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Abstract

“[...] the acquisition of a new truth is like the acquisition of a new sense,
which renders a man capable and recognizing a large number of phenomena

that are hidden from another, as they were from him originally.”

Justus von Liebig (1844)
(cited by Pauli (Fischer, trans.) (1907) [2])
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Photovoltaics is the most obvious option for an enduring and stable en-
ergy supply. Thereof, nanocomposite solar cells have emerged as an inter-
esting branch; their absorber layer is a blend of an organic and an inorganic
nanoparticular semiconductor. At least in theory, they should be able to out-
perform classic inorganic solar cells, as they could combine the advantages of
both types: among others, polymers offer flexible and lightweight thin layers
through solution processing, inorganic nanoparticles allow for band gap tun-
ing and good intrinsic properties. However, they still lack in terms of power

conversion efficiency.

In the first part of this thesis the significance of the blend morphology on
the solar cell’s performance is investigated. In a series of nanocomposite PSiF-
DBT:CIS solar cells with different polymer:inorganic ratios, the influence of in-
terpenetrating networks is elucidated. The impact on charge carrier generation
and percolation was scrutinized by means of I-V measurements, TEM/EDXS
and TAS analyses, and supported through drift-diffusion-based simulations.
Additionally, the separate contribution of the inorganic phase was studied by
embedding the CIS nanoparticles into a polystyrene matrix, which is electroni-
cally inactive in the observed regime. Again, different polymer:inorganic ratios
were examined and a surprising performance of the pure CIS-phase could be
recognized, with the best solar cells exhibiting 1/4 of the power conversion

efficiency compared to PSiF-DBT:CIS solar cells.

The second part describes a novel cathode modification by introducing a thin
silver interlayer prior to the aluminum top cathode. In PSiF-DBT:CIS solar cells

this modification shows a substantial increase in power conversion efficiency,
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which is achieved through a significant enhancement in fill factor. Compared
to pure Al and Ag cathodes, respectively, the relative enhancement amounts to
approximately 25%. Introducing this small amount of silver does not lead to a
continuous layer but to silver nanoparticles that develop inside an aluminum
oxide interlayer formed between absorber layer and cathode. The improvement
is found to be based on an enhanced charge carrier extraction. This cathode
modification was also applied to polymer:PCBM solar cells; however, no per-
formance increase could be observed. These findings lead to the assumption

that the CIS-electrode interface could be the main obstruction.



Zusammenfassung

“[...] die Erwerbung einer neuen Wahrheit ist ein dem Menschen
zugewachsener neuer Sinn, der ihn jetzt befithigt, eine Menge von Erschei-
nungen wahrzunehmen und zu erkennen, die einem andern unsichtbar

und verborgen bleiben, wie sie es friiher ithm selbst waren.”

Justus von Liebig (1844) [3]



Die naheliegendste Option fiir eine dauerhafte und stabile Energieversorgung
ist die Photovoltaik. Aus ihr entwickelte sich ein sehr interessanter Zweig:
die Nanokompositsolarzellen. Diese zeichnen sich dadurch aus, dass ihre Ab-
sorberschicht eine Mischung aus organischen und anorganischen nanokristalli-
nen Halbleitern ist. Zumindest theoretisch sollte es ihnen moglich sein, klas-
sische anorganische Halbleiter zu tibertreffen, da sie die Vorteile beider Mate-
rialien vereinen konnten: Polymere bieten unter anderem die Moglichkeit, aus
der Losung heraus flexible und leichte diinne Schichten aufzutragen. Anor-
ganische Nanopartikel erlauben eine Abstimmung der Bandliicke und weisen
gute intrinsische Eigenschaften auf. Allerdings konnten sie beim Wirkungs-

grad bisher noch nicht gleichziehen.

Der erste Teil dieser Arbeit hebt die Wichtigkeit der Morphologie der Ak-
tivschicht in Bezug auf die Leistung der Solarzelle hervor. In einer Versuchs-
reihe wurden PSiF-DBT:CIS Nanokompositsolarzellen mit unterschiedlichen
Polymer:Anorganik-Verhiltnissen hergestellt, um den Einfluss der sich gegen-
seitig durchdringenden Netzwerke zu beleuchten. Deren Auswirkung auf
die Ladungstriagererzeugung und -perkolation wird zusédtzlich mittels I-V-
Messungen, TEM/EDXS sowie TAS Analysen und unterstiitzt durch Drift-
Diffusions-Modell-basierte Simulationen untersucht.

Weiters wird der separate Beitrag der anorganischen Phase betrachtet, in-
dem die CIS-Nanopartikel in eine Polystyrolmatrix eingebettet werden, welche
im betreffenden Bereich elektronisch inaktiv ist. Wiederum erfolgt eine Un-
tersuchung mit unterschiedlichen Polymer:Anorganik-Verhéltnissen, die eine

tiberraschend gute Leistung der reinen CIS-Phase offenbart.
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Im zweiten Teil wird eine neuartige Kathodenmodifikation beschrieben, bei
der eine diinne Silberzwischenschicht vor der Aluminiumkathode aufgebracht
wird. Wendet man diese Modifikation in PSiF-DBT:CIS Solarzellen an, ergibt
sich ein bedeutender Anstieg im Wirkungsgrad, der auf einer deutlichen
Verbesserung des Fiillfaktors beruht. Im Vergleich mit reinen Al- bzw. Ag-
Elektroden erfahren diese Solarzellen eine relative Steigerung um etwa 25%.
Das Einbringen dieses geringen Silberanteils fiihrt nicht zu einer durchge-
henden Schicht sondern zu Silbernanopartikeln, die sich in einer Aluminium-
oxidschicht zwischen Aktivschicht und Kathode bilden. Diese Optimierung
fufit auf einer verbesserten Ladungstragerextraktion.

Diese Kathodenmodifikation wird zusédtzlich in Verbindung mit Poly-
mer:PCBM Solarzellen untersucht, allerdings kann dabei keine Verbesserung
beobachtet werden. Diese Resultate fithren zu der Annahme, dass die zu

tiberwindende Barriere am Ubergang CIS-Elektrode zu finden ist.
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1. Introduction

“I'd put my money on the sun and solar energy. What a source of power!
I hope we don’t have to wait until oil and coal run out before we tackle

that.”

