the Gwyddion software package,!'”!) while maintaining the same correlation
length (scattering centers) for each configuration. As a merit figure, I calculated the
solar cell stacks” EQE by multiplying the polarization-averaged absorption efficiency
of the sole i-a-Si:H layer by internal quantum efficiency (IQE). Herein, I assumed a
100% IQE. This approach is a widely adopted standard method for determining the
EQE from a simulated thin-film solar cell.[17% 192]

5.3.1 Influence of the NP height

The generated configurations with different heights of NPs are displayed in Figure
5.9, along with the corresponding front side textures of the solar cell stack grown
on top (i.e., the capping ZnO:Al layer). The measured mean NP height (value of
80 nm) was varied from (50 nm) to (130 nm), see Figure 5.9a-c. The NP’s increased
mean height increased the front side nanotextured ZnO:Al surface coverage, as high-
lighted in Figure 5.9d-f. Figure 5.10a depicts the NP array with the different mean
heights in the simulated solar cells’ cross-section view. Figure 5.10b highlights that
the overall absorbed light decreases as the NP’s mean height increases to 130 nm, or
decreases to 50 nm from the experimentally optimized value of 80 nm.
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Figure 5.9. Surface morphology of the front side texture of the a-Si:H solar cell
simulated by growth model for different NP heights. (a)-(c) Texture of the PS NPs
derived from AFM measurements. The profiles shown in (a) and (c) are generated
by down- or up-scaling the measured profile displayed in (b). The corresponding
front side textures (ZnO:Al layer exposed) are subsequently modeled and shown in
(d)-(f). Adapted from Ref.[89] with permission from the Royal Society of Chemistry.
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Figure 5.10. Simulated optical properties of the a-Si:H solar cells with increasing
NP heights. (a) Cross-sectional view of the simulated solar cells deposited on the
NPs with a mean height (H) of 50 nm, 80 nm, and 130 nm. The overall absorptance
spectra (b) and EQE (c) of the complete solar cell stack depicted in Figure 5.8a are
simulated as a function of the NP mean height H. A normal incidence of the light
was considered in all the simulations. Adapted from Ref.[89] with permission from
the Royal Society of Chemistry.

For the smallest mean NP height, both the overall absorptance (Figure 5.10b) and
the EQE spectra (see Figure 5.10c) of the solar cells are negatively impacted. The
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integrated absorption (IA) value, calculated in the sole intrinsic a-Si:H layer, drops
from 52.8% to 49.9%. Inversely, for a mean NP height of 130 nm, the front side
texture is not dramatically affected, and hence the overall absorptance and EQE
spectra are nearly untouched. The weaker response between 600-700 nm leads to a
reduced TA of 51.6% in the i-a-Si:H layer, which is less severe than for the lowest
NP mean height. The results indicate that the nanopillars’ profile does influence the
absorption efficiency, and the mean nanopillar’s height should be carefully adjusted
to retrieve the most benefits from the light-trapping reflector.

5.3.2 Influence of the NP surface coverage

Tuning the SC of the NP array is achieved by adjusting the NPs diameter in the
measured AFM data, as illustrated in Figure 5.11a-c. The SC was varied from 13%
to 49%. The smallest SC (value of 13%), is the limiting value for keeping all the
NPs and 49%, above which the NPs would otherwise overlap (not observed in actual
samples, see Figure 5.3d). An increase in the surface coverage of the NPs leads to a
similar change in the a-Si:H solar cell front side texture (ZnO:Al layer) as illustrated
in Figure 5.11d-f, in comparison with NP height change (see Figure 5.9d-f). Figure
5.12a-b shows a weak influence of the SC for A < 500 nm on the corresponding sim-
ulated solar cell spectra. An increase in SC impacts both the overall absorptance
and the EQE spectra of the solar cells above A=500 nm. For example, a maximum
EQE decrease of 3.5% for SC=49%, against only 1.4% for SC=13% is reported.
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Figure 5.11. Surface morphology of the front side texture of the a-Si:H solar cell
simulated by growth model for different NPs SC. (a)-(c) Texture of the PS NPs
derived from AFM measurements. The profiles shown in (a)-(c) are generated by
increasing or decreasing the PS domains’ lateral size measured by AFM (shown in
Figure 5.10b). Thus, the base surface has a SC of (a) 13%, (b) 24%, and (c¢) 49%. The
corresponding front side textures (ZnO:Al layer exposed) are subsequently modeled
and shown in (d)-(f). Adapted from Ref.[89] with permission from the Royal Society
of Chemistry.
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Therefore, it can be inferred that the fabricated NPs geometrical parameters intro-
duced in Figure 5.3d lie in an optimized range and that the light-harvesting prop-
erties of such scattering reflectors can be globally preserved even for a significant
variation of the mean NP height and SC.
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Figure 5.12. Simulated optical properties of the a-Si:H solar cells with increasing
NPs SC. The overall absorptance spectra (a) and EQE (b) of the complete solar cell
stack depicted in Figure 5.8a are simulated as a function of the NPs SC. A normal
incidence of the light was considered in all the simulations. Adapted from Ref.[89]
with permission from the Royal Society of Chemistry.

5.4 Summary and discussion

In this study, nanophotonic back reflectors with broadband light scattering proper-
ties were developed using polymer blend lithography for thin-film solar cells. The
scattering layer fabrication method’s advantages are: (i) its versatility, enabling
it to quickly adapt and control the scattering layer morphology to obtain the de-
sired scattering properties over an extended wavelength range, (ii) its up-scalability,
demonstrated by processing substrates over several tens of cm, and (iii) its solution-
processability, which helped to avoids using an annealing step at a high temperature.
Among the investigated configurations, disordered NPs with a smooth profile can
achieve broadband scattering while limiting parasitic absorption compared to the
state-of-the-art randomly textured Asahi substrates. As a proof-of-concept, the
light-trapping capability of those structures was tested in a-Si:H devices.

To this end, I have shown that including disordered NPs on the back contact of an n-
i-p a-Si:H solar cell enhances the red-response of the device, predominantly through
a 33%;el Increase in Jgc compared to devices based on planar reflectors, and even
outperform randomly textured Asahi solar cells (+7%e in Jsc). A power conversion
efficiency enhancement of +4%,q and +65%..q was measured, compared to devices
deposited atop an Asahi substrate and a flat substrate, respectively. It was observed
that the photocurrent enhancements are most prominent at wavelengths longer than
600 nm; no decrease in performance is found at shorter wavelengths.

Optical simulations carried out on an accurate 3D model revealed that the disordered
NPs superior light-harvesting properties notably stem from reduced absorption losses
in the reflector above 500 nm, compared to Asahi devices that feature sharp-edged
textures. Furthermore, the smooth profile of the NPs allows fabricating functional
and reproducible devices with improved efficiency. I have also numerically shown
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that the proposed design is tolerant to NPs height and diameter variations. The
nanostructures introduced herein are particularly attractive for organic photovoltaics
exploiting polymer substrates.
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6. Tailored disorder: nanophotonic
solar cell absorber layers

In this chapter, as an alternative to the bottom-up approach (please refer to Chapter
5), direct photovoltaic absorber layer patterning to form light-scattering elements via
a top-down approach is proposed. First, the concept of patterned absorber layers as a
solution for assisting light trapping of low energy photons in hydrogenated amorphous
silicon (a-Si:H) and perovskite-based photovoltais is explained. Secondly, the role of
ordered versus disordered nanostructures in light trapping is elaborated using optical
simulation of directly patterned a-Si:H absorber layers. On the basis of these results,
nanostructured a-Si:H absorber layers that offer efficient light-trapping properties
together with a high angular robustness are designed. Furthermore, the numerically
optimized a-Si:H absorber layers are fabricated using a scalable, self-assembly pat-
terning technique based on the phase separation of binary polymer mixture. Thirdly,
the concept discussed in the second part of this study for a-Si:H absorber layer is
extended for the perovskite absorber layer. Finally, the results of this chapter are
summoarized. Parts of the results presented in this chapter have previously been pub-
lished in the journal of Science Advances and Advanced Materials Technologies.[61 8%

In the previous study, Chapter 5, light-trapping is addressed by patterning the back
electrode. Herein, the PV absorber layer’s direct patterning is explored as an al-
ternative to the approach developed in Chapter 5. Methods for direct patterning
of an absorber layer include dry¥ 19! or wet!196 197 etching, nanoimprinting, %!
light-induced (Focused-Ion-Beam/Laser) patterning,!'%% 2%l and template-assisted
patterning (lift-off).?%! The resulting layers form light-scattering elements that ben-
efit from the high refractive index contrast between the absorber (refractive index
around 3.90% and 2.512° in the hydrogenated amorphous silicon (a-Si:H) and per-
ovskite material at a wavelength of 750 nm, respectively) and the ambient (only 1
and 1.5 for air and glass, respectively). Higher conversion efficiencies are possible
in this approach by increasing photons lifetime in the active layer and thereby en-
hancing absorptance near the PV active material’s band edge.?® 133 To this end,
a nanophotonic absorber layer with periodic (ordered) and random patterns has
been investigated extensively for light trapping in solar cells.[?3 133:202,203] Ordered
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pattern provides strong resonant absorption enhancement via excitation of quasi-
guided modes in the absorber layer,? 202 but the restricted number of resonant
wavelengths they excite suggests that they are operating in a sub-optimal regime
for PV applications. The main advantage of ordered structures is the tunability
of diffraction,?® 202 which allows a dramatic increase in absorption in a targeted,
though restricted, spectral range. On the other hand, many resonances are required
to cover a large bandwidth and hence produce a significant absorption enhance-
ment in PV devices.??l In this direction, randomly textured absorbers excite many
resonances because of their large number of diffraction orders, but the coupling
with each of these resonances is weak.??l This situation leads to numerous but low-
intensity new absorption peaks.[?3 90 204 The ideal photonic structure should target
the highest integrated absorptance possible and therefore combine a sufficiently high
density of resonant wavelengths over the low absorption spectral range and an ef-
ficient coupling for each of the resonances involved.?® 1% More recently, photonic
structures featuring a tailored degree of disorder—i.e., lying halfway between or-
dered and random configurations—have attracted considerable interest in PV due
to their extended spectral and angular range of effectiveness.?*! Notably, quasi-
random nanostructures realized by e-beam lithography (EBL) have been integrated
into solar cells as broadband light trapping elements and have been shown to ap-
proach the theoretical (Lambertian) limit.[?°4 Despite recent research efforts aiming
at increasing the EBL writing speed,?%! alternative routes based on self-assemblies
have the highest potential in reaching industrial implementation as they allow to
rapidly process disordered structures over large areas (tens of cm?).[64 206]

In this study, inspired by the cellular phase separation mechanism of the black but-
terfly wing scales, lateral phase-separation of binary polymer mixture is proposed
to introduce tailored disorder patterns into absorber layers. To this end, two ways
to integrate the bioinspired scattering nanostructures into absorber layers of solar
PV stacks are considered. First, the proposed approach is used to pattern an etch-
ing mask made of resist, which is employed for transferring disordered nanoholes
(NHs) into a thin a-Si:H layer by dry etching (top-down route). A second example
demonstrates that similar structures can serve as an imprinting stamp to pattern
perovskite absorber layer via thermal nanoimprinting lithography (NIL). The latter
route is expected to pave the way for roll-to-roll processed “photonized” absorbers
film for PV devices. Finally, the significance of these findings for other PV materials,
namely organic and quantum dot-based solar cell devices is elaborated.

6.1 Photonics of black butterfly: Nanostructures and
physics behind

The scales of black butterflies’ wings, particularly Pachliopta aristolochiae (Figure
6.1a), that exhibit a wide variety of hierarchical micro- and nanostructures (Figure
6.1b) with specific functionalities such as visual appearance and thermoregulation
were the source of inspiration for this study.[®® 297 Herein, the focus is mainly on
the role of micro- and nanostructures on visual appearance of these butterfly wings.
More details regarding the morphology of the butterfly wing scales and computa-
tional models are given in our study.l®¥ The blackness of these butterfly wings is
attributed to the light-harvesting micro- and nanostructures in addition to the pig-
mentation. The scales consist of periodic micro-ridges connected with a disordered
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NH network (Figure 6.1b). These scales’ mean thickness is about 1pum (15 times
thinner than a human hair) with a material filling fraction (ff) of only 31%. How-
ever, such thin scales absorb almost 98% of the incoming light in the visible range
(Figure 6.1c). Therefore, understanding the light-harvesting properties of black
butterflies result in a lightweight, cost-effective yet efficient absorber for thin-film
PV, for which efficiencies are limited by severe optical losses (reflection losses and
incomplete absorption of the collected sunlight).
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Figure 6.1. (a) Photograph of the Pachliopta aristolochiae black butterfly, (b) Scan-
ning electron microscope (SEM) topview image of the micro- and nanostructures of
the black butterfly scales consisting of periodic micro-ridges with 2D disordered
cross-rib (NH) structures, (c) Influence of the micro- and nanostructures on the
light harvesting properties of the black butterfly (under normal incidence). The
absorption spectrum of a 3D model exactly reproducing the hierarchical structures
shown in b) and Ref.[88] is simulated and compared to that of an unpatterned slab
with similar absorbing volume, and to the measured absorption spectrum of a scale.
Adapted from Ref.[88] with permission from American Association for the Advance-
ment of Science.

To gain insight into the influence of the micro- and nanostructures of P. aristolochiae
on its overall absorption properties, 3D finite-element-based optical simulations were
performed. The “3D model” parameters for these simulations were taken from sur-
face and cross-sectional SEM images (for more details, please refer to Ref.[88]). To
evaluate the influence of these structures, an unpatterned slab with an equivalent
absorbing material volume was used as a reference (“slab model”). The overall agree-
ment between the simulated and experimental data (see Figure 6.1c) confirms the
validity of the developed model. Figure 6.1c shows that, for an equivalent volume
of material, structuring the absorbing medium as found in the scales of the black
butterfly leads to a marked increase in the light absorption over the whole spectral
range considered (covering the operational wavelength range of most PV technolo-
gies). Quantitatively, this translates into overall spectrally weighted absorptance, an
integrated absorption (TA) increase of +18% with respect to the unpatterned slab.