Thomas A. Edison (1931)
(cited by Newton (1989) [4])



1. Introduction

1.1. Motivation for Photovoltaics

Prologue

In the late antiquity, alchemists sought after the philosopher’s stone, a legendary
chemical for transforming something common and inexpensive (base metal) into
something greatly desired (gold or silver). In modern times, we are in pursuit
of something similar: converting a readily available resource (solar radiation -
which happens to be everlasting, according to human timescales) into a greatly
desired goal: supplying the worlds energy demand infinitely. Hence, the research
towards enhancing photovoltaics can perhaps be regarded to as "the quest for the

modern philosopher’s stone”.

Admittedly, the history of photovoltaics is not limited to the last decades, ac-
cording to Butti and Perlin it dates back to ancient Greek and Rome, about
2500 years ago.[5] However, the necessity for clean and renewable energy has

never been greater.

Since the Second Industrial Revolution (also known as Technological Revolu-
tion) in the late 19 century the world’s energy demand expanded rapidly,
accompanied by a growing exploitation of natural resources. Fossil fuels pro-
vided a cheap and easily accessible energy supply; possible depletion or en-
vironmental pollution was neglected. Globalization, progressing industrializa-
tion and growth of world population steadily increased the energy require-

ments. As displayed in Figure 1.1, the world’s energy production more than
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Figure 1.1.: World’s total energy consumption from 1971 to 2010 subdivided by type. *Data
prior to 1994 for biofuels and waste final consumption have been estimated.
**Other includes geothermal, solar, wind, heat, etc.; Key World Energy Statistics
©OECD/IEA, 2012.[6]

doubled in the time period from 1971 to 2009.[7] The main branches of pro-
duction are still of fossil origin, the contribution of solar energy is marginal at
best.

However, in 2011 the International Energy Agency published their Solar Energy
Perspectives [7], where a brighter future for photovoltaics is predicted. Accord-
ing to their estimations, in 2060 solar driven energy forms could contribute

more than a third of the total energy demand (see Figure 1.2).

Our sun perpetually radiates energy to the earth at neither cost nor strain. The
final frontier is to increase the conversion efficiency of solar power at competi-

tive costs, reducing the need for non-renewable energy sources.
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Oil 5%
PV 13%
Gas and coal 8%
Baseload 7%
CSP 18%

Biofuels 13%

Solar fuels 1%

Solar heat 4%
Biomass heat 6%

Geothermal heat 1% ¥
Hydropower 6% Wind 18%

Figure 1.2.: Estimation of total energy demand in 2060, subdivided by providing sources
(PV: photovoltaics; CSP: concentrated solar power); Solar Energy Perspectives
©OECD/IEA, 2011.[7]

1.2. Next Generation: Polymer-Based Photovoltaics

The major benefits of photovoltaics, as mentioned above (Sec. 1.1), are appar-
ent. Unfortunately, due to their production costs they are still not competitive
to current primary energy sources on the large scale, albeit in certain regions
individual photovoltaic solutions are definitely yielding a profit (monetarily
and/or infrastructurally).

A hopeful step towards cost-effectiveness was the introduction of third-
generation photovoltaics: polymer-based solar cells. From a technological
point of view, polymer-based photovoltaics are unmatched when considering
processing parameters as speed, cost, simplicity, and thermal energy de-
mand.[8] However, owing to their still low power conversion efficiency (PCE),

the processing advantages do not directly reflect the full cost of photovoltaic
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electricity generation.

Over the last two decades the scientific community experienced great interest
in polymer-based photovoltaics, research groups emerged and publication
numbers of respective scientific papers grew exponentially. Additionally,
some notable companies started to produce photoactive polymers on an
industrial scale: a clear step towards commercialization. One recent branch of
research introduces a hybrid form of solar cells where the organic matrix is
interpenetrated by an inorganic semiconductor for several further advantages,
which is also the foundation of this thesis. A common denominator with fully
organic solar cells is the ease of processibility at still low PCEs. Though they
are in the early stages of development compared to conventional Si-solar cells,
they have achieved rapid PCE progression lately.

This development nourishes hope that this generation of photovoltaics man-

ages to become an equal competitor to classical inorganic solar cells.

1.3. Aims of this Thesis

The main subject of this work was to investigate and gain knowledge regard-
ing two vital issues: (i) the impact of different morphologies in nanocomposite
solar cells, and (ii) the processes at the interface between electrodes and ab-
sorber layer. Thus, the scientific work presented in this thesis can be divided

into two parts, subdivided into two separate chapters each:
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Part 1: Morphology The first part of this thesis comprises studies regarding

the morphology of hybrid solar cells.

In Chapter 3, “Variation of PSiF-DBT:CIS mass ratio”, organic/inorganic
hybrid solar cells (PSiF-DBT:CIS) were prepared and thoroughly investigated.
Additionally, in cooperation with the Institute of Theoretical Physics of the
Graz University of Technology, simulations to the morphological study were
performed. Based on this experimental and theoretical approach conclusions
about the performance of these hybrid solar cells could be drawn.

Chapter 4, “Polystyrene:CIS solar cells”, covers an approach to fabricate
solar cells, consisting of a resembling inorganic phase as above, embedded in
a photo-inactive polystyrene matrix. This series was prepared to gain further

knowledge about the separate photovoltaic contributions of each material.

Part 2: Electrode modification A second topic spans investigations about a

novel electrode modification and its impact on polymer-based solar cells.

In Chapter 5, “Silver-modified Aluminum Electrodes in PSiF-DBT:CIS
Solar Cells”, a modification of the typical aluminum electrode with silver
nanoparticles is introduced. A substantial increase in fill factor can be found,
which is scrutinized thoroughly.

As a subsequent step, Chapter 6, “Silver-modified Aluminum Electrodes in
Polymer:PCBM Solar Cells”, describes the examination of the influence of

this electrode modification on polymer:PCBM solar cells.
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“[...] we have to remember that what we observe is not nature herself, but

nature exposed to our method of questioning.”

Werner Heisenberg (1959) [9]
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The well-established elemental principles presented in this chapter are only
a brief summary; the interested reader is referred to three handbooks. If not

noted otherwise, the basics concentrated in here can be found in these books:

— The Physics of Solar Cells, by Nelson [10]

— Practical Handbook of Photovoltaics: Fundamentals and Applications, edited by

Markvart and Castaner [11]

— Organic photovoltaics: mechanisms, materials, and devices, edited by Sun and

Sariciftci [12]

2.1. Photovoltaics: A Survey

To start off with, some of those most important milestones of the near past are
listed, with emphasis on polymer-based solar cells, which led the way towards
state-of-the-art photovoltaics. The used phrases and terms will be properly

explained in the subsequent parts of this chapter.

1839 - Becquerel first observed and reported the photovoltaic effect as
a consequence of illuminating certain materials in acidic solutions con-

nected to electrodes.[13]

1887 - Hertz investigated spark jumps from an induction coil. He ob-
served decreased spark lengths in absence of ultraviolet (UV) radiation

and, thus, discovered the photoelectric effect.[14]
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1905 - Einstein published four groundbreaking papers, whereof in the
tirst he explained the photoelectric effect on discrete energy quanta.[15] In
1921 he received the Nobel Prize in Physics “for his services to theoretical
physics, and especially for his discovery of the law of the photoelectric

effect”.[16]

1954 - Chapin, Fuller, and Pearson from Bell Telephone Laboratories pub-
lished the first practical silicon p-n-junction photocell that achieved about
6% efficiency.[17] In the following decades many scientific and commer-

cial technologies follow.

1958 - Kearns and Calvin presented the first photovoltaic “bilayer” sys-
tem, consisting of magnesium phthalocyanine disks coated with a thin

film of air-oxidized tetramethyl p-phenylenediamine.[18]

1978 - Morel et al. broke the 1% efficiency threshold for organic photo-

voltaic devices.[19]

1986 - Tang introduced the heterojunction concept for organic photo-
voltaics, making the charge carrier generation efficiency independent

from bias voltage, thus, providing solar cells with high fill factors.[20]

1991 - O'Regan and Griétzel report a solar cell using dye-sensitized col-
loid titanium dioxide (TiO;) films: dye-sensitized solar cells (DSSCs; also

widely known as Grétzel cells) are brought into being.[21]

1992 - Sariciftci et al. were the first to publish photoinduced electron
transfer from a polymer to buckminsterfullerene,[22] the basic form of

today’s most sophisticated acceptor material for organic photovoltaics.
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2002 - Huynh, Dittmer, and Alivisatos demonstrated the first hybrid solar
cell, where cadmium selenide (CdSe) nanorods act as inorganic acceptor

material in an organic matrix.[23]

2012 - Heliatek announced to have crossed the 10% border with an or-
ganic (tandem) solar cell, reaching a certified power conversion efficiency

of 10.7%.[24]

2013 (Sep) - The currently highest power conversion efficiency (reported

by Heliatek) amounts to 12%.[25]

2.2. Organic Solar Cells

A fundamental distinction between inorganic and polymer-based solar cells
consists in the generation of charge carriers. The common denominator is the
excitation of electrons through incoming photons with an energy equal or
greater than their band gap. In both cases excitons are generated, a pair of
electron and corresponding hole bound by Coulombic interaction.

In typical inorganic semiconductors, the binding energy only amounts to a few
electron volt (eV), so a dissociation of the charge carriers at room temperature
is highly probable. The necessary field is provided at “homojunctions”, e.g.,
at the interface between two differently doped regions of the same semicon-
ductor material. Typical organic semiconductors, however, produce excitons
with strong Coulombic attraction (0.1 - 1.4 eV [26]), which demand an addi-
tional process for charge separation. For this purpose, a second material with

an energetically fitting band is introduced. At the interface between these two

10
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materials, the “heterojunction”, an energetic difference exists, which offers a
more favorable state for electrons, dissociating the bound electron-hole pair by
transferring the electron to the other material. Due to this charge transfer, the
latter material is denoted as acceptor, the first as donor.

The term “organic solar cell” denominates solar cells with both donor and
acceptor being organic semiconductors. They are generally formed by a n-
conjugated system, groups of carbon atoms with alternating single and multi-
ple bonds. This system offers two great advantages: (i) good electronic trans-
port properties (based on the relaxed delocalisation of electrons) and (ii) good
optical properties.[27]

Their most prominent advantage is the almost infinite variety of structures
due to chemical tailoring. It allows adjusting physical-chemical properties such
as energy levels, solubility, processibility, etc. However, opposing to inorganic
semiconductors, doping of organic solar cells is restricted to interstitials. Sub-
stitution is not an appropriate option as thereby chemical bonds can be broken
easily.[27, 28].

The performance of organic solar cells greatly depends on the materials used
but also on device layout, interlayers, additives, and, of course, the production
process itself. A closer look at these topics is given in this and the following

section.

2.2.1. Device Architecture and Physics

A basic layout of polymer-based solar cells is depicted in Fig. 2.1. Typically,

it consists of an optically transparent substrate (e.g., glass), a transparent elec-

11
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trode (tin doped indium oxide (ITO)), the absorber layer and a metallic (reflect-
ing) top electrode. In most cases, additional layers for performance augmenta-
tion are introduced; here a hole transport layer (HTL) is depicted (sometimes
also termed electron blocking layer (EBL)); the influences of electrodes and in-
terlayers are described in Sec. 2.2.3. The composition of the absorber layer is the
major attribute of solar cells; both material (combination) and structure affect
the physical processes occurring in the layer and are, therefore, crucial factors

in the performance of solar cells (vide supra).

Cathode (Ag/Al)
Absorber layer

HTL (PEDOT:PSS)

— Anode (ITO)

—— Glass substrate

Figure 2.1.: Scheme of a typical organic solar cell layout.