To understand how these micro- and nanostructures assist the light absorption pro-
cess, light propagation through the black butterfly scales was investigated using field
mapping at four different wavelengths (see Figure 6.2). At 350 nm, simulated field
maps show that the light is channeled inside the NHs and partially absorbed at
their surface. The “channeled modes”, primarily concentrated in the low-refractive
index region (air), lead to a lower mean refractive index. Consequently, reflection
losses are decreased because of an improved impedance matching between the inci-
dent medium (air) and the wing. The situation differs as the wavelength increases
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(see, for instance, at 850nm), and the light is then efficiently scattered over the NH
array. Both effects—“vertical channeling” and “in-plane scattering”™—act together
at 550 nm (where the peak of the solar radiation spectrum lies). The micro-ridges
start playing a noticeable role on the light propagation mechanism only in the near
infra-red (1050 nm).

Reconstructed
3D simulation model
from SEM images

A =850 nm A =1050 nm

'-~.‘,._Top view

om lamina >

Cross-sectional view

Bottom lamina

Figure 6.2. Wavelength-dependent light propagation regimes within the micro- and
nanostructures of the P. aristolochiae black butterfly. The normalized electric field
intensity distribution is simulated over the hierarchical structures of the black but-
terfly for normal incidence via 3D finite element optical simulations. Adapted from
Ref.[88] with permission from American Association for the Advancement of Science.

Thus, the outstanding light-harvesting properties of the black butterfly originate
from a multilevel system where the 2D disordered NH network primarily assists
light absorption through efficient light in-coupling and light scattering (trapping)
mechanisms.[®® As mentioned earlier, the NH array is found to be the main con-
tributing element for the absorption in the ultraviolet-visible (UV-vis)-NIR region.
Therefore, further analysis is needed to understand the influence of the NH size and
position disorder on the absorption to design improved thin-film absorbers inspired
by black butterfly scales.

6.2 Nanophotonic a-Si:H absorber layers

Inspired by the black butterfly study, the ability of disordered NHs to harvest sun-
light for a-Si:H layers is numerically analyzed in section 6.2.1. The impact of disorder
on the optical properties of patterned a-Si:H films is systematically investigated by
starting from an optimized periodic arrangements of NHs. Eventually, with a top-
down approach, the optimized NHs are transferred into the a-Si:H absorber layer by
combining self-assembly and a dry etching process (see section 6.2.2).
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Figure 6.3. 3D simulation model developed to compute the optical properties of an
a-Si:H layer (t=100nm) consisting of bio-inspired disordered NH array.

6.2.1 Design of nanophotonic a-Si:H absorber layers

Numerical simulation based on a finite element method (FEM) is used to retrieve de-
sign rules to fabricate bio-inspired and highly absorbing a-Si:H absorber layers. The
developed 3D model is illustrated in Figure 6.3. For analysis, an “ordered” periodic
arrangement of holes with a single diameter, a “perturbed” periodic arrangement
of holes with varying diameters, and finally a “correlated” combination of position
and diameter size disorder inspired by the black butterfly scales (see Figure 6.4a)
were introduced. An unpatterned slab with a thickness of 100 nm served as a ref-
erence. All layers were simulated with air as a surrounding medium. For periodic
configuration, the period of the structure (300 nm) and the hole diameter (240 nm)
were adopted from Ref.[202], where the 2D patterned a-Si:H absorber layer was al-
ready optimized with respect to its IA. Compared to the periodic configuration, the
NHs decorating the wings of the black butterfly P. aristolochiae features disorder
in position as well as diameter size distribution. To discriminate the contribution
of the position and the diameter size distribution on the absorption properties, a
controlled amount of disorder in the diameter size distribution (see Figure 6.4b) was
introduced into the periodic configuration. The resulting configurations are called
“perturbed” structures and have a Gaussian distribution of hole diameters (average
of 240 nm, variance of 20nm), as shown in Figure 6.4b. A Gaussian distribution is
chosen as it reflects what is obtained experimentally, as discussed in the following
sections. The bio-inspired disordered NH array, obtained by shifting the position of
the “perturbed” periodical arrangement (see Figure 6.4a) by the application of the
Lubachevsky-Stillinger (LS) algorithm.?*®l The generated configurations using the
LS algorithm are called “correlated” disordered structures and exhibit only short-
range order (see the ring-shaped feature on the 2D Fourier spectrum in Figure 6.4a).
A fixed volume of absorbing materials is considered for the three configurations dis-
cussed above. The total absorbing volume, however, is lower than that of the planar
reference due to patterning. The simulated absorption spectra for a plane wave with
a normal angle of incidence (AOI) of the four configurations are shown in Figure
6.4c. The periodic structure’s absorption peaks in Figure 6.4c can be attributed
to the coupling of the incident plane wave with pseudo-guided modes, which is en-
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abled by periodic patterning.?*? The non-uniform radius (perturbed configuration)
only slightly broadens the ordered array’s absorption spectra, while the absorption
spectra of correlated configuration is almost completely broadened.
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Figure 6.4. Simulated optical properties of thin and patterned absorbers made of
a-Si:H with increasing disorder magnitudes. (a) Schematic view of the four con-
sidered geometries: ‘unpatterned’ bare slab, ‘ordered’ periodically arranged holes
with single diameter, ‘perturbed’ structure of holes with periodic arrangement but
varying diameters, ‘correlated’ structure with disordered hole positions and vary-
ing diameters. The ordered structure has a hole diameter of 240 nm and a period
of 300nm. The ff of all patterned configurations is set to 50.26%. The insets in
the lower right corners show the 2D Fourier power spectra of the corresponding
structures. (b) A Gaussian distribution with a mean hole diameter of 240 nm and
a variance of 20nm is introduced into the ordered configuration to investigate the
effect of size dispersion. (c) Absorption spectra of the four simulated geometries
under normal incidence for unpolarized light ((TE+TM)/2). The integrated ab-
sorption of each geometry is reported in the legend. (d) Integrated absorption of the
three patterned geometries vs. the angle of incidence (AOT). The resulting integrated
absorption varies between 67% to 45% for angles up to 80°. Adapted from Ref.[88]
with permission from American Association for the Advancement of Science.

To quantify each configuration’s light-trapping efficiency, the simulated absorption
was weighted by the solar spectral irradiance. Then, the resulting IA was used
as a figure of merit. Details of the TA calculation are given in Chapter 3. In the
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case of the unpatterned reference slab, the IA is only 31.6% (in accordance with
Ref.[202]). On the other hand, the photonic slab with ordered hole array exhibits
63.8% of the average optical absorptivity weighted by solar spectral irradiance in
the wavelength range between 305 nm to 720 nm. This outcome is already two times
larger than the bare slab. The perturbed structure, however, has an increased ITA of
64.5%. Introducing correlation to the holes’ position together with size dispersion,
similar to the black butterfly, leads to an IA of 63.9%. All three photonic structures
double the TA by a factor of more than 2 compared to the unpatterned layer. For
normal AOI, the three photonic structures exhibit comparable TA. The significant
absorption reduction at short wavelengths (below 450 nm) and around 650 nm limits
the TA gain of the “correlated” design. However, if oblique AOI is considered, the
IA of the correlated disorder is better than that of the ordered array, as shown in
Figure 6.4d. The IA drop in the correlated structure is limited to 22.8% between 0°
and 80°, whereas the ordered (perturbed) structure exhibits a drop in IA as high as
27.3% (respectively 26.8%). The result indicates that the bio-inspired “correlated”
structures lead to broader spectral and angular responses, clearly beneficial for PV
application. This property is attributed to many accessible diffraction orders (see
also the Fourier spectrum in Figure 6.4a) in their design, which is crucial for the
absorption enhancement. In contrast, the IA in the periodical or slightly perturbed
structures relies on a limited number of sharp absorption peaks. Based on the
numerical analysis, the bio-inspired NHs distribution may provide a better route
towards realizing thin-film PV with high performance over a wide range of operating
criteria over the purely periodic one.

6.2.2 Fabrication of nanophotonic a-Si:H absorber layers

Motivated by the optical simulations’ positive outcome (see section 6.2.1), black
butterfly-inspired thin PV absorbers incorporating disordered NH were designed,
which combine efficient light in-coupling and light-scattering properties with high
angular robustness. Inspired also by the butterfly scales’ cellular phase-separation
mechanism, 2% 219 g self-assembly patterning technique based on the phase-separation
of a binary polymer mixture was used to fabricate the disordered nanostructures (for
details, please refer to Chapter 4). Figure 6.5a illustrates the fabrication process
flow. An a-Si:H layer of thickness 130 nm was deposited on glass substrates using
plasma-enhanced chemical vapor deposition. More details regarding the deposition
parameters are given in methods section (Chapter 3). The a-Si:H layer on glass is
used as a substrate for spin coating the polymer blend. For this study, a polymer
blend of Poly (methyl methacrylate) (PMMA, Mw=9.59 kg-mol~!) and polystyrene
(PS, Mw=19.1kg-mol™!) dissolved in methyl ethyl ketone with a mass ratio of 60%
and 40% were used. The concentration of the solutions was fixed to 20 mg-ml~1.
The solution was spin-coated atop the a-Si:H layer with a spin-casting speed of
1500 rpm and an acceleration of 2000 rpm/s for 30 seconds. After phase-separation
of the polymer blends, PS was selectively developed using cyclohexane. The nanos-
tructured polymer matrix made of PMMA was then used as an etching mask for
a reactive ion etching process that resulted in the formation of NHs in the a-Si:H
layer, as shown in Figure 6.5a. The a-Si:H was etched using a SF6/Ar-based plasma
at operational pressure and power of 25 mT and 50 W, respectively. The SF6/Ar
flow rate was fixed at 5/20 sccm. Afterward, the etching mask (i.e., PMMA matrix)
was removed using oxygen plasma.
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Figure 6.5b show the optical photographs of the unpatterned a-Si:H absorber (left)
in comparison to a-Si:H absorber that has been patterned and completely etched
sample (right). The photograph shows an apparent visual effect: the improved
absorption’s darkish appearance due to the absorber layer’s patterning with bio-
inspired light scatterers.
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Figure 6.5. Fabrication of the bio-inspired patterned thin PV absorbers. (a)
Schematic view of the three main fabrication steps including the spin-coating of
a blend solution of Poly (methyl methacrylate) (PMMA) and Polystyrene (PS) in
MEK on thin a-Si:H layer deposited on a glass substrate, followed by a selective
development of the PS and finally the transfer of the pattern into a-Si:H by dry
etching (RIE). (b) Photo of a patterned 130nm thin a-Si:H layer on a glass sub-
strate with completely etched disordered nanoholes (right) demonstrates the high
omnidirectional absorption properties with respect to the unpatterned sample (left).
All photos were taken under diffusive white light with observation angles of 30° (top)
and 80° (bottom). (¢) SEM top view image of the nanostructured a-Si:H thin film
shows the distribution of nanholes with both size and position disorder. The ring-
shaped pattern in the 2D Fourier power spectrum corresponding to this SEM image
(inset) confirms the correlated disorder nature of the nanoholes introduced in the
thin absorber. (d) Statistical analysis of the nanohole diameters of this sample. The
histogram depicting the distribution of nanohole diameters can be approximated by
a Gaussian profile with a mean diameter of 238 + 105nm. Adapted from Ref.[88]
with permission from American Association for the Advancement of Science.

The scanning electron microscopy (SEM) image of the resulting correlated disor-
dered NHs in the PV absorber is shown in Figure 6.5¢c. A corresponding 2D Fourier
power spectrum in the overview SEM image’s inset demonstrates the correlated dis-
order nature of the NHs. The NH diameters follow a Gaussian distribution and
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range between 100nm and 600 nm with a mean diameter of 238 nm, exhibit a ff
of 41%. The NHs size distribution is shown in Figure 6.5d. The etching profile,
a 1D line profile extracted from an atomic force microscopy (AFM) image of the
patterned a-Si:H is shown in Figure 6.6a.
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Figure 6.6. Characterization of the bio-inspired patterned thin PV absorbers. (a)
AFM image of the bio-inspired a-Si:H thin film show uniform surface patterning
with height (etching) profile. (b) Impact of the etched disordered nanoholes on
the absorption spectrum measured at normal angle of incidence with unpolarized
light. (c¢) Angular dependence of the integrated absorption of the patterned and
unpatterned samples. The relative increase of IA raises up to +200% for an angle
of incidence (AOI) of 50°. Adapted from Ref.[88] with permission from American
Association for the Advancement of Science.

The line profile shows that the etching is achieved throughout the whole absorber
thickness. The benefit of patterning the a-Si:H layer with bio-inspired nanostruc-
tures is apparent in Figure 6.6b. At normal AOI, the patterned a-Si:H layer enhances
the absorption over the whole spectral range compared to a planar one (blue dash-
dotted line in Figure 6.6b). The latter features a low absorption for wavelengths
above 500 nm, where the absorption coefficient of a-Si:H is low,®¥ and exhibits an IA
of just 24.8%. The bio-inspired disordered NHs based a-Si:H layer, in contrast, has
an TA of 48%. This is attributed to the light-trapping (coupling to pseudo-guided
modes) effect of the patterned design. Thus, a relative A increase of 93% was mea-
sured under normal incidence and between 450 nm and 800 nm. As demonstrated
experimentally (Figure 6.6c), the disordered NH array enables to maintain a high
absorption even at oblique angles, which is an asset for PV systems that should
collect both direct and diffuse sunlight. Besides, it is important to note that the
relative TA enhancement is even higher at larger AOI and reaches +207%;,¢ at an
incident angle of 50°.
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However, keeping the planar PV device’s electrical performance is very challenging,
as the nanotexturing damages the absorber, and the sensitivity to the surface recom-
bination is dramatically increased.?'!] By taking care, in particular, of the etched
sidewalls’ surface passivation as discussed in Ref.[211], a subsequent increase in the
conversion efficiency is expected for a solar cell based on the bioinspired, patterned
a-3i:H thin-film layer.