A variation of this scheme is found in inverted solar cells, which are princi-
pally built upside-down. As a matter of course the choice of cathode materials
changes as well as the use of interlayers. This layout has proven to be more
stable [29, 30], with a PCE catching up on the records set with normal layouted

polymer-based solar cells.[28]

12
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2.2.1.1. Device Layouts

This section describes the differences in the physical processes resulting from a
change of composition and morphology of the absorber layer of polymer-based
solar cells. The influences of interlayers are neglected for the moment; only the
absorber layer sandwiched between two electrodes is considered.

Separating excitons demands a driving force, which is in most cases a junction
between semiconductor and metal (single layer) or between two semiconduc-
tors (bilayer, heterojunction, see Fig. 2.2). The lifetime of excitons (which is in
the nanosecond regime [31]) distinctly limits their diffusion length; therefore,
the device layout has a great impact on exciton dissociation and recombination,
respectively. The following paragraphs illustrate diverse layouts for polymer-

based solar cells as well as the charge carrier generation principles.

Single layer Bilayer Bulk heterojunction

Figure 2.2.: Simplified scheme of typical solar cell device layouts; the absorber layers are sand-
wiched between two electrodes (top and bottom layer).

Single Layer In a single layer setup, the absorber layer only consists of a
(doped) semiconductor; the separation takes place at the semiconductor-metal
junction provided that they have differing work functions. Bringing the two

materials together enforces an equilibration of their Fermi levels through

13
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exchange of charge carriers across the junction (see Fig. 2.3). It is important
to mention that the displayed relative values of the vacuum levels are only
illustrations of a possible trend and shall not be taken for granted. Therefore,

the vacuum level is omitted in the subsequent paragraphs.

- ____ _
h"\
N
R S EVAC
depletion
(I)A,anode region
Erumo o
= A, cathode
<+
N T EFerml

Figure 2.3.: Energy level scheme of a p-type semiconductor/metal junction and the occurring
band bending through Fermi level pinning (Eysc: vacuum level energy, Epermi:
Fermi level energy, Exonmo/Lumo: HOMO/LUMO energy levels of the semicon-
ductor, @ 5: work function of the anode or cathode)

This exchange is localized in the direct vicinity of the interface, where the
bands of the semiconductor are bent towards the metal’s levels, until the Fermi
levels are equilibrated. The Fermi level of the semiconductor is thus pinned to
that of the metal; accordingly, this effect is called “Fermi level pinning”. If the
metal’s work function is higher than the semiconductor’s, a Schottky-barrier
is formed at the interface; its height is defined as difference between conduc-
tion (valence) band and Fermi level for n-type (p-type) semiconductors. If the
Schottky-barrier reaches a certain height, a depletion region is formed which

results in (for solar cells) typical rectifying properties. In case of a lower metal

14
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work function, an ohmic contact is formed.[32]

The semiconductor’s band energies in the bulk are unaffected; therefore, a po-
tential gradient is built up, resulting in an electrostatic field at the junction. In
this region, also called “space charge region”, a diametrically opposed driving
force for electrons and holes, respectively, is established and, thus, charges are
being separated in this region. The space charge region does not extend very
far into the semiconductor, so it is highly unlikely for excitons to be dissoci-

ated.

Bilayer A step towards better exciton dissociation is achieved through intro-
duction of a second material with a different ionization potential and electron
affinity to form a bilayer (see Fig. 2.4). If the difference of the two LUMO
levels exceed the binding energy of the exciton, an efficient dissociation can be
achieved. Organic/organic interfaces typically have aligned vacuum levels [33];
however, in case of organic/inorganic junctions strong interface dipoles may
occur similar to metal/(in)organic interfaces. For the sake of understanding,
these effects are excluded (an extensive review on this subject was published

by Koch [34]).

One of the biggest advantages of this setup is the separated charge transfer: in
the course of exciton dissociation the electrons are transferred to the material
with the higher electron affinity. The holes remain in the other layer; therefore,
the probability of recombination is reduced. Based on their preference of
providing (donating) and collecting (accepting) electrons these materials are

called donor and acceptor, respectively.

15
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dOnor

\QQ(L EFermi

anode cathode

Figure 2.4.: Scheme of energy levels and exciton dissociation in a bilayer device.

Bulk Heterojunction A big disadvantage of the bilayer structure is obvious:
strong absorption, even with the high absorption coefficients of organic semi-
conductors (typical factor: ~10°, cf. [35, 36]), requires some layer thickness.
The thicker the absorbing layer is, the longer is the mean distance for excitons
to get to the interface. Therefore, this layout limits the efficiency as a trade-
off between absorption and generation probability. As a logical consequence,
the mean exciton diffusion length had to be reduced while maintaining the ab-
sorber layer thickness, resulting in the bulk heterojunction device, where donor
and acceptor are blended to a joint bulk with interpenetrating networks.[20, 37,

38]

These interpenetrating networks ensure short distances from each exciton gen-
eration spot to a dissociating interface, thus, reducing recombination (as illus-
trated in Fig. 2.5). A drawback of this structural type is the possibility of island
formation; these (donor or acceptor) islands are dead ends for charge carriers,

which are trapped and lost for current generation. Furthermore, an exact con-
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Figure 2.5.: Scheme of energy levels and exciton dissociation in a bulk heterojunction device.

trol of the morphology is virtually impossible; therefore, a multitude of exper-
imental variables and parameters is introduced with this structure. However,

due to its high efficiency this layout is the most common (e.g., [39-41]).

Structured Heterojunction The theoretically ideal structure in terms of
charge carrier generation would be a comb-like structure (at least in 2D) which
offers both short distances to interfaces and continuous pathways for free
charge carriers.[42] The realization of such a structure still poses a challenge
due to the small dimensions; in particular, stable structures at the necessary
aspect ratios form an obstacle hard to overcome.