6.3 Nanophotonic perovskite absorber layers

For the last few years, metal halide perovskite semiconductors have attracted a
lot of attention in optoelectronic device research as they offer strong optical ab-
sorption and emission, as well as high charge carrier mobilities.[133, 148, 198, 212, 213]
Furthermore, these are solution processable, low-cost materials and can be pro-
cessed with a wide range of cost-effective fabrication approaches, including roll-to-
roll processing.?"¥ Compared with the planar, the nanostructured perovskite thin
films exhibit enhanced optical performance in various photonic devices and materials
such as solar cells,'33 light-emitting diodes (LEDs),["®! lasers,?!3] metamaterials, 212!
and photodetectors.*8 For example, nanostructured perovskite thin films can be
used in solar cells to enhance current generation by coupling the incident light to
quasi-guided modes.'33 They can also be exploited in LEDs, lasers, photodetectors,
and metamaterials to gain multifold photon emission enhancements.[148: 198, 212, 213]

In this section, the concept of light management using bio-inspired nanostructures
(discussed in section 6.1) is extended for perovskite-based PV. The etching tech-
nique developed in section 6.2.2, however, is not suitable for patterning perovskite
material. The wet or dry etching approaches discussed in section 6.2.2 require the
employment of the patterned resist as an etching mask for patterning the perovskite
material, followed by the removal of the residual resist mask from the perovskite
film after etching. Since perovskite are soluble materials (sensitive to various sol-
vents and gases) accomplishing all of the above steps without damaging the film
is highly challenging.['%’! Herein, nanophotonic perovskite layers are demonstrated
with improved optical properties using a thermal NIL method. Compared to the
etching technique (refer to section 6.2.2), there is no loss of absorbing material with
the thermal NIL approach. The total absorbing volume before and after the NIL
process remains the same.

6.3.1 Fabrication of nanophotonic perovskite absorber layers

The patterning of perovskite films via thermal NIL using a conventional imprint-
ing stamps (made of OrmoStamp material) involves a series of fabrication steps:
(1) fabrication of master using different lithography approaches, (2) replication to
polydimethylsiloxane (PDMS) from master via soft NIL, and (3) another soft NIL
based replication to OrmoStamp material (working stamp) from PDMS.!33 In this
study, the imprinting stamps are prepared using a self-assembly method based on the
phase-separation of PS/OrmoStamp blend (for details, refer to Chapter 4). Com-
pared to the conventional fabrication approach, the self-assembly method involves
only a single spin-coating step to prepare the stamps.
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Figure 6.7. Improved light management in nano-imprinted perovskite films using
PSN based imprinting stamp. (a) Schematic illustration of the imprinting process
of the perovskite films on glass using P2P NIL tool. Imprinting stamps with surface
relief shown in Figure 4.20a(iii,iv) and 4.19d are used for the thermal NIL process.
(b-d) AFM images of the corresponding nano-imprinted perovskite films with effec-
tive period of (b) P=490nm, (c¢) P=540 nm, and (d) P=575nm. The photograph of
the imprinted perovskite film using P=490 nm is shown in (b). (e) Optical absorp-
tion of the planar and the patterned perovskite films with a thickness of 250 nm. (f)
PL spectrum of the planar perovskite film compared to the PL spectrum of three
different nano-imprinted films. Adapted with permission from Ref.[61], (©) John
Wiley & Sons.

For example, to highlight the potential of the phase-separated nanostructures (PSN)
to achieve optically tunable and efficient nanophotonic perovskite films via thermal
NIL, the nano-stamps shown in Figure 4.19d and 4.20a(iii,iv) are used as imprinting
stamps. Before their integration into the thermal NIL tool, the imprinting stamps
were treated with 1H,1H,2H,2H-Perfluorooctyltrichlorosilane to improve their anti-
sticking property and reduces the demolding forces substantially.'! Afterward, the
thermal NIL of the triple cation perovskite (Csg1(MAg17FA¢s3)0.90Pb(Io.83Bro17)s)
films is done with a temperature of 2100 °C, and a pressure of ~60 MPa in a nitrogen
environment, as illustrated schematically in Figure 6.7a. Details of the perovskite
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layers preparation are given in Ref.[133, 215]. For thermal NIL, an in-house devel-
oped hot embossing machine is used.?'! The different imprinting parameters’ effect
using this machine on the perovskite film is discussed briefly in Ref.[16, 133], using
imprinting stamps based on periodic nanostructures. The surface morphology of the
nano-imprinted perovskite films can be seen in the AFM images in Figure 6.7b-d.
Figure 6.7b also includes the photograph of the nano-imprinted perovskite film. The
nanoholes of the nano-imprinted perovskite films show an average depth of 80 nm.

Figure 6.7e highlights the substantial absorption increase following the imprinting
of the disordered PSN into the perovskite layers and their superior utilization of
the collected low-energy photons with respect to the unpatterned perovskite layer.
As revealed by AFM images, this is notably attributed to the regular nanoholes
pattern imprinted into the perovskite material. Thus, the pattern leading to an
enhanced light-scattering and an efficient light in-coupling. The IA was calculated
to assess the perovskite films’ light-harvesting capabilities under consideration. In
the case of the unpatterned (“planar”) perovskite film, the IA is 62.3%. On the
other hand, the patterned perovskite films based on the PSN with effective period
(P)=490, 540, and 575 nm improve the A by 7, 4.6, and 4%,., relative to the planar
counterpart, respectively. Herein, the highest optical absorption gain is observed
for the pattern with the smallest P. The finding highlights that one can mitigate
the toxic lead content in perovskite-based devices by reducing the thickness of the
perovskite material and enhancing the optical property of thinner films.[?3 As such,
optical solutions are promising avenues for improving not only the power conversion
efficiency by allowing physically thinner but optically thicker devices, but also their
market applicability by enabling higher mechanical flexibility due to the reduced
thickness (in the same way as targeted for a-Si:H technology). The developed PSN
can also serve as an imprinting stamp for nanopatterning organic solar cells and
thereby improve their optical properties, as highlighted in Ref.[155, 217].

The nanostructured perovskite thin films can also be exploited in LEDs to gain pho-
ton emission enhancements due to favored nanostructure morphology, contributing
to better light out-coupling compared to pristine ones. Figure 6.7f shows enhanced
photoluminescence (PL) spectra from nanoimprinted perovskite films compared to
a planar counterpart. Quantitatively, the PL emission peak (located near the band-
gap of the perovskite material) is enhanced by 47%,.; (for P=490 nm), 48%,., (for
P=540nm), and 121%,¢ (for P=575nm), respectively. A continuation of this work
could be dedicated to the fabrication of patterned perovskite layer-based LED de-
vices. Moreover, this work opens up a new and simple way to fabricate nanoim-
printed high-refractive-index active photonic nanostructures based on quantum dots
for visible light. 8!

6.4 Summary and discussion

In this chapter, “photonized” thin-film absorber layers are investigated to enhance
solar cells’ efficiency. Disordered structure of nanoholes (NHs) inspired by the black
butterfly were implemented to realize efficient “photonized” absorber layers. As
a proof-of-concept, this pattern were tested in thin-film absorber layers based on
hydrogenated amorphous silicon (a-Si:H) and perovskite materials.

In the case of a-Si:H, a top-down approach based on the phase-separation of PS/P-
MMA polymer blend combined with dry etching was developed to pattern the ab-
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sorbing layer. Herein, a polymer matrix (made of PMMA) with NHs was utilized
as a dry etching mask after the selective development of PS domains to transfer the
disordered NHs into a-Si:H layer. The patterned a-Si:H layer exhibited an integrated
absorption (IA) increase of 93%;.. compared to their planar counterpart under nor-
mal angle of incidence. As demonstrated experimentally, the NH array enables to
maintain a high absorption even at oblique angles. Using optical simulations, the
present study also show that the disordered NH array leads to improved angular
robustness compared to the periodic NH array. This is a direct consequence of the
higher number of resonances involved in disordered NH array. Therefore, the latter
enables highly absorbing active layers over a broad spectral and angular range, as
desired for solar PV applications.

In a second example, it was demonstrated that similar structures could be used to
pattern a perovskite absorber layer using thermal NIL. To imprint the absorber layer
using thermal NIL, the OrmoStamp nanopattern fabricated via phase-separation of
PS/OrmoStamp polymer blend is directly used as a nano-stamp. The patterned
perovskite films demonstrated enhanced optical absorption and photoluminescence
compared to the pristine ones. The introduction of nanophotonics into the perovskite
layer also sets the path for scaling down the absorber layer’s thickness and hence
reducing the harmful lead. Overall, this study uniquely ventures into the territory of
combining bio-inspired disordered NH array with thin-film PV absorber layer. It also
provides a pathway for a further systematic study of nature-inspired nanostructures
for PV devices’ optimal design and function.
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7. Antireflective coatings for efficient
perovskite/c-Si tandem solar cells

The successful development of multi-junction photovoltaic devices with two or more
subcells (e.g., perovskite/c-Si tandem solar cells) has placed additional importance on
the design of high-quality broadband antirefiection coatings. In this chapter, phase-
separated nanostructures with dimensions smaller than the wavelength of incident
light (i.e., antireflective nanostructures (ARN)) are proposed to reduce reflection
losses and thereby increase light absorption in perovskite and perovskite/c-Si tandem
solar cells. First, the working principles of antireflection coatings are discussed, with
an emphasis on ARN. The different approaches to fabricate ARN are reviewed. The
fabrication of tunable ARN using polymer blend lithography (PBL) is demonstrated
(section 7.1). Finally, the PBL based ARNs are integrated into perovskite /c-Si tan-
dem solar cells to enhance their optical performance. Parts of the results presented
in this chapter have previously been published in the journal of Optics Express.[*]
In this study, Ihteaz M. Hossain carried out the solar cell devices fabrication and
characterization.

In Chapters 5 & 6, phase-separated nanostructures (PSNs) were implemented as
light-trapping layers. They thus increased the optical absorption of thin-film solar
cells, close to the device’s active materials band edge. In this chapter, we extend the
application of the PSNs and implement them as an antireflection layer to enhance
the performance of perovskite/c-Si tandem solar cells. The reflection losses in planar
solar cells originate from the thin-film interference in the layers stack.?' An antire-
flective coating (ARC) based on either a single/multi-layer??% 22! or subwavelength
structures?' 222 can reduce the reflection losses in the planar solar cells (for details,
refer to Chapter 2). Among the two ARC approaches, ARC based on subwavelength
structures is gaining more attention as an ideal candidate for ARC in thin-film so-
lar cells. This is due to their excellent performance as broadband, omnidirectional,
and polarization-insensitive ARC layer.[??3: 224 These characteristics are essential for
solar panels in terrestrial conditions (cloudy weather, change in light intensity, and
diffused sunlight).?l
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The antireflective effect of subwavelength structures can be explained by a homo-
geneous medium whose optical properties are a weighted spatial average of the
profiles’ optical properties,??6 as illustrated in Figure 7.1. This is attributed to
their dimensions being less than the wavelength range of incident light and effec-
tively acting as an impedance matching layer, smoothing the transition between
one layer and another. These properties are the basis for an effective medium the-
ory (EMT).[223. 226, 227 Hence, the subwavelength structured interface region can be
modeled by replacing them with a stack of many layers, each with an effective refrac-
tive index (n.yys), as shown in Figure 7.1. Modeling and designing of subwavelength
structures using EMT are briefly discussed in Ref.[16, 223, 226, 227]. Modeling
with EMT is effective when the dimension of the subwavelength structures (d) is
much smaller than the incident light wavelength (A) and breaks when d approaches
A.1226] Tn this direction, excellent work has been done using numerical simulation to
design and understand the effect of varying d with respect to A on the ARC optical
properties.[228: 229)

In nature, biological systems also use subwavelength structures to produce unique
functionality.[?*) Moth’s eye, for example, has evolved nipple arrays of sub-300nm
size to reduce reflectivity from their compound eye and thus protect themselves
from predators.?*! In physical science, ARC’s breakthrough based on subwavelength
structures technology came in the late 1800s by Lord Rayleigh.?3? He discovered that
a slightly tarnished glass allowed more light through than a planar glass.?? 22 After-
ward, a range of nanoscale fabrication techniques has been employed to create sub-
wavelength structures in various materials. In general, this involves using electron-
beam,?* laser interference,??® 234 nanoimprint,?*” colloidal lithography, 3% 237 as
well as spontaneous and self-assembled approach.?82401 The latter approach, e.g.,
based on self-assembled nanoparticles obtained using a thermal dewetted metal thin
film, was analyzed and evaluated by many researchers for its relatively fast, sim-
ple, and inexpensive large area application.?*®240] Nevertheless, such metal-based
subwavelength structures can not be directly used for solar cell devices due to their
significant parasitic absorption and have to be transferred to lossless material using
a dry or wet etching process.[??3 24 Furthermore, the dewetting process’s annealing
step necessitates a high temperature between 400-500 °C, limiting practical ARC’s
mass production using this approach. These limitations call for alternative pattern-
ing approaches that can be implemented at room temperature without requiring an
e-beam lithography or etching/nanoimprint to transfer the structures to another ma-
terial. Thus, they provide proper control over the morphology of the nanostructures.
In this context, the realization of subwavelength structures by the phase separation
of immiscible polymer blends is a relevant alternative, as it can be carried out at
room temperature (for details, refer to Chapter 4).

This study presents a low-cost method for fabricating antireflective polymer sur-
faces based on lateral phase separation of spin-coated binary polymer blends. The
approach enables wafer-scale production of disordered nanostructures with subwave-
length dimensions (for details, refer to Chapter 4). Meanwhile, we systematically
investigate the antireflective and electrical properties of nanostructured indium tin
oxide (ITO), which is one of the common transparent conducting oxide materials
used as a transparent electrode layer in solar cells. Herein, the nanostructured I'TO is
fabricated by conformal deposition onto the phase-separated subwavelength struc-
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tures. This ultimately allows us to realize their optical benefit in pervoksite/c-Si
tandem solar cells.

7.1 Fabrication of nanophotonic electrodes

In this study, PBL based on a polymer blend of two immiscible phases is used to
generate subwavelength structures. More specifically, a blend of polystyrene (PS)
and poly(methyl methacrylate) (PMMA) is implemented to generate subwavelength
PS nanopillars (NPs) with a mean height of 130nm. More details regarding the
fabrication approach are given in Chapter 4. Herein, small molecular weight (MW)
PS (MW=3.25 or 8.21kg'-mol™!) and PMMA (MW=5.50kg-mol™!) polymers with
a concentration of 15 mg-ml~! were employed to achieve the subwavelength PS NPs.
The nanophotonic electrode was obtained by conformally depositing a 135 nm thick
ITO film on the phase-separated PS NP array following the sequence illustrated in
Figure 7.1.

Phase-separated PS nanopillars

J i
Nlgff
"
ITO deposition

Figure 7.1. Subwavelength structures fabrication using polymer blend lithogra-
phy (PBL) and their analogous refractive index profiles. (a) The phase-separated
polystyrene (PS) nanopillars (NPs) on the substrate after the selective development
of the poly(methyl methacrylate) (PMMA) matrix. (b) Sputtering of indium tin
oxide (ITO) onto the PS NPs. The inset schematics show the ridge profile after the
ITO deposition and its analogous refractive index profile, as experienced by incident
light.

The nanophotonic electrode’s surface morphology, specifically the effective period
(P), was tailored by adjusting the polymer blend composition and the deposition
conditions used to fabricate PS NPs. The AFM images displayed in Figure 7.2a-c
give a qualitative impression of the I'TO deposited onto the PS NP. The P of the
ITO-coated NPs is deduced from the pair correlation function (PCF); see the details
in Chapter 4. The PCF was used to derive the P from the AFM images. A P of
550nm (see Figure 7.2a) was obtained using PS with a higher MW. Reducing the
MW of PS in the blend mixture (PS/PMMA) to MW=5.50 kg-mol~! from an original
MW=8.21 kg-mol~! leads to a decrease in the P-value of the ITO coated NPs from
550 to 310 nm (see Figure 7.2b). A small value of P is desirable to achieve efficient
antireflective properties in broadband wavelength spectra.??® 2290 Nanostructured
(NS) ITO with a P of 210nm was obtained (see Figure 7.2c¢) by increasing the
weight-ratio of PS in the PS/PMMA blend to 40:60 from an original composition
of 30:70. The NS ITO size distribution with a P of 210nm was experimentally
analyzed, as shown in Figure 7.2d.

To assess the NS ITO’s antireflective properties, we measured their transmittance
and reflectance spectra (see Figure 7.2e). The optimized NS ITO electrode with a
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P of 210 nm exhibited significantly reduced reflection and improved transmission for
a broad range of wavelengths compared to the other configurations, see Figure 7.2e.
Compared to the planar ITO electrode, the integrated transmittance weighted by
the air mass 1.5 global (AM1.5G) spectrum between 300-1200 nm is 7%;..; higher for
the NS ITO electrode. This increased optical gain is due to the smaller period of
the NS ITO in contrast to the incident wavelength, which allowed to suppress light
scattering in the broadband wavelength regime and provided a gradual change in
refractive index from the glass substrate (ng,,=1.51 at A=600nm) to ITO electrode
(niro=1.81 at A=600nm). This property ensures that the incident light does not
encounter a sudden change in refractive index, which would cause a proportion of it
to be reflected.
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Figure 7.2. Influence of the PS NP array morphology on the opto-electrical proper-
ties of the NS ITO electrode. (a-c) AFM images of the nanostructured ITO electrode
for an effective period (i.e., nanostructures inter-distance) of (a) 550 nm, (b) 310 nm,
and (c¢) 210nm. (d) Statistical analysis of the diameter of the nanostructures in
the optimized nanostructured ITO electrode derived from AFM measurement. (e)
Transmittance T and reflectance R, and (f) sheet resistance (Rsh) of the planar
ITO electrode and the NS ITO electrode for effective period of 210 nm, 310 nm, and
550nm. The scale bar represents 1pum. Adapted with permission from Ref.[90].

(©) 2020 Optical Society of America.

Herein, it is essential to keep the electrical performance of the NS ITO at the same
level as that of the planar one to translate the optical gain into solar cell device power.
Figure 7.2f shows the sheet resistance (Rg,) values of the different investigated
configurations. The Ry, of the champion NS ITO electrode was higher by 46 ohm /sq
when compared to a planar I[TO. This might be attributed to minor cracks in the NS
ITO (for details, please refer to section 7.2) or the possible increased number of grain
boundaries reducing charge carriers’ mobility. To explore the NS ITO’s impact on
functional solar cells’ performance, devices were subsequently fabricated according
to the layout introduced in Figure 7.3 using the champion NS ITO electrode.
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7.2 Solar cell devices based on nanophotonic electrodes

The light in-coupling capability of solution-processed semi-transparent perovskite
solar cell (PSC) devices based on NS ITO (P=210nm) electrode (“NS ITO-PSC”)
was assessed by characterizing reference devices processed on an identical stack
but without PS NPs (“Planar ITO-PSC”). The semi-transparent perovskite stack
consists of an ITO front electrode, SnOg-np, Csg1(MAg17FA83)0.0Pb(1o.83Bro17)3,
spiro-MeOTAD, MoOy, and an ITO rear electrode. More details regarding the stack
layers fabrication and their functionality are reported in Hossain et al.. study.!’)
The device configuration and the associated layers’ thicknesses are shown in Figure
7.3. In this study, the active illuminated area is 10.5 mm?. Figure 7.4a and b show
the cross-sectional scanning electron microscopy (SEM) images of the focused ion
beam (FIB)-cut “Planar ITO-PSC” and “NS ITO-PSC” devices, respectively. For the
latter, the conformal deposition of the SnO9-np and perovskite layers on the top of
NS ITO electrode leads to nanostructured film interfaces in the device stack. These
nanostructured interfaces potentially can reduce PSC devices’ reflection compared
to their counterparts (see Figure 7.4a).

<—ITO (150 nm)

<—MoO, (10 nm)
-«—Spiro-MeOTAD (200 nm)

-«—Perovskite (400 nm)

o

<«—5n0;
-«<«—ITO (135 nm)

<«—Glass

Figure 7.3. Schematic view of the semi-transparent perovskite solar cell (PSC)
integrating the subwavelength disordered PS NP array in their front electrode. The
fabricated stack, deposited on the PS NP array, consists of an I'TO front electrode,
electron transport layer made of SnO,-np, perovskite active layer, hole transport
layer (spiro-MeOTAD), and rear ITO electrode on the top of MoO,, buffer layer.

The light in-coupling properties of all devices were evaluated by measuring the over-
all solar cell device reflection spectra. Consistent with the reflectance values reported
in Figure 7.2e for the NS ITO, the PSC devices processed on the top of NS ITO
electrode exhibit significantly reduced reflection compared to “Planar [TO-PSC” de-
vices (see Figure 7.4c). Moreover, a significant interferences reduction is achieved
with respect to the planar design. Figure 7.4d shows the transmission through the
“NS ITO-PSC” device, which overcomes the “Planar ITO-PSC” configuration be-
low the perovskite material’s bandgap. External quantum efficiency (EQE) spectra
were acquired (see Figure 7.5a) to analyze how the reduced reflection losses below
the perovskite material’s bandgap translate for the charge carriers’ generation and
collection. Below A\=450 nm, the EQE of the “Planar ITO-PSC” configuration domi-
nates that obtained with the “NS ITO-PSC” devices. This indicates a higher amount
of parasitic absorption in the front NS ITO electrode.
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Figure 7.4. Improved light in-coupling properties of semi-transparent perovskite
solar cell integrating the subwavelength NP array. FIB-cut SEM cross-section of
(a) the perovskite solar cell deposited on the planar ITO coated substrates (“Planar
ITO-PSC”) and of (b) a similar thin-film stack processed atop the nanostructured
ITO (“NS ITO-PSC”). (c) Reflectance (R), and (d) transmittance (T) spectrum of
the solar cell based on the NS ITO design, benchmarked against planar ITO type.
All spectra were acquired under close to normal incidence. Adapted with permission
from Ref.[90]. (©) 2020 Optical Society of America.

However, “NS ITO-PSC” devices exhibit improved EQE above 450 nm compared to
the “Planar ITO-PSC” reference. Overall, an improvement of 2%,.; in the short
current density (Jsc) is achieved for “NS ITO-PSC” devices (see Figure 7.5b). In
contrast, the electrical performances (i.e., open-circuit voltage (Voc) and fill factor
(FF)) of the “NS ITO-PSC” devices reduced compared to “Planar ITO-PSC” devices,
as highlighted in Table 7.1. The electrical losses might be due to the substantial sur-
face area increase and the highly defective regions in the NS ITO layer (see Figure
7.4b). Consequently, this led to a decrease in the charge carrier’s lifetime (measured
using time-resolved photoluminescence (PL) spectroscopy) as compared to the pla-
nar reference devices (for details, refer to the PL measurements in Ref.[90]). In
general, a reduction in carrier lifetime leads to high non-radiative recombination.
Hence, the power conversion efficiency (PCE) of the semi-transparent “NS ITO-
PSC” devices is reduced compared to the “Planar ITO-PSC” reference devices (see
Table 7.1).
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Figure 7.5. (a) External quantum efficiency (EQE) and (b) current density - voltage
(J-V) characteristic of the perovskite solar cells with nanostructured ITO (“NS ITO-
PSC”) and planar ITO (“Planar ITO-PSC”), and stand-alone ¢-Si solar cell. Also,
the measured EQE and J-V of ¢-Si solar cell using “NS ITO-PSC” and “Planar ITO-
PSC” as a filter on the top. Adapted with permission from Ref.[90]. (©) 2020 Optical
Society of America.

As mentioned above, the front NS ITO in the semi-transparent “NS ITO-PSC”
configuration asides from their antireflective photonic effects above the perovskite
material’s band-gap leads to reduced reflection below its band-gap, as highlighted
in Figure 7.4c. This reduction of the reflection loss, which leads to an improvement
in the transmission (see Figure 7.4d), is favorable for efficient light management
in tandem configuration. To utilize this transmission gain, mechanically-stacked 4
T perovskite/c-Si tandem solar cells (with an air gap between the perovskite and
c-Si solar cell) were studied (see Figure 7.4a and b). More details regarding the
preparation of the bottom c-Si solar cells are given in Hossain et al.. study.®” Fig-
ure 7.5a gives the c¢-Si devices” EQE with the NS and planar front ITO electrode
in PSC/c-Si tandem configuration. The EQE of the bottom c-Si solar cell in NS
ITO-PSC/c-Si tandem configuration is enhanced for the entire range of wavelengths
(780-1200nm), leading to an enhancement in Js¢ up to 2.9mA /cm? (23%,.;) com-
pared to the planar reference device (see Figure 7.5b). The improvement in the sum
of Jso generated by the top and the bottom cell is 10%,.; higher for the NS ITO-
based PSC/c-Si tandem cells compared to the planar ITO-PSC/c-Si configurations
(see Figure 7.5b). Nevertheless, the PCE gain in PSC/c-Si tandem solar cells with
NS ITO is only 0.5% absolute (see Table 7.1).

Table 7.1. Electrical parameters of the planar and NS I'TO based PSC, stand-alone
¢-Si and their tandem (PSC/c-Si) solar cell configurations.

Parametors Planar NSITO c-Si: c-Si: c-Si:  ITO-PSC/ NS ITO-
ITO-PSC -PSC stand-alone Planar NS  ¢-Sitandem PSC/c-Si

Voc (V) 1.12 1.08 0.70 0.67 0.67 - -

Jsc (mA-em=2)  19.6 20.0 38.9 128 157 - .

FF 0.78 0.73 0.80 0.80 0.80 - -

PCE (%) 17.1 15.9 21.8 6.8 8.5 23.9 244

SPCE (%) 16.0 15.0 - - - 22.8¢ 23.5¢

“The stabilized PCE (SPCE) for tandem devices is calculated from the PCE of the top
semitransparent PSC (after 5min) and of the bottom c¢-Si cell at the maximum power point.
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The limited gain in the PSC/c-Si with NS ITO compared to reference planar solar
cells is attributed to the electrical loss (Voc and FF) in the top NS ITO-based PSCs.
Therefore, it is essential to evaluate the trade-off between the electrical (Vo and
FF) and optical properties (Jsc) in NS ITO-based PSC devices to enhance further
the PCE gain of NS ITO-based PSC/c-Si devices. In this regards, one strategy is
to mitigate the crack that is visible in NS ITO (see Figure 7.4b) by

1. optimizing the deposition condition of the ITO,

2. changing the phase-separated NPs material from PS to temperature stable
one, or

3. transferring the phase-separated NPs to glass substrate via dry or wet etching
using the phase-separated NPs made of PS as an etching mask.

7.3 Summary and discussion

This study presented antireflective nanostructures fabricated using the phase sepa-
ration process for efficient light management in perovskite/c-Si tandem solar cells.
The phase-separated nanopillars (NPs) enabled the conformal deposition of the sput-
tered front ITO electrode. The characterization of the front nanostructured (NS)
ITO electrode’s optical performance over A=300-1200 nm reveals, a 7%,; transmis-
sion gain compared to the planar reference. The transmission gain can be largely
attributed to the reduced reflection losses (through the beneficial optical effects of
the subwavelength NPs). The optical gain in the NS ITO electrode comes with an
increase in the sheet resistance when compared to a planar ITO reference.

Semi-transparent perovskite solar cells (PSCs) fabricated on top of the champion NS
ITO show an increase in the Jgo of 2%,.¢. In contrast, the NS ITO PSC’s electrical
performance (Voc and FF) was reduced. The electrical loss might be due to the
substantial surface area increase caused by nanopatterning the thin film layers of
the PSC device and the highly defective regions introduced in the NS ITO layer.
Compared to the top PSC solar cells in NS ITO PSC/c-Si tandem configurations, the
Jsc improvement in the bottom solar cell (c-Si) due to the enhanced transmittance in
low energy photons regime is more prominent (23%;.; vs. 2%;.;). Thus, it enhanced
the PCE of the bottom c-Si solar cell by 1.7% absolute. For PSC/c-Si tandem
configuration, however, the PCE gain is only 0.5%. The limited PCE gain in the
tandem configuration is caused by the loss in V¢ and FF of the top solar cells. The
electrical loss can be overcome by optimizing the front ITO deposition condition and
the antireflective nanostructures material property.