A comparison of comb-like structures with more realistic morphologies using
simulations based on the drift-diffusion model was, e.g., presented by Gruber

et al.[43]

17



2. Basics

Tandem Solar Cell In a single polymer-based solar cell the amount of ab-
sorbed (and utilized) photons is limited by the absorption ability of the used
polymer and inorganic semiconductor. Photons with wavelengths not subject
to absorption can easily pass through the layer and are, thus, lost for the pro-
cess of charge carrier generation. A possibility to circumvent this issue is ap-
plying a second solar cell on top of the first one, ideally with a complemen-
tary absorption range, so as to absorb the unaffected photons (although two
identical subcells can also exhibit high values, as reported by You et al. [44]).
Typically, the two subcells are connected in series with a recombination layer,
in which the electrons of the lower subcell recombine with holes from the up-
per subcell; thus, the sum of each subcell’s open circuit voltage (Voc) can be
gained. Their respective remaining electrons and holes provide the current; its
value is restricted by the subcell with the lower short circuit current (Isc).[45]

Based on the detailed balance limit of efficiency (reported by Shockley and
Queisser [46], hence known as Shockley-Queisser limit), which determines the
theoretical efficiency maximum of a single p-n junction solar cells, DeVos cal-
culated the maximum efficiency for multiple subcells. According to his work,
the maximum efficiency for a solar cell with a band gap of about 1 eV can be

enhanced from ~30% to ~42% in tandem setup.[47]

2.2.1.2. Absorber materials

The most import characteristic of absorber materials is their band gap, which
determines the threshold energy for photons to be absorbed. The smaller the

band gap the more photons can be absorbed. However, for photons with en-
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ergies higher than the band gap, the residual energy is converted in form of
thermalization losses; additionally, smaller band gaps result in lower V¢s.[48]
To determine the most beneficial band gap, the energy distribution of the solar
radiation at a given latitude at the earth’s surface has to be taken into account.
This eventually led to numerical simulations and calculations to identify an
ideal band gap, indicating an ideal range of 1.1 to 1.7 eV for a single junction
solar cell.[49] Kroon et al. emphasize in their review that in polymer-based
bulk heterojunction systems the interplay between donor and acceptor plays
an essential role and each systems ideal band gap has to be determined sepa-
rately.[50]

Not only the band gap is crucial for a useful semiconducting material, but also
its charge carrier mobility plays an essential role and so does abundance, toxi-
city, processibility and, of course, its price.

Amongst the most common donor polymers is poly(3-hexylthiophene-2,5-diyl)
(P3HT); it offers a relatively small monomer unit (one thiophene unit with or-
ganic moiety) and good properties regarding morphology control.[51] While
P3HT is popular for research, record cells always utilize low-band gap poly-
mers due to their outstanding absorption.[52] As acceptor material there is
no way of avoiding phenyl-Cé61-butyric-acid-methyl ester (PCBM) (or simi-
lar fullerene derivatives), as it can be found in virtually every organic record

cell.[53]
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2.2.2. Characteristic Solar Cell Parameters

The electrical characterization of a solar cell is determined through I-V mea-
surements, which can be transferred to the typically used J-V curves by divid-
ing the measured current through the solar cells active area (see Appendix,
Sec. A.2.1, Eq. (A.1)). The green line in Fig. 2.6 illustrates such an exemplary
J-V curve of a solar cell under illumination. Two important parameters can
be directly obtained from this graph, namely V¢ and Isc (and short circuit

current density (Jsc), respectively).

0.0

mp R e

Current density / Power

JSC

0.0
Bias voltage

Figure 2.6.: lllustration of characteristic solar cell parameters. Green line: exemplary J-V curve;
blue line: respective power generation plot. Marked values are described in the
text.
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Voc represents the potential difference between the two electrodes without ex-
ternal load, i.e., when there is no flow of current. Accordingly, Isc is the current
flowing through the solar cell, when the potential across the solar cells equals
zero, i.e., Isc corresponds to the maximum current to be provided from the
solar cell (vide supra).

Additionally, the electric power (P) can be calculated from the measured cur-

rent (I) at a certain bias voltage (V) as

P=VI 2.1)

The fourth quadrant of the J-V curve represents the operating regime of the
solar cell, with the maximum power point (P;,y) as the cell’s operating point at
corresponding voltage at the maximum power point (Vy,;) and current density
at the maximum power point (J;p). The rectangles spanned by (Vy, X Jinp) and
(Voc x Jsc), respectively, represent the actual and theoretical maximum power

outputs of the solar cell. Their ratio is the definition of the fill factor (FF):

~ Voc Jsc 22)

which can be understood as “quality factor” of the solar cell, with an ideal cell
when FF equals 1.
The most prominent and, thus, important parameter of a solar cell is its PCE,

sometimes also denoted as 7. It describes the power provided by the solar cell

21



2. Basics

relative to the incident light power (Pj,):

= —Vmp_] " 1009 = YocJsc FE &= T 100% (2.3)

in in
Another important index for solar cells is the incident photon to electron con-
version efficiency (IPCE), also known as external quantum efficiency (EQE),
which indicates the ratio of generated electrons per photons impinging on the
solar cell (not to be confused with the internal quantum efficiency (IQE), which

only takes absorbed photons into account):

hc ISC
IPCE = —- -100% 24
e A Pin ( )

The formula contains Planck’s constant (1), speed of light (c), elementary
charge (¢), and wavelength (A). For the utility of IPCE see Appendix, Sec.
A.2.3.

2.2.3. Electrodes and Interlayers

Chen et al. have thoroughly investigated various influences of interfacial layers
and reported them extensively.[54] In this subsection, only the most important

facts for this work will be reproduced.
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2.2.3.1. Electron Blocking Layers

The purpose of EBLs is to avoid a transport of electrons to the “wrong” elec-
trode and also to block an injection of electrons into the absorber layer at high
bias voltages while preserving an unobstructed hole extraction path.[55] Fur-
thermore, ITO as bottom electrode exhibits a relatively large surface roughness,
so a smooth EBL provides an additional advantage in terms of coating.

The most common EBL material is poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS), a transparent conductive polymer with
titting energy levels to act as electron blocker. Alternatives are, e.g., molybde-
num oxide (MoQO3), vanadium oxide (V20Os) [56], and graphene oxide (GO)
[57].