Overall, our results demonstrate that phase-separated nanostructures can be applied
to solution-processed perovskite solar cells and pave the way to increased power con-
version efficiencies through light management not only in single perovskite junction
but also in perovskite-silicon tandem solar cells. The developed nanostructured ITO
application is not limited to solar cells; its application can be extended to organic
light-emitting diodes to fabricate very efficient and transparent devices.
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This chapter illustrates the application of phase-separated nanostructures presented
in Chapters 5-7 as a light outcoupling layer for organic light-emitting diodes (OLEDs).
In contrast to the approaches shown in the previous chapters for solar cells, OLED
light outcoupling layer on a substrate is planarized to obtain a physically flat sub-
strate surface but optically undulated in a manner that enables optical scattering.
First, a review of OLEDs’ well-known light outcoupling layers is given, focusing
on internal light outcoupling layers. Then, fabrication of low- and high-index light
scattering nanostructures using polymer blend lithography is discussed, followed by
optically favorable planarization layers and the morphology and optical character-
istics of final light outcoupling layers. As a proof-of-concept, the light outcoupling
capability of planarized layers is tested by depositing an OLED stack on top. Parts
of the results presented in this chapter have previously been published in the journal
of Advanced Optical Materials.'"#? In this study, Dominik Theobald simulated mode
profiles of normalized electric field intensities in OLED devices.

The technical challenge of the OLED devices discussed briefly in Chapter 2 is that
their external quantum efficiency is limited by the light outcoupling efficiency of the
device, which is indeed unresolved because of the optical loss reduction in three main
light modes: surface plasmon polaritons (SPP), waveguided and substrate. This un-
derlines the need for simultaneously tackling the losses occurring within the thin
films stack (to ameliorate the so-called “internal outcoupling”) and in the substrate
(improvement of the “external outcoupling”). This chapter focuses on internal light
outcoupling layers. These layers can be achieved by integrating volumetric24!-243]
or compact!9l 154 244247 haged system, and of periodic!'® 244 or stochasticlo!: 245-247)
nanostructures configuration. Volumetric scattering layers can be realized by embed-
ding nanoparticles in polymer layers.?*17243] However, the position of the nanoparti-
cles within the polymer matrix is random, and agglomeration of nanoparticles tends
to introduce additional and unwanted randomness into the system (affecting the
size and shape of the scattering objects), which may also trigger surface roughness.
Besides, achieving an appropriate mean refractive index and ensuring a sufficiently
high refractive index contrast between the nanoparticles and the matrix material as
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required for efficient scattering is challenging. Moreover, these films exhibit strong
haze (i.e., diffused fraction of the overall transmitted light) with significantly re-
duced overall transmission®*® 2491 and possess a thickness ranging from a few ym up
to several tens of pm.[4% 249 2501 Alternatively, more compact (i.e., with a thickness
of a few hundreds of nanometers) periodicl'®® 244 or disordered!®! 245247 scatterers
can be engineered to achieve a strong overlap of the trapped modes with the light
outcoupling elements, which fosters light outcoupling.

The diffraction properties of compact periodic structures such as 1D or 2D pla-
nar gratings are easily controlled, albeit optimized for a limited spectral and angu-
lar range.[?®!- %52 Ag a result, they lead to color-distortion effects when applied to
white OLEDs.?*3] Alternatively, disordered systems have been employed to allow
efficient light outcoupling while maintaining stable angular and spectral emission
profiles.?1: 245247 For example, 2D corrugated substrates have been investigated by
forming buckling patterns (originating from compressive stress).?>% 25°1 These pat-
terns form a network without any preferred orientation (directional randomness),
nevertheless possess a characteristic wavelength and a tunable depth that can be
adjusted for broadband devices such as white OLEDs. On the other hand, scattering
layers made of isolated nano-objects lying on a plane (referred to as 2D structures)
have been obtained by dewetting a thin metallic layer at high temperatures, leading
to non-ordered metallic islands. The latter were either directly employed?® or used
as etching masks to create depressions around them in the underlying layer.?5" It
was shown that the mean base radius of the islands was correlated to the initial
metallic layer thickness and as such, could be tuned to improve the efficiency of
OLEDs.?*l However, the shape of the islands is hardly controllable, and a high
temperature of up to 400-500°C is required for the annealing step to initiate the
dewetting process. Due to the factors above, the metal dewetting approach’s prac-
tical relevance for fabricating light outcoupling layers is limited. This issue calls for
alternative patterning approaches that offer tunable optical scattering layers with
low cost for practical light management in OLED applications.

In this study, polymer blend lithography (PBL) is used to fabricate compact 2D
disordered light scattering layers at room temperature. The following sections il-
lustrate that PBL enables engineering morphologies of light scattering layers over
different large-area substrates such as glass and plastic foils. Herein, prior to the
OLED fabrication, the scattering nanostructures are planarized with high (see Fig-
ure 8.1a) or low (see Figure 8.1b) index material. These layers are primarily needed
to achieve efficient OLED devices with stable electrical characteristics. In what
follows, PBL is introduced first for fabricating low- and high-optical index light
scattering layers that comply with the mass production of large-scale lighting panel
requirements. Then, key parameters to tune the surface morphologies of the result-
ing scattering layers and their optical properties are briefly discussed. In particular,
this work addresses the challenge of achieving suitable planarization materials for
the scattering layers and their optical shortcomings in OLED devices. Finally, the
light outcoupling capability of the resulting devices following one of the routes is
evaluated by comparing them with OLED devices processed on the top of planar
glass substrates. The developed approach is demonstrated using bottom-emitting
monochromatic (emission peak at A=520nm) OLED devices and can also be applied
to white OLEDs.
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Figure 8.1. Schematic illustration of the mode profiles of the normalized electric
field intensities in the light outcoupling layer, indium tin oxide (ITO), and OLED
thin-film stack with change in the planarization layer and scattering nanopillars
(NPs) refractive index (n). Scattering NPs and planarization layer made of (a)
polystyrene (PS, n=1.59 at A = 520nm) and titania (TiO,, n=2.04 at A=520nm),
and (b) TiO2 (n=2.04 at A=520nm) and SU-8 (n=1.56 at A=520nm), respectively.
The computation of the mode profiles was carried out using scattering NPs and a
planarization layer with a thickness of 100 nm and 250 nm, respectively. The blue
and red lines represent the field distribution of the TE and TM modes.

8.1 Design of planarized light outcoupling layers

For the fabrication of light outcoupling layers, PBL based on the demixing of two
incompatible polymers, here poly(methyl methacrylate) (PMMA) and polystyrene
(PS), is investigated (for more details, refer to Chapter 4). The light outcoupling
layers are formed on top of the desired substrates (glass and flexible foil) through
spin-coating starting from an optimized binary polymer mixture. The fabrication of
low-and high-index light extraction layers is briefly discussed in sections 8.1.1 and

8.1.2, along with the optically favorable planarization layer for their integration in
OLED devices.

8.1.1 Low-index light scattering nanopillars

Phase-separated PS NPs (after the selective development of the PMMA matrix)
shown in Figure 8.2a were investigated as a low-index scattering layer. To facilitate
their integration in an OLED stack, high-index materials (n~njro) are investigated
as a planarization layer (see Figure 8.2b,c). A key advantage herein is the refractive
index matching between the planarization layer and the anode material of an OLED
(i.e, ITO) that minimizes internal reflections and fosters the leakage of trapped
waveguided modes into the light outcoupling layer, as highlighted in Figure 8.1a.

To form the planarization layer, either a titania solution based on titanium diiso-
propoxide bis(acetylacetonate) precursor or zirconium dioxide (ZrO;) nanoparticles
dispersed in 1-methoxy-2-propanolacetate was dropped onto the PS nanostructures
and then spin-coated, as illustrated in Figure 8.2. The wavelength-dependent opti-
cal refractive indices of the spin-coated ZrO, layer are shown in Figure 8.3a.
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T|02 precursor/ZrQO, nanoparticles

Spin-coating Light outcoupling layer

Substrate

Figure 8.2. Schematic illustration of the fabrication process for low-index scattering
nanopillars (PS NPs) based light outcoupling layer. (a) Phase-separated PS NPs.
(b) Spin-coating of high-index TiOq precursor/ZrO, planarization layer onto the PS
NPs. (c¢) Formation of a light outcoupling layer composed of low-index scattering
elements (PS NPs) and a high-index planarization layer (TiOy or ZrOs).

Titania layers formed by spin-coating were baked on a hot plate at a temperature (T)
of 190°C and 500 °C for 10 and 60 min, respectively, to get high index planarization
layers. The wavelength-dependent optical refractive indices of the resulting titania
layers as a function of baking temperature are shown in Figure 8.3b. An increase of
the refractive index of the titania layer from n=1.77 (T=25°C) to n=2.1 (T=500°C)
at A = 520 nm was achieved through baking. The optical index of the titania layer
baked at high-T and the room-T processed ZrO, nanoparticles is comparable to
that of ITO. Such layers promote the overlap of the waveguide modes with the light
outcoupling PS NPs (see Figure 8.1a). However, the resulting light outcoupling lay-
ers based on these planarization materials coated onto the light scattering PS NPs
(Figure 8.4a) exhibit small cracks on the surface (see Figure 8.4b,c). Such layers
induce an internal short circuit in OLED devices (for more details, please refer to
our work®®!). To mitigate the limitations of this approach, the inverse material’s
architecture (i.e., a low-index polymer planarization layer applied onto high-index
light scattering NPs) has been investigated in the next section.
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Figure 8.3. Investigated planarization materials with optical index comparable to
the ITO electrode. Refractive indices of spin-coated (a) ZrO, nanoparticles and (b)
TiO, precursor before and after baking at different temperatures.
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Figure 8.4. Topographical characterization of the internal light outcoupling lay-
ers based on a low-index scattering elements and high-index planarization layers.
Atomic force microscopy (AFM) images of (a) the disordered PS NPs, and after
spin-coating (b) TiO5 and (c) ZrOs on the top of PS NPs (a). The scale bar repre-
sents 2 ym in all AFM images.

8.1.2 High-index light scattering nanopillars

As high-index light scattering NPs, titania material-based nanostructures were in-
vestigated. The titania nanostructures were fabricated using two different tech-
niques: (i) a soft imprint nanopatterning method (section 8.1.2.1), which exploits
flexible patterned stamps replicated from phase-separated PS NPs, and (ii) the lift-
off method (section 8.1.2.2) that involves electron beam (e-beam) deposition of ti-
tania in the phase-separated PMMA matrix with nanoholes and subsequent lift-off.

8.1.2.1 Nanoimprinted titania scattering layers

Figure 8.5 shows the schematic illustration of the fabrication sequence for high-index
titania nanostructures based on soft imprint lithography. Soft stamps made of poly-
(dimethylsiloxane) (PDMS) replicated from the phase-separated PS NPs (see Figure
8.5a) were used to nanopattern sol-gel-derived titania precursor as shown in Figure
8.5b. The sol-gel-derived titania precursor was prepared by dissolving titanium di-
isopropoxide bis (acetylacetonate) precursor in ethanol. Then, it was spin-coated
on glass substrates and imprinted using the PDMS stamps before its solvent evap-
orate. Before the imprinting, the top surface of the PDMS stamps was spin-coated
with hexamethyldisilazane. This coating allows detaching the stamps easily from
the titania layers after the imprinting process. The nanoimprinting pressure was
applied on the PDMS stamps using manually placed weights (see Figure 8.5b). As
a final step, the titania layers were baked to remove the remaining solvent while still
in contact with the PDMS stamps. After baking, the PDMS stamps were carefully
separated from the titania layer. Figure 8.6 display the photographs of the result-
ing samples with their corresponding scanning electron microscopy (SEM) images.
Pattern transfer from the PDMS to the titania layer was achieved successfully. How-
ever, the replication process was not reproducible, as highlighted in Figure 8.6a,b
due to the lack of accurate control of the PDMS placement onto the titania layer
and the applied pressure. Details of this study are reported in our work.?> A stan-
dard solution to overcome the issue above involves the use of special (automated)
nanoimprint equipment. 26"

In the next section, as an alternative material to the solution-processed titania layer,
evaporated titania is investigated to fabricate high-index light scattering NPs.
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Figure 8.5. Schematic illustration of the fabrication process for high-index light
scattering TiOs NPs using nanoimprint lithography. (a) PDMS stamp fabrication
by pouring a 1:10 mixture of Sylgard 184A and Sylgard 184B (Dow Corning) onto
the phase-separated PS NPs master mold. (b) Then, the replicated PDMS stamp
was placed over the spin-coated TiOs precursor, and pressure was applied at 80°C
for 5 min. The PDMS stamp was then removed, and the resulting TiO5 NPs on the
glass substrate was baked at 190 or 500 °C to increase its refractive index.

Figure 8.6. Nanoimprinted TiOy precursor with manually controlled imprinting
pressure. Photographs of imprinted samples (16 mm x 16 mm) with (a) homoge-
neous and (b) inhomogeneous distribution of TiOy NPs. The main scale bar in the
SEM images represents 5 um and 1 um for the inset SEM image (a).