2.2.3.2. Hole Blocking Layers

Conversely, certain interlayers can be utilized as hole blocking layers between
absorber layer and respective electrode. They have either a low work func-
tion in case of metals or a high highest occupied molecular orbital (HOMO)
in case of semiconductors. Most common materials are titanium oxide (TiOy)
[58] and zinc oxide (ZnO) [59]. Further interesting possibilities base on poly-
electrolytes, which influence the interface dipole between absorber layer and

electrode.[60]
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2.2.3.3. Electrode Materials

Necessary features of both top and bottom electrodes are a good conduc-
tivity and work functions fitting to the absorber materials. Of course, non-
toxicity, abundance, good processibility and low-cost apply here as well. Bot-
tom electrodes additionally have to be transparent, limiting the options. Typ-
ically, transparent conductive oxides are used (e.g., ITO, fluorine doped tin
oxide (FTO) or aluminum doped zinc oxide (AZO)) as well as silver micro-
grid/PEDOT:PSS-layers. But recently patterned nanostructures and graphene
sheets also emerge as transparent electrodes.[61, 62]

Top electrodes not only extract charge carriers but usually also reflect the in-
coming irradiation to effectively double the active layer thickness; therefore,
(besides cost) high reflectivity and conductivity are the main selection criteria.
Aluminum is a common choice, although due to its non-noble nature it is un-
tavorable in terms of stability. Silver has a slightly less beneficial work function
at a higher cost; however, it is practically insusceptible to oxidation and is thus
also a popular choice.

Solar cells with an inverted layout necessitate materials with higher work func-
tions; albeit expensive, gold is a common choice.

Sometimes electrodes are additionally modified with certain interlayers which
support charge carrier transport, blocking or extraction. Such an interlayer is

thoroughly characterized in Sec. 5.
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2.3. Organic/Inorganic Hybrid Solar Cells

In (fully) organic solar cells both absorber layer materials, donor and accep-
tor, are organic compounds. A different approach has been, e.g., studied and
reported by Greenham, Peng, and Alivisatos, who investigated charge separa-
tion and transport in organic-inorganic composites.[63] Solar cells with inor-
ganic nanocrystals, also termed hybrid and /or nanocomposite solar cells, became
a topic of interest for several groups. Inorganic nanoparticles are reported to
have a multitude of advantages, especially in terms of versatility.[64]

First of all, there is vast assortment of possibilities; combining a fitting inor-
ganic semiconductor with a conjugated polymer might allow for broadband
absorption due to complementary wavelength sensitivities. Alivisatos pointed
out, that nanocrystals can be a powerful instrument based on the ability to
change their size and shape (e.g., spheres, rods, fibers).[65] This offers a direct
access to their band gaps, but can also provide influence on the morphology
of absorber layers and, as a consequence thereof, on charge carrier dynam-
ics.[66] Some of the more closely investigated materials are, e.g., lead selenides
[67] and sulfides [68], cadmium selenides [69] and sulfides [70], and copper
indium selenides [71] and sulfides [72, 73].

2.3.1. The Organic Donor: PSiF-DBT

The conjugated polymer used in most parts of this work is PSiF-DBT, a poly-
silafluorene derivative as described by Wang et al. [74] Its chemical structure is

depicted in Fig. 2.7. With highest (HOMO) and lowest unoccupied molecular
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Figure 2.7.: Chemical structure of PSiF-DBT.

orbital (LUMO) levels of -5.39 and -3.57 eV, respectively, the optical band gap
amounts to 1.82 eV.[74] This value should strike a balance between absorption
capabilities and a good basis for a high V¢; the latter is directly depending on
the difference between the (p-type) donor’s HOMO and the (n-type) acceptor’s
LUMO.[75] However, this is by far not the only influence; the V¢’s origin is
still disputed and, thus, field of great interest, e.g., in [76-78].

Wang et al. have reported a PCE of 5.4% using a PSiF-DBT:PCBM absorber
layer[74]; for a relatively uncommon material this high value clearly identifies

the polymer as a worthy contestant.

2.3.2. The Inorganic Acceptor: Copper Indium Sulfide

In its crystalline form, copper indium disulfide (CulnS,) is a ternary chalcopy-
rite (see Fig. 2.8) with a band gap of about 1.5 eV.[79] An exceptional feature
of CulnS; is its tolerance to stoichiometry variations; additionally, a devia-
tion from the stoichiometric Cu:In ratio leads to n-type conductivity in In-rich

phases and, conversely, p-type behavior in Cu-rich phases.[80] A combination
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of both properties offers a wide field of application.

Figure 2.8.: Chemical structure of a CulnS; elementary cell. Cu: red balls, In: blue, S: yellow.

In polymer-based solar cells copper indium sulfide (CIS) typically appears in
a doped, non-stoichiometric state (therefore, CulnS; is replaced by CIS), of-
ten in a nanocrystalline form. Due to quantum confinement effects optical and
electronic features are size dependent.[81] According to Arici, Sariciftci, and
Meissner the band gap of CIS nanoparticles may even extend by 0.4 eV in each
direction, increasing the band gap up to 2.3 eV.[82]

With this tuneability and its high extinction coefficient in the range of
~1-10®° cm™ [83] it is a promising candidate for hybrid nanocomposite solar

cells.
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2.3.3. Forming Nanocomposite Layers

The nanocomposite layers presented in this work are prepared via the in situ
route, where the nanoparticles are formed directly inside the polymer layer.[84]
This is achieved through metal xanthate precursors, which decompose at a cer-
tain temperature to metal sulfides and volatile organic byproducts. Necessary
decomposition temperatures are notably below 200 °C; this allows an applica-
tion of these precursors in practically all conjugated polymers. An extensive
review on the subject of in situ syntheses was published by Rath and Trim-

mel.[85]

(a) Precursors
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Figure 2.9.: Chemical structure of the precursors used to form CIS nanoparticles.[72] ©2012
American Chemical Society

The formation process is depicted in Fig. 2.9; in this work, a solution of cop-
per and indium O-2,2- dimethylpentan-3-yl dithiocarbonate precursors (Fig.
2.9(a)) is mixed with PSiF-DBT; this solution is doctor bladed on the substrate
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and subsequently subjected to thermal treatment at < 200 °C (Fig. 2.9(b)).

A great advantage of this procedure is the formation of stable nanoparticles
without the need for capping ligands (and the accompanying process steps).
Thus, a nanocomposite layer is formed without the need of interfering addi-

tives.
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ratio

“I must confess it was very unexpected and I am very startled at my meta-

morphosis into a chemist.”

Ernest Rutherford (1908)
(cited by Dardo (2004) [86])
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The following chapter is a reviewed and revised submission to

Nanotechnology (IOPscience):

Influence of morphology and polymer:nanoparticle ratio on device perfor-
mance of hybrid solar cells — an approach in experiment and simulation
Mario Arar, Manfred Gruber, Michael Edler, Wernfried Haas, Ferdinand Hofer,
Neha Bansal, Luke X. Reynolds, Saif A. Haque, Karin Zojer, Gregor Trimmel
and Thomas Rath

©Institute of Physics (the ”“Institute”) and IOP Publishing 2013.

While the discussions on the simulation results emanate from a fruitful co-
operation, the actual realization of the simulations presented in this chapter
have been conducted by M. Gruber and K. Zojer. The TAS measurements were
conducted by the team of S. A. Haque. The elucidations concerning the actual
morphology by means of TEM/SAED were a valuable contribution by W. Haas
(who conducted the TEM and SAED analyses and provided the respective im-
ages) and F. Hofer.
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3.1. Introduction

Economic and future-oriented thinking eventually points toward a demand for
renewable energy resources, whereof solar power is most promising for per-
petual clean energy. Organic- or polymer-based solar cells offer cost effective
processing from solution (e.g., roll-to-roll coating) [8]. Therefore, they found
great interest in the last couple of years and a large portion of research was de-
voted to polymer:fullerene solar cells, which is reflected in rather high power
conversion efficiencies (PCE) approaching 10% (presently certified: 9.2% [28])
in single junction setup and 10.6% [53] as tandem cells. Up to now, this clearly
surpasses those of hybrid solar cells, i.e., inorganic semiconductor nanoparti-
cles blended with a conjugated polymer, which at the present time steadily
approach 5% PCE [87, 88]. However, the concept of inorganic-organic hybrid
solar cells is still in the early stages of development, but experiences increasing
attention and relevance based on promising features: (i) the shape and size of
inorganic nanostructures can be altered in various ways to optimize the mor-
phology of the hybrid absorber layer. By using nanorods or tetrapods instead
of spherical nanoparticles, charge carrier transport can be enhanced maintain-
ing a high interfacial area. (ii) Nanoparticles of diverse semiconductors with
various band gaps and absorption profiles are readily available; in addition,
their band gaps can be altered through size modification due to the quantum
confinement effect in small nanoparticles [81, 89, 90]. Thus, incorporation of
proper nanoparticles into the active layer can provide supportive absorption
in complementary wavelength ranges. (iii) Inorganic nanoparticles are envi-

ronmentally more stable and exhibit higher intrinsic charge carrier mobilities
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compared to conjugated polymers [23]. The hybrid bulk-heterojunction (BHJ)
system investigated herein is prepared in situ in one step using metal xan-
thate precursors. Blending these precursors with a conjugated polymer and
subjecting the layer to mild thermal treatment, the metal xanthates decompose
to form metal sulphide nanoparticles directly in the polymer matrix without
by-products remaining in the absorber layer and without the necessity of us-
ing capping ligands for the stabilization of the nanoparticles. This innovative
route was originally presented for the preparation of polymer:CdS [91, 92] and
polymer:CIS [72, 93] hybrid solar cells. However, this versatile route can also
be used to prepare hybrid solar cells comprising other material combinations
like polymer:Sb,S3 [94] or small molecule:CIS [73]. Reynolds et al. [95] already
showed that in situ prepared nanoparticles tend to form agglomerates in the
polymer matrix, which is not the case, if the absorber layers are prepared using
pre-synthesized, ligand stabilized nanoparticles. This agglomeration influences
both donor-acceptor interface area and transport properties, and thus has sig-
nificant impact on device performance. Furthermore, it is very likely that in the
in situ formation process varying the acceptor loadings in the absorber layer
has substantial impact on the morphology, especially on the agglomerate sizes.
Moreover, the effect of changing donor:acceptor ratios on the nanoparticle size
is still unclear. Using the in situ preparation technique, where no capping lig-
ands are needed and the nanoparticles are formed directly inside the polymer
matrix via a solid-state reaction, less interfering polymer at high acceptor load-
ings could lead to bigger agglomerates but also larger nanoparticles, which
would again change the physical properties of the active layer [96]. Morphol-

ogy, agglomeration and nanoparticle sizes are substantially influenced by the
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composition of the absorber layer. Thus, a proper donor:acceptor ratio is es-
sential for good device performances of bulk heterojunction solar cells, which
has been shown and thoroughly investigated for several polymer:fullerene sys-
tems [97, 98]. Also for hybrid solar cells prepared via the classical route, where
nanoparticles are formed separately with capping ligands and then blended
with the polymer, experiments concerning the polymer:nanoparticle ratio in
the absorber layer were already carried out [99, 100] and a certain excess of
the inorganic nanoparticle phase turned out to be necessary for good device
performance. However, thorough studies on this topic were not reported up to
now for in situ prepared hybrid solar cells, and the knowledge based on hybrid
solar cells prepared via the classical route cannot be transferred directly to in
situ prepared hybrid solar cells. Therefore, in this study we investigate hybrid
solar cells with absorber layers in which poly[(2,7- silafluorene)-alt-(4,7-di-2-
thienyl-2,1,3-benzothiadiazole)] (PSiF-DBT; Eyomo =-5.39 €V, ELymo =-3.57 eV
[74]; the chemical structure is depicted in figure S1 in the supplementary data)
is serving as donor with embedded copper indium sulphide (CIS; Egomo = -
6.0/-5.6 eV, ELuymo = -3.7/-4.1 €V [82]; see also figure S1 in the supplementary
data) nanoparticles acting as acceptor; previous studies roughly indicated that
a ratio of 1:9 is most beneficial for device performance [72]. Assuming a rea-
sonable density of about 1.1 g cm™ for PSiF-DBT and about 4.7 g cm™ for CIS
[101], respectively, this corresponds to a volumetric ratio of about 1:2. Such
excess of inorganic nanoparticles is in most cases essential to ensure continu-
ous percolation pathways in the acceptor phase which are needed for efficient
charge transport [99, 102]. Exceptions to these findings are often observed if