8.1.2.2 [Evaporated titania based scattering layers

Herein, polydisperse TiOy NPs are prepared by combining a polymeric self-assembly
matrix and a subsequent e-beam evaporation and lift-off process following the se-
quence illustrated in Figure 8.7. Polymer blend solutions of PS (MW=34 kg-mol~!)
and PMMA (MW=15kg-mol™!) with different PS/PMMA weight-ratios (PS/P-
MMA=2:8, 3:7 and 4:6) were used to produce the light scattering layers. Upon
selective development of the PS domains after phase separation (see Figure 8.7a), a
polymer matrix (made of PMMA) with nanoholes is obtained (see Figure 8.7b). The
nanostructured polymer matrix was then coated by an e-beam evaporated titania
layer (measured refractive index (n)=2.1 at A= 520 nm), as illustrated in Figure 8.7c.
The sacrificial layer (polymer matrix) was lifted off through an ultrasonic agitated
acetone bath (see Figure 8.7d) to obtain the light scattering TiOs NPs. Prior to
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8.1. Design of planarized light outcoupling layers

OLED deposition, a planarization layer was coated onto the TiO, NPs using a low
index transparent UV-curable film (n=1.56 at A=520nm/?%!)) fabricated from the
epoxy resin (SU-8). The epoxy resin has a refractive index comparable to the glass
substrate and negligible absorption at wavelengths greater than 380 nm, making it a
good candidate for planarizing the TiOy NPs. Meanwhile, the large refractive index
contrast between the epoxy resin and TiO, NPs ensures efficient light scattering,
needed for outcoupling the (wave)guided modes.

a PMMA PS
Substrate

Selective development

f Organic layers e

OLED stack deposition

Planarization

Figure 8.7. Schematic illustration of the fabrication process for bottom-emitting
OLEDs integrating planarized TiOy NPs. (a) phase separation of the polymer blend,
(b) selective development of the PS NPs, (c) e-beam evaporation of TiO, onto the
nanopatterned PMMA matrix, (d) subsequent lift-off process, and (e) planarization
of the TiOy NPs with SU-8 polymer prior to the (f) deposition of a transparent and
conductive oxide layer made of ITO and an OLED stack atop. The final OLED stack
consists of 5nm MoOjz, 15nm m-MTDATA, 20nm m-MTDATA:Ir(ppy)s, 20nm
BPhen:Ir(ppy)s, 40 nm BPhen, 1 nm LiF, 100nm Al.

Figure 8.8a-c highlights the SEM images of the fabricated PMMA matrix with dif-
ferent filling fractions of nanoholes. The diameter size distribution of the nanoholes
in the polymer matrix covers a range of 250-780 nm to enable an efficient scattering
over the whole visible spectrum. The nanopatterned polymeric matrices forming the
lift-off mask on a flexible plastic foil (Figure 8.8d) and on a glass substrate (Figure
8.8¢), present examples that demonstrate the versatility of these processes in terms
of film uniformity and phase-separated nanostructures distribution. A TiO, layer
with a thickness of 100 nm is deposited onto these polymeric matrices to form the
TiOy NPs. The selected TiOy thickness value is within the polymeric matrix film
thickness range, thereby facilitating the lift-off process. AFM images of the resulting
TiOs NPs after washing the lift-off mask are shown in Figure 8.9a-c. These AFM
images were used to determine the surface coverage (SC) of the resulting NPs prior
to planarization. The calculated SC of the TiOy NPs is 19%, 33%, and 50% for
the different polymer blend weight ratios. The planarization of the 100 nm thick
TiO2 NPs using a transparent UV-curable film can be seen in the focused ion beam
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(FIB)-cut SEM cross-section in the inset of Figure 8.10a. It is evident that the
nanostructures are completely covered by the epoxy resin, which results in a planar
interface that facilitates the processing of the OLED stack atop. The thickness of
the planarization layer is only 250 nm, which ensures a high overlap of the waveg-
uided modes with the TiOy NPs. The thin line-like features at the rim of the TiO,
NPs (see inset image of Figure 8.10a) most likely stem from evaporated material on
the sidewalls. It does not significantly impact the optical properties of the scattering
layer.

Figure 8.8. Nanostructured polymeric matrix on a glass substrate and flexible
plastic substrate. SEM images of the polymeric matrix prepared using different
weight-ratios of PS/PMMA= (a) 20:80, (b) 30:70 and (c) 40:60. The scale bar
represents 3 um in all SEM images. Photograph of the sample fabricated using
PS/PMMA=40:60 on (d) plastic foil and (e) glass after the selective development
of the PS phase. The inset 3D AFM image shows the nanoholes with an average
depth of 100 nm in the polymeric matrix.

Figure 8.9. Topographical characterization of the internal light outcoupling layer.
AFM images of uniformly distributed TiOs NPs with a mean height of 100 nm and
SC of (a) 19%, (b) 33% and (c) 50%. The scale bar represents 2 um in all AFM
images. Adapted with permission from Ref.[142], (©) John Wiley & Sons.
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To assess the light scattering properties of the planarized TiOy NPs, their overall
and solely diffused transmittance spectra are measured for light emerging out of the
glass substrate (see Figure 8.10). The average transmittance ranged between 90.6%
and 91.1% at (A= 520 nm), compared to the 91.2% for the reference glass substrate
(see Figure 8.10a). In contrast, the optical transmittance of light outcoupling layers
based on dewetted metallic (Ag) nanostructures!?®l and volumetric scattering layer
259 decreased by more than 10% over the visible range when compared to bare glass.
This is notably much higher than the value reported in this work, indicating that
the developed scattering layers couple more photons to the substrate with limited
parasitic absorption. As reported in Figure 8.10b, the scattering layer with SC=50%
has the highest diffuse transmittance, implying that the SC of the TiOy NPs is an
essential factor in reaching the appropriate light scattering regime.
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Figure 8.10. Measured (a) total and (b) diffuse transmittance with different SC
of planarized TiOs NPs and a planar glass (“Planar”) over the visible spectrum
(under close to normal incidence). The inset shows a FIB-cut SEM cross-section of

planarized TiOy NPs and depicts the measurement setup. The scale bar represents
350 nm. Adapted with permission from Ref.[142], (©) John Wiley & Sons.

To demonstrate the promising potential of these optical properties, the planarized
TiOy NPs are integrated inside monochromatic, bottom-emitting OLEDs according
to the layout introduced in Figure 8.7f.

8.2 OLED devices based on high-index scattering layers

The OLED devices incorporating the planarized TiO, NPs were benchmarked against
devices relying on planar substrates. Owing to the planarization layer, almost no
change in the electrical characteristics of the OLEDs was observed even in high
voltage regions, as shown in Figure 8.11a. Figure 8.11b highlights the substantial
light-extraction increase following the integration of the planarized TiO, NPs and
reveals that the scattering effect of the TiOy NPs induced more light emission at
lower power compared to the reference OLED. At 1000 cd/m?, the operating volt-
age of both devices was 4.5V, whereas the current efficiency is enhanced from 50
cd/A to 61 cd/A as shown in Figure 8.11b for configuration with SC=50%. This
corresponds to a relative increase of 22% compared to a reference OLED device.
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Similar behavior can be seen on the same plot for power efficiency. The OLEDs
with SC=50% show an efficiency of 441m /W, compared to 36 lm/W, both examined
at 1000 cd/m?.

The dependence of OLED light emission on the SC of the TiO, NPs is also in-
vestigated. At 1000 cd/m?, an increase of about 10% of the current efficiency and
the power efficiency is obtained for the configuration with SC=33%. However, at
low TiOy NPs SC, slight or no improvement in light efficiency was observed. For
example, the configuration with SC=19% only shows a 4% improvement in current
efficiency and power efficiency. This is due to the fact that at low TiO, NPs SC, the
scattering layer shows low diffuse transmittance and hence poor optical scattering
(see Figure 8.10b).
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Figure 8.11. Optoelectronic characteristics of green light-emitting OLEDs without
and with the compact internal light extraction layer. (a) Current density-voltage
(J-V) characteristics. (b) Current and power efficiency of OLEDs with and without
planarized TiO, NPs. The SC of TiOy NPs is 50%. The performance data shown
is that of a representative sample; however, 8 OLEDs (each with a pixel area of
10 mm?) on 25 mm X 25 mm substrates were tested and led to a similar enhancement.
Adapted with permission from Ref.[142], (©) John Wiley & Sons.

The effect of the planarized TiO; NPs on the angular emission profile of the fabri-
cated OLED devices is analyzed using a spectrometer pointing towards the sample,
which was mounted on a rotating stage (for more details, refer to Chapter 3). Fig-
ure 8.12a shows the angular dependent normalized radiant intensity of the OLED
devices with and without the planarized TiO, NPs. It can be noted that the OLED
with scattering layer (SC=50%) and the reference OLED follow the angular profile
of an ideal Lambertian emitter below 30°. However, the emission profile deviates
from the Lambertian reference above 30° for a reference device compared to the
OLED device with light scattering TiO, NPs. This is attributed to a weak micro-
cavity effect in planar OLED device.?? The emission spectra highlighted in Figure
8.12b-c also demonstrate that the controlled amount of optical scattering can reduce
the angular spectral shift observed for planar devices. The reduced viewing angle
dependence for the device with planarized TiO, NPs compared to the planar device
supports the suitability of the developed light outcoupling layer for general lighting
applications.
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Figure 8.12. Angular emission profile of an OLED with attached macroscopic ex-
traction hemisphere. (a) Angular distribution of normalized intensity of an OLED
at a peak emission wavelength of 520 nm with and without planarized TiOy NPs.
The redline represents Lambertian emission. Normalized spectra at 0°, 20°, 40°, and
60° emission angles of an OLED (b) without and (c¢) with scattering layer. Adapted
with permission from Ref.[142], (€) John Wiley & Sons.

A continuation of this work could be dedicated to the increase in the refractive index
of the planarization layer by loading the SU-8 layer with high-n nanoparticles. The
high-n planarization layer can foster the leakage of trapped light modes into the
light outcoupling layer, as illustrated in Figure 8.13. An increase of the refractive
index of the planarization layer from ngj.,=1.56 to np.,=1.7 promotes the mode
overlap of the dielectric waveguide mode TE with the light outcoupling layer from
17% to 26%. With this, the extraction of waveguided modes is improved. Additional
work could also be dedicated to increasing the thickness of the TiOy NPs. Thicker
light scattering NPs are known to yield better light outcoupling. TiOs NPs with
a thickness ranging from a few micrometers to a few hundreds of nanometers can
be fabricated by introducing liquid cross-linkable prepolymer in the polymer blend
used for the fabrication of the nanopatterned polymeric matrix, as demonstrated in

Ref.[107].
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Figure 8.13. Schematic illustration of the field distribution in the light outcoupling
layer and OLED thin film stack with change in the planarization layer refractive
index (a) n=1.56, (b)=1.60, and (c¢) n=1.70. The blue and red lines represent the
field distribution of the TE and TM modes, whereas I" represents the overlap integral.
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8.3 Summary and discussion

This work showed that the up-scalable polymer blend lithography (PBL) technique
could be used as a versatile platform for fabricating 2D planar, disordered nanos-
tructures for light management in OLED devices. These nanostructures can be
exploited as low-and/or high-index light outcoupling structures.

First, PBL was used to fabricate low-index polystyrene (PS) nanostructures that
directly serve as a light outcoupling layer at the interface between the anode and
the organic layers. As a planarization layer for the light outcoupling elements, high-
index materials such as TiOy and ZrO, were tested. Such layers foster the leakage
of trapped waveguided modes into the low-index PS nanostructures due to their
comparable refractive index with that of anode material (i.e., ITO). However, the
resulting planarization layer based on TiOs and ZrOs exhibited cracks. A poor-
quality planarization surface usually results in current leakage. As a result, their
optical contribution to functional OLED devices is still absent in this study. This
will be an interesting aspect to analyze in a follow-up study.

Next, the inverse of the first material’s configuration was investigated to mitigate its
limitations. Herein, PBL was used to prepare high-index light scattering nanopil-
lars (NPs) using soft nanoimprint lithography and lift-off approaches. The latter
approach allowed to fabricate reproducible samples. For the latter approach, PBL
was used to fabricate a polymeric matrix containing nanoholes serving as a lift-off
mask for the subsequent fabrication of TiOy NPs. Then, the TiOy NPs were pla-
narized by a transparent epoxy (SU-8) layer, leading to a compact light extraction
layer with an overall thickness of only 250 nm. To this end, the best planarized
TiO5 NPs configuration exhibits a mean total transmittance of 87% and a fraction
of diffused transmitted light of 6% over the visible spectrum. As a proof-of-concept,
the light outcoupling capability of this configuration was tested in a monochromatic
bottom-emitting OLED, and an efficiency enhancement of up to 22% was measured
with respect to a planar device.

Finally, it was shown that the introduction of planarized and controlled disordered
TiOy NPs leads to more stable angular emission spectra that highlight the benefits of
exploiting structural disorder for lighting applications. An increase in the refractive
index of the planarization layer by loading the SU-8 layer with high-n nanoparticles
and/or an increase in the thickness of the TiOs NPs is expected to yield better light
outcoupling. This will also be an interesting aspect to analyze in a follow-up study.
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layers for OLEDs

The manufacturing cost of an OLED, aside from its light outcoupling, remains one
of the significant screws left to be turned on. In the quest to lower the OLED manu-
facturing cost, research and development have focused on using inkjet printing (1JP)
as a production method. In the future, one could therefore combine IJP of an OLED
stack and of a light extraction layer for achieving low-cost and efficient devices. In
this chapter, the interest in inkjet printed, phase-separated nanostructures (PSN)
for improving the light extraction in OLED devices is first motivated. In section
9.1, a few selected IJP ink formulations and printing parameters that enabled the
fabrication of efficient light extraction layers are reviewed. In the following section,
experimental results of OLED devices with the inkjet printed light extraction layers
along with benchmark devices are discussed (section 9.2). In the last section, further
application possibilities arising from the IJP of light scattering layers are introduced.
Parts of the results presented in this chapter have previously been published in the
journal of ACS Nano.[6%

The current commercial OLED products are made out of an evaporation method.
This process is problematic, as high material consumption and high machinery in-
vestment are inevitable. As a result, many panel manufacturers are paying more
attention to RGB IJP technology to reduce the production cost.?%3 The core tech-
nology behind inkjet printed OLED is that patterned films are fabricated without
using a mask, as illustrated in Figure 9.1. In this approach, all of the deposited ma-
terials form the finished film. The resulting benefits include lower production costs,
fewer defects, and scalability to large-size panels.[?5% 265 Additionally, the maskless
nature of IJP allows for freedom of design, which enables quick turn-around on
customer requests, and ultimately, faster time to market.

The light outcoupling challenges of an OLED discussed in Chapter 2, and 8 remain
unresolved irrespective of the device fabrication method used. Internal and external
light extraction layers that can be processed using IJP are therefore required. In this
direction, printable composite (volumetric) layers based on nanoparticles randomly
distributed in a polymer matrix (for details, please refer to Chapter 8) attracted a
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lot of attention in the last few years.?* 250 This is because such layers promote light

extraction over a broad spectral range and do not induce color distortion, which is
desired, for instance, in large-area lighting applications. Besides these micrometer
thick layers, more compact layouts consisting of 2D planar light scatterers (for de-
tails, please refer to Chapter 8) can be integrated into the OLED thin-film stack to
allow an excellent spatial overlap of the guided modes with the light outcouplers.[*!
The benefit of compact scattering layers for achieving greater design flexibility, ma-
terial yield, and light outcoupling efficiency in reference to a volumetric counterparts
is briefly discussed in Chapter 8.

This study shows that the up-scalable polymer blend lithography (PBL) technique is
a versatile platform for fabricating such 2D planar light scatterers. Previous reports
demonstrated that phase-separated light extraction layers fabricated via PBL could
significantly outcouple the light confined in the OLED stack.! 142 2661 So far, such
light extraction layers were fabricated using a spin-casting method. However, this
method lacks the technology required to control the in-plane shape, the effective
period, and the diameter size distribution of the PSN at pre-determined locations
over the same substrate. Moreover, it does not allow incorporating the PSN into
arbitrary 2D designs, as would be desired for their deployment into inkjet printed
OLED devices. For the first time, this shortcoming was tackled while preserving the
low-cost attractiveness and the versatility of the phase separation-based patterning
approach by exploiting the unique advantages of [JP. In the design considered herein
(see Figure 9.2), inkjet printed PSN are implemented into the active layers of the
OLED stack and target waveguided and surface plasmon polariton modes. Upon op-
timized conditions, this study demonstrate the successful implementation of printed
PSN (serving as planar light extraction layer) according to a pre-determined 2D
layout in OLED devices. The proposed approach is demonstrated using monochro-

matic (emission peak at A=520 nm) OLED devices and can also be applied to white
OLEDs.

Inkjet printing

Emitter Emitter Emitter

Figure 9.1. Schematic representation of an inkjet printed OLED device.
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9.1 Design of inkjet printed light outcoupling layers

To fabricate inkjet-printed 2D compact light extraction layers, PBL based on a
binary blend ink of poly(methyl methacrylate) (PMMA) and polystyrene (PS) is
investigated. The details of PS/PMMA ink development that complies with 1JP
in terms of viscosity, surface tension, and vapor pressure can be found in Chapter
4. In this study, small molecular weight (MW) PS (MW=19 kg-mol~!) and PMMA
(MW=15kg-mol~!) polymers with a concentration of 50 kg-mol~* and weight ratio
of PS/PMMA=30:70 were employed to achieve light outcoupling PSN.

Glass substrate with / \
1JP PS nanopillars
Emission from

surface plasmons Direct emission

Figure 9.2. 3D representation of corrugated OLED. (a) schematic showing an OLED
stack, deposited on the inkjet printed polymer nanopillar (NP) array, consists of
transparent and conductive oxide layer (ITO), hole injection material (MoO3), hole
transport layer (m-MTDATA), emitter layer (Ir(ppy)s), electron transport layer
(BPhen)) and a cathode layer (LiF/Al). The final OLED stack consists of 5nm
MoOj3, 15nm m-MTDATA, 20nm m-MTDATA:Ir(ppy)s, 20nm BPhen:Ir(ppy)s,
40nm BPhen, 1nm LiF, 100nm Al. (b) Scattering of surface plasmons (SPs) may
occur by nano-corrugated cathode/BPhen interface. Adapted with permission from
Ref.[60]. (© 2021 American Chemical Society.

Herein, printed PSN are incorporated between a substrate and an OLED thin-film
stack without a planarization layer leading to a nano-corrugation throughout the
whole device, as illustrated in Figure 9.2. For corrugated OLED, the height of
light outcoupling nanostructures is the critical parameter to fabricate functional and
reproducible devices with improved outcoupling efficiency.[?** 2671 Device lifetime
can also be a significant issue in corrugated OLEDs because of the possibility of
non-uniform film thickness, electric field distribution and current.?5% 267, 268] Thjg ig
true for large corrugation depth of light outcoupling nanostructures (mean height
>100 nm).

To this end, PSN with a morphology promoting light extraction were printed with
the Karlsruhe Institute of Technology (KIT) logo and half-printed glass substrates
(see Figure 9.3a-c) using ink based on PS/PMMA (30:70) and printing resolution of
550 dpi. For this ink formulation, phase separation was assisted by a rapid thermal
annealing (200 °C) process after printing. The light outcoupling PS nanopillars were
achieved by the development of the phase separated PMMA matrix. For the selected
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in-plane configuration, light scattering and optical transmittance were further ad-
justed to scatter the trapped photons efficiently and simultaneously allow a high
optical transmittance. In other words, PSN that are too scattering can be detri-
mental to the overall performance of the OLEDs, and a trade-off between the two
previously mentioned effects has to be found. To achieve this property, the highly
scattering printed sample shown in Figure 9.3b was exposed to oxygen (O2) plasma
treatment to reduce the mean height of the PS nanopillars from 150 nm to 60 nm
(see Figure 9.3c). Figure 9.3d,e shows the corresponding atomic force microscopy
(AFM) topography images of the PSN. More precisely, the measured optical prop-
erties of the PS nanopillar arrays printed on a glass substrate, reported in Figure
9.4, are as follows: light scattering coefficient (haze) of 4.6% and total transmittance
(T-total, i.e., the sum of the diffuse and direct transmittance) of 89% at the OLED
peak emission wavelength (A\yeqr=520nm) for the O, treated sample (Figure 9.3c);
and a higher haze of 18.3% as well as a lower T-total value of 82% for the untreated
sample (Figure 9.3b). In addition to improving the haze with respect to the out-
coupling efficiency, PS nanopillars with a lower aspect ratio and a smoother vertical
profile, as obtained after the Oy plasma treatment (see line profile extracted from
AFM image in Figure 9.3e), enable a conformal deposition of the OLED thin-film
stack atop the light extraction layer (see Figure 9.5a). Thus, the approach leads to
functional and reproducible devices.

300 600 900 1200
Scan size (nm)

Figure 9.3. Inkjet printed internal light extraction layers. (a) Photograph of a
printed logo incorporating the PSN after (Os) plasma treatment. Photograph of a
glass substrate, half-covered by the light scattering layer made of PS nanopillars, (b)
before and (c) after (Og) plasma treatment. The corresponding light outcoupling
nanopillars (d) before and (e) after (O,) plasma treatment are shown in the AFM
images. The vertical profile of a single NP is measured in (e) and the inset image
emphasizes a smooth transition from the base to apex. Adapted with permission
from Ref.[60]. (© 2021 American Chemical Society.
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Figure 9.4. Optical properties of the standalone IJP light extraction layers. (a)
Total transmittance and (b) haze of the glass substrates with the IJP scattering
layer before and after (O9) plasma treatment, compared to a pristine glass substrate.
Adapted with permission from Ref.[60]. (©) 2021 American Chemical Society.

9.2 Corrugated OLED devices

Cathode

Anode

Substrate

Figure 9.5. Improved light management in OLEDs processed on top of the IJP
compact light extraction layer. (a) An OLED processed atop of the printed glass
substrate, emitting more light from the light scattering logo (inset: corresponding
SEM cross-sections of the OLED stack processed atop of the IJP compact light
extraction layer. The scale bar represents 400nm. (b) OLED processed atop of a
glass substrate, half-printed with the PSN, to quantify the positive impact of the
compact light extraction layer on the performance of the light-emitting devices. The
size of all substrates is 25mm x 25mm. Adapted with permission from Ref.[60].
(©) 2021 American Chemical Society.

As a proof of concept, a transparent conductive oxide (ITO) was sputtered atop
of the printed PSN formed over a few cm?, followed by thermal evaporation of an
OLED thin-film stack. More details regarding the stack layers fabrication and their
functionality are given in Chapter 3.1 and 8. The device configuration and the
associated layers’ thicknesses are shown in Figure 9.2. The inset image in Figure
9.5a shows the SEM cross-section view of the OLED stack thermally evaporated on
the printed PSN. Figure 9.5a allows to qualitatively assess the higher fraction of
photons outcoupled from a light scattering layer printed so as to form the Karlsruhe
Institute of Technology logo (see Figure 9.3a) compared to the surrounding emissive
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Figure 9.6. Optoelectronic characteristics of green light-emitting OLEDs without
and with the IJP compact light extraction layer. (a) Current and power efficiency of
OLEDs with and without IJP compact light extraction layer. (b) Current density-
voltage (J-V) characteristics. (c¢)-(d) Goniometric measurements of the devices nor-
malized spectra at angles between 0° and 60° for (c) reference OLED, and (d) OLED
with IJP compact light extraction layer. The performance data shown is that of a
representative sample; however, 8 OLEDs (each with a pixel area of 10mm?) on 25
mm X 25 mm substrates were tested and led to a similar enhancement. Adapted
with permission from Ref.[60]. (C) 2021 American Chemical Society.

To quantify the optical improvement, additional OLEDs were processed by using
only half-printed glass substrate (Figure 9.3c). These OLEDs were benchmarked
against devices relying on a planar substrate. Figure 9.6a shows the superior light
utilization of the printed PSN-based devices compared to OLED fabricated on top
of the planar substrate. The power efficiencies (np) of the fabricated devices were
691m/W (OLED with scattering layer) and 441m/W (reference OLED), and the
current efficiencies (nr,) were 86cd/A and 62cd/A, respectively, at a luminance of
1000cd/m?. This property ultimately results in power efficiency and current effi-
ciency +57% and +39% relative to planar OLED, respectively. The influence of the
structure on the outcoupling efficiency can be explained by the refractive index con-
trast between the printed PSN (here based on PS with n=1.6 at \,.,x=5201nm) and
the ITO anode atop (n=2 at \jer=520nm), which results in optical light scattering.
Therefore, internal modes propagating within the organic layers and the transpar-
ent conductive oxide anode can be efficiently extracted. Moreover, the corrugated
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surface profile between the organic-layer/cathode (see Figure 9.2b and Figure 9.5a)
can recover some of the power dissipated to SPP modes (for details, please refer to
Chapter 2).

Figure 9.6b highlights a dramatic increase of current density at the same bias voltage
for OLEDs integrating the printed PSN compared to a planar reference. As revealed
by the FIB-cut SEM image, this is notably attributed to the increased surface area
of the ITO electrode upon introducing the printed PSN, which results in enhanced
charge carrier injection. Therefore, the significant enhancement of current and power
efficiency in the devices with printed PSN is caused not mainly by an increase of
the outcoupling efficiency but by a change of internal quantum efficiency. In the
future, one can mitigate this issue by planarizing the printed PSN before the OLED
deposition (for details, please refer to Chapter 8).

In planar OLEDs, photon emission is angle-dependent (see Figure 9.6¢c) because
of the confinement of the resonance mode in a microcavity.?? As demonstrated
experimentally (see Figure 9.6d), the printed PSN enables to maintain similar emis-
sion spectra upon a change of the viewing angle due to the controlled amount of
optical scattering involved. This property leads to color distortion-free OLED de-
vices when compared to the reference devices and thus supporting the suitability
of printed PSN based light extraction layer for full-color OLED devices. In the
future, one could therefore combine the IJP of the RGB pixels and of a compact
light extraction layer for achieving greater design flexibility, material yield, and light
outcoupling efficiency. As illustrated in Figure 9.1, three different emitters (Red,
Green, and Blue) are required to fabricate OLED displays via IJP. Thus, it be-
comes more critical to print PSN with different lateral sizes over a substrate that
corresponds to the emitting wavelength of the three emitters (RGB pixels) to obtain
efficient OLED displays.[®* 27 For such application, the corresponding light outcou-
pling (inkjet printed) PSN can be achieved by adapting the printing resolution from
pixel to pixel for a given ink formulation at predetermined locations over the same
substrate (for more details, please refer to Chapter 4).

9.3 Summary and discussion

This study demonstrated a very elegant way towards digitally printable compact
light extraction layer to improve light management in OLEDs. This technique al-
lows to easily tune the phase separated nanostructures (PSN) morphologies, in-
cluding mean diameter, density, and average inter-distance, by keeping everything
and especially the ink constant. Furthermore, it allows achieving PSN with a pre-
determined 2D layout that exhibits the desired light scattering properties over the
visible spectrum by only tailoring the printing parameters. As a proof-of-concept,
the light outcoupling capability of such configuration was tested in a monochromatic
bottom-emitting OLED.

The study has shown that inkjet printed (IJP) PSN significantly improve the power
and current efficiency with respect to emissive pixels processed on planar substrates
(np and 7y, relative increase of +57% and +39%), respectively). Moreover, the result-
ing structural disorder was exploited to produce an effective light extraction layer
over a broad spectral range with limited angular dependency. Further improvement
in devices performance can be achieved by developing planarization layers to pre-
serve their electrical properties and fully exploit the different printed PSN. While
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9. Inkjet printed light outcoupling layers for OLEDs

this one example illustrates the potential of developed IJP PSN, its application
range extends well beyond LEDs (see Table 4.1 and 4.2 in Chapter 4), enabling
the production of nanophotonic devices of different shapes, types, and designs with
precision from initial prototyping to industrial manufacturing.
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10. Discussion

Within the context of this thesis, I have studied the design and fabrication of phase-
separated nanostructures (PSN) for photon management in thin-film optoelectronic
devices, such as solar cells and OLEDs. As introduced in Chapter 1, the utilization
of efficient solar cell and OLED devices cannot only produce clean energy but can
also help with energy saving. In this regard, photon management is of critical im-
portance for improving their performance. As reviewed in Chapter 2, the research
field of photon management using nanostructures for solar cell and OLED devices
has expanded dramatically over the last few years. A key requirement for practical
applications, however, is a rapid, solution process method for fabricating the nanos-
tructures with design flexibility and diverse feature sizes. The contribution and
significance of this work to meet these requirements are discussed in the following
(please refer to section 10.1). In addition, section 10.2 points out the many new
possibilities opened by this work and which are still ongoing research activities.

10.1 Conclusion
Digitally printable nanophotonic structures

By combining the polymeric self-assembly method (bottom-up approach) with the
inkjet printing process (top-down approach), this work demonstrated an elegant
way towards digitally printable phase-separated nanophotonic structures. Phase-
separated structures with sizes from a few pym down to sub-100 nm range were pro-
cessed on arbitrary substrates using the developed approach—these structures were
obtained within any pre-determined 2D design without requiring any template or
mask. In addition, the developed approach allowed to digitally control the in-plane
shape, the effective period, and the diameter size distribution of the phase-separated
structures at pre-determined locations over the same substrate either by adapting
the printing resolution from pixel to pixel for a given ink formulation or by working
with multiple polymer inks.

Tunable and scalable nano-stamps

This work demonstrated a cost-effective route for fabricating tunable and scalable
nano-stamps using a self-assembly method for nanoimprint lithography (NIL). For
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NIL, OrmoStamp copies of the PS/PMMA PSN can be employed, but direct micro-
/nano-structuring of OrmoStamp using a phase separation process for NIL was miss-
ing. For the first time, this work demonstrated that the self-assembly approach which
is well known for the immiscible homopolymers (PMMA /PS) blend can also be used
for the UV-curable polymer OrmoStamp (organic-inorganic hybrid polymer) when
combined with PS. The most important issue, however, is the fact that OrmoStamp
can be used subsequently as a master in NIL. This opens, for the first time, a direct
route for using PSN in NIL without additional lithographic or replication steps in
between. Moreover, the developed PSN-based nano-stamps can be fabricated over
various rigid and flexible substrates. Hence, the nano-stamps based on PSN can be
integrated seamlessly into different NIL systems regardless of the imprint contact
types, such as plate-to-plate and roll-to-roll to pattern different functional materials.

Photonic contact for light trapping

It was shown that it is possible to integrate the polymeric self-assembly process into
a process flow to fabricate a-Si:H based solar cells. To this end, light scattering PSN
were integrated into the rear reflector of a-Si:H based solar cells to achieve broad-
band light trapping. Herein, a metallic layer was deposited atop the PSN whose
geometrical parameters were previously adjusted to achieve a light scattering coef-
ficient (in air) exceeding 40% in the low absorbing region of the a-Si:H active layer.
The low aspect ratio and smooth profile of the PSN enabled a conformal deposition
of the solar cell thin film stack atop, resulting in functional and reproducible devices.
The latter exhibited a broadband absorption enhancement and a power-conversion
efficiency increase of 65% relative to planar solar cells. The developed reflectors even
overcome the light-harvesting properties of commercial light-scattering (Asahi-type)
substrates. Optical simulations carried out on an accurate 3D model revealed that
the PSN-based solar cells superior light-harvesting properties notably stem from re-
duced absorption losses in the reflector above A=500 nm, compared to Asahi devices
that feature sharp-edged textures. I have also numerically shown that the design
is tolerant to PSN height and diameter variations. It should be noted that Hubert
et al. (2020) extended the approach developed here for silicon-based tandem solar
cells to enhance their infrared response.'™ Thus, it highlights the potential of the
developed approach for other photovoltaic technologies.

“Photonized” absorber films for light-harvesting

The role of ordered versus disordered nanostructures in light trapping was elabo-
rated using optical simulation of patterned a-Si:H absorber layers. This work demon-
strated that the integrated absorption (IA) obtained by patterning the a-Si:H layer
with an optimized periodic array of monodisperse holes could be overcome by intro-
ducing a controlled amount of disorder in the diameter size distribution, eventually
combined with a short-range disorder of the hole position (given a fixed volume of
absorbing material). This property was verified experimentally by integrating the
short-range ordered PSN into a 130 nm thin a-Si:H slab standing on glass using the
dry-etching method. The nanopatterned a-Si:H achieved an IA increase of 93%;.;
under normal incidence and as high as 200%,.; at large incidence angles compared to
unpatterned absorbers. The approach was further extended for perovskite materials.
In contrast, perovskites are unstable materials, and thus the thermal NIL method
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was implemented for nanopatterning this material. The patterned perovskite film
using PSN-based nano-stamps improved the IA by 7% relative to the planar coun-
terpart. This approach is envisioned to be integrated into roll-to-roll processable
“photonized” absorbers in future. Here, the studies were partially motivated by the
micro- and nanostructured scales decorating the wings of the black butterfly that
harvest sunlight over a wide spectral and angular range.

Photonic contact for antireflection effect

A transparent electrode with corrugated surface, which was prepared by conformally
depositing a 135 nm thick indium tin oxide (ITO) film on the PSN, was experimen-
tally investigated to enhance the power conversion efficiency of perovskite/c-Si tan-
dem solar cells. The design of the corrugation in order to function as antireflection
nanostructure was demonstrated and elucidated in terms of impedance matching
layer, smoothing the transition between the I'TO and glass substrate. For dense
PSN with effective period (P)=210nm and mean height of 130 nm, the average in-
crease of transmittance by 7%, at a broad spectral window (A=300-1200 nm) was
observed compared to a planar reference. This nanostructured electrode was inte-
grated into perovskite/c-Si tandem solar cell and thus led to an enhancement up
to 1.7% (absolute) in the power conversion efficiency of the bottom c¢-Si solar cell.
The fabrication route of investigated nanostructured I'TO films can be scaled up by

combining with the inkjet printed PSN. Furthermore, their application can also be
extended to OLED devices.

Low- and high-index light outcoupling structures

Light outcoupling planarized high-index TiOy nanopillars were fabricated by com-
bining the self-assembly and the solvent-assisted lift-off process. To this end, the
best planarized TiO5 nanopillars configuration exhibited a mean total transmittance
of 87% and a fraction of diffused transmitted light of 6% over the visible spectrum.
Taking the example of a bottom emitting OLED (Apeak=520nm), an efficiency en-
hancement of 22% upon incorporating the developed light outcoupling layer was
demonstrated, with ameliorated angular emission characteristics. Furthermore, the
design flexibility of the inkjet-printed PSN was exploited for monochromatic OLEDs.
For example, a low-index light outcoupling structure based on the PSN was printed
to form the Karlsruhe Institute of Technology (KIT) logo before the deposition of
the complete OLED thin-film stack atop. This approach led to a nano-corrugation
throughout the whole device, and the corrugated OLED exhibited a device efficiency
increase of 57%, at a luminance of 1000 cd/m?, relative to a planar reference device.
In the future, one could therefore combine the inkjet printing of the OLED stack and
the compact light extraction layer for achieving a greater design flexibility, material
yield and light outcoupling efficiency.

10.2 Outlook

Considering the growing interest in photonic materials obtained by additive manu-
facturing, I anticipate that this work will foster the widespread implementation of
the printed and imprinted PSN for different nanophotonic and nanoelectronic de-
vices well beyond PV and OLEDs (for more details, please refer to Table 4.1 & 4.2
of Chapter 4). Besides extending the developed approaches to other technologies, I
see the following opportunities:
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Digitally printable nanophotonic structures at room temperature

It was found that PS/PMMA blend inks based on co-solvents lead to PSN, which is
initiated by the solvent extraction at room temperature upon inkjet printing (please
refer to Appendix Figure A.1). This finding offers the opportunity to inkjet print
temperature-sensitive materials such as biopolymers. However, the printed films are
inhomogeneous. The most likely explanation is non-uniform drying of the printed
films caused by the limited number of used nozzles (16 in the present case). Thus,
to obtain more uniform films at room temperature, it would be necessary to increase
the number of nozzles to decrease the drying rate of the ink before diffusing into the
film or to further optimize the printing parameters and the ink formulation.

Large area nano-stamps

Large-area nano-stamps that comply with the industrial scale roll-to-roll NIL tech-
nique can be fabricated by doctor blading the PS/OrmoStamp blend (please refer
to Appendix Figure B.1). By further tuning the polymer blend ink formulation, the
PSN-based nano-stamps may also be prepared using inkjet printing. The latter en-
ables to realize large-area nano-stamps, but also the possibility to easily form these
nano-stamps over a predefined macroscopic design without the need for additional
masks and patterning steps.

High aspect-ratio nanostructures

The self-assembled OrmoStamp nanostructures can serve as an etching mask for
achieving high aspect ratio nanopillar arrays through a selective dry etching process.
For an average nanopillar diameter of 320 nm, a aspect ratio of approximately 6:1 was
obtained by etching c-Si substrate (please refer to Appendix Figure C.1). The aspect
ratio of the nanopillars could be further amplified by introduction of a polymer
transfer layer underneath the polymer blend film.

Combining self-assembly method with photolithography

The OrmoStamp can also be used as a photoresist material for a photolithography
process. Thus, it allows for incorporating ordered microstructures via photolithog-
raphy into the disordered self-assembled OrmoStamp structures to generate holo-
graphic colors (please refer to Appendix Figure D.1). These holographic colors can
potentially provide enhanced security in anti-counterfeiting applications.

Air-void optical scattering layers for OLEDs

In order to increase the outcoupling efficiency of OLEDs, an array of air void optical
scattering structures has been realized on a glass substrate. The air void structure
was fabricated by first depositing PSN on a substrate. A layer of TiOy was then
coated on the PSN and finally, annealing/washing was carried out to burn out-
/dissolve the PSN (please refer to Appendix Figure E.1). The resulting planarized
air void optical scattering structure on the glass substrate led to higher broadband
diffused transmittance over the visible spectrum due to the high refractive index
contrast between the TiO4 layer and the air voids. It is supposed that this approach
reaches the ultimate goal of light extraction technology for practical OLED appli-
cations. It would be interesting to test the proposed approach in functional OLED
devices.
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Volume scattering layers for quantum dots

Preliminary results showed that the phase-separation process of the polymer blend
could also be used to fabricate a volumetric scattering layer (please refer to Appendix
Figure F.1), besides the compact layouts of 2D disordered nanostructures. Given
the lack of facile fabrication methods for well-designed volumetric scattering layer
for QD-based display, this one-step phase-separation process would offer a versatile
and scalable fabrication route.
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A. Inkjet-printed phase-separated
nanostructures at room
temperature
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Figure A.1. Inkjet-printing (IJP) of PS/PMMA (30:70) ink with bi-directional
printing direction at a substrate temperature of 25°C. (a) Schematic illustration of
the key steps involved in IJP of the PS/PMMA=30:70 ink based on cyclohexanone
and Tetralin. The schematic depicts the resulting film after the solvent evaporation
at room temperature. (b) Photographs of PMMA matrix (average thickness of
150 nm) after selective development of PS domains. The scale bar in the photograph
of the substrate represents 1cm. The main scale bar in the SEM image represents
5pum and 2 pum for the inset SEM image.



B. Doctor bladed phase-separated
nanostructures based nano-stamps
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Figure B.1. Doctor blading enables large-area imprinting stamp fabrication via
self-assembly method. A schematic illustration of PS/OrmoStamp blend coating
using (a) doctor blading system and (b) the formation of doctor bladed phase-
separated nanostructures after common solvent evaporation. (¢) AFM image of
the OrmoStamp nanopillars fabricated using PS/OrmoStamp=3:1 in toluene, with
a concentration of 35mg-ml~! and obtained after selectively etching the PS. The
applicator was positioned at 300 ym from the substrate for coating and moved with
a coating speed of 50 mm/s.




C. Fabrication of high aspect-ratio
structures via a self-assembly
method
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Figure C.1. Fabrication of high aspect ratio nanopillars by combining the self-
assembly method with the dry-etching process. (a) Schematic of the fabrication
procedure of high aspect ratio nanopillars based on the phase separation of the
OrmoStamp/PS blends. (b) Cross-sectional SEM image of the nanopillars with
aspect ratio as high as 6:1 formed from the phase-separated OrmoStamp nanopillars
by selective etching of the c-Si substrate. The c-Si was etched using a SFg/O5/Ar-
based plasma at operational pressure and power of 10 mT and 50 W, respectively.
The SFg/O2/Ar flow rate was fixed at 12/6/30 sccm. The scale bar represents 1 pm.




D. Introducing order into
self-assembled disordered
structures

UV-exposure

Figure D.1. Combining self-assembly method with photolithography. (a) Schematic
illustration of the introduction of deterministic microstructures via photolithography
into self-assembled PS/OrmoStamp nanostructures. (b) Photograph of a 25 mm x
25mm glass substrate illuminated by a white LED from the top. The structures
formed via the route shown in (a) efficiently diffract the light, revealing holographic
colors. The inset optical image shows ordered and disordered microstructures with
a grating width of 10 pm.



E. Air-void optical scattering

structures via a self-assembly
method
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Figure E.1. Air-void optical scattering structures for high-brightness OLEDs. (a)
Schematic illustration of the fabrication sequence for low-index (air-void) scattering
nanopillars via polymer blend lithography. The air voids were achieved by burning
or dissolving the phase-separated nanostructures (PSN) after coating them with pla-
narizing TiOy nanoparticles. (b) Focused-ion-beam cut SEM cross-section image of
the planarized air-void light outcoupling layer. The scale bar represents 400 nm. (c)
Measured total and diffuse transmittance of (un)planarized PSN and air-voids over
the visible spectrum (under close to normal incidence). The optical measurement
setup is depicted in (b).



F. Volume scattering layers via a
self-assembly method
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Figure F.1. Design of a hierarchical polymer blend-quantum dots composite via mul-
tiscale phase separations. (a) Schematic demonstration of the microporous structure
formation of the PS/PEG mixed film during the drying process following drop-
casting or inkjet printing. (b) Photograph of the dried hybrid film fabricated fol-
lowing the route (a). (c¢) Photograph of inkjet printed polymer blend-quantum dots
(QD) composite samples under 366 nm UV light. The inset shows the corresponding
cross-sectional SEM image of the composite sample. (d) Photoluminescence (PL)
spectra of PS/QD (“Planar”) and PS/PEG/QD (“Porous”) films.
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