poly(3-hexylthiophene) (P3HT) is used as donor material combined with in-
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organic nanoparticles; similar to P3HT:PCBM ([6,6]-Phenyl C61 butyric acid
methyl ester) solar cells [103], donor:acceptor ratios of about 1:1 (v:v) suffice,
e.g., in P3HT:CdS absorber layers [88, 91]. In PBHT:ZnO hybrid solar cells best
power conversion efficiencies have been observed for a polymer:nanoparticle
volume ratio of 1:0.2 [104]. From literature data no general trend concerning
most beneficial polymer:nanoparticle ratios across different material systems
can be extracted. Therefore, it is essential to examine each material combi-
nation separately. The aim of this work was to elucidate experimentally how
the morphology of absorber layers is affected by variation of PSiF-DBT:CIS ra-
tios. Further focus was set on investigating the changes in device performances
based on the different morphologies. In an attempt to directly connect the mor-
phology to the I-V characteristics of the devices, three-dimensional simulations
based on the drift-diffusion model under consideration of the distribution of

the optical field in the solar cells were performed.

3.2. Experimental

3.2.1. Device Fabrication

PEDOT:PSS layers (Clevios P VP.AI 4083, Heraeus) were spin-coated from so-
lution using deionized water (1:1, vol.) on glass/ITO substrates (Delta Tech-
nologies, Rg = 15 - 25 () /sq, sonicated in deionized water and isopropanol, O,
plasma cleaned (FEMTO, Diener electronic)) and thermally dried in nitrogen

atmosphere (150 °C, 15 min). Thereon, nanocomposite layers were prepared
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by doctor blading of a chlorobenzene solution containing copper xanthates, in-
dium xanthates (copper and indium O-2,2-dimethylpentan-3-yl dithiocarbon-
ate; purchased from Aglycon, Austria; the chemical structures are depicted in
figure S1 in the supplementary data) [93], and PSiF-DBT (OS0927, 1-Material,
Chemsitech Inc., St. Laurent, Canada) and subsequent thermal treatment in a
tube furnace (Heraeus 4/25, temperature program: 7 min heating from room
temperature to 200 °C, holding time of 15 min at 200 °C) subject to nitrogen
gas flow. Aluminum electrodes were deposited using a thermal evaporation
chamber mounted inside a glovebox system (LABmaster dp, MBRAUN Glove-
box Technology, Germany) at a base pressure of (3 - 6)x10° mbar (nitrogen

atmosphere). The substrates were not cooled during evaporation.

3.2.2. Characterization

Current density-voltage (I-V) curves were recorded using a Keithley 2400
Source-Meter and custom-made Lab-View software. The solar cells were il-
luminated using a Dedolight DLH400D (used in conjunction with Dedolight
DEB400D electronic ballast). The intensity of the incoming light was set to
100 mW cm providing a spectrum quite similar to AM1.5G (determined us-
ing a KippZonen-CMP-11 pyranometer, no spectral mismatch was considered).
The effective device area (0.04 cm?) was defined by shadow masks applied to
the solar cells. TEM analyses were conducted on a Tecnai F 20 microscope (FEI
Company, 200 kV, Schottky emitter) equipped with a high resolution Gatan
Imaging Filter (GIF), an UltraScanCCD camera and a Fischione HAADF STEM

detector. EDX-spectrum images were acquired using a Digiscan II controller
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and an EDAX Sapphire Si(Li) detector. EDX quantification was performed us-
ing the approximation for thin films by Cliff and Lorimer [105]. SAED patterns
were measured on an FEI Tecnai 12 electron microscope. Layer thicknesses
were additionally specified on a DekTak 150 surface profiler (Veeco). Micro- to
millisecond transient absorption spectroscopy was performed on films under
an Np environment and all data shown are scaled for the fraction of photons
absorbed at the excitation wavelength. The samples were excited by a dye laser
(Photon Technology International Inc. GL-301) pumped by a nitrogen laser
(Photon Technology International Inc. GL-3300). Excitation was at 510 nm at
an energy of 24 + 2 uJ cm™. The samples were probed using a quartz halogen
lamp (Bentham, IL1). The probe wavelengths were 1100 nm. The probe light
was detected using a silicon or InyGaj.x<As photodiode and the signal subse-
quently amplified and passed through electronic band-pass filters to improve

the signal to noise ratio.

3.2.3. Simulation

To simulate the impact of the volume ratio on the I-V characteristics of the
devices in a direct manner, three-dimensional drift-diffusion-based simulations
are performed. The device is represented by a three-dimensional slab of 100 nm
x 100 nm surface area and a height corresponding to the thickness of the active

layer (as schematically shown in Figure 3.1).

The slab is uniformly discretized into a mesh of 2 x 2 x 2 nm?> voxels and 8

(=2x2x2) adjacent voxels were jointly treated as “particles” to account for the
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Figure 3.1.: Schematic representation of the slab used in the simulation (blend weight ratio
1:9); the extensions are given in nm, the CIS phase is indicated in blue, the polymer
phase in green, PEDOT:PSS in red, and the Al cathode in yellow.

experimentally determined nanoparticle diameters of 3 nm (vide supra). Peri-
odic boundary conditions were assumed at the slab’s facets perpendicular to
the electrodes, while injection currents are allowed to enter the device through
the facets in contact with the electrodes (vide supra). Prior simulation of carrier
transport, the interpenetrated network of polymer and nanoparticles corre-
sponding to a given blend ratio was generated. The such generated networks
ought to resemble possible morphologies that could occur upon blending the
two materials under the side condition that the CIS nanoparticles tend to un-

dergo agglomeration in the polymer matrix (as revealed by the TEM investi-
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gations, vide infra). The distribution of light intensity within the active layer
was calculated using the transfer matrix method [106]. Details related to the
generation of the morphology and the calculation of the absorption profile
across the device can be found in the Supplementary Data. To determine the
I-V characteristics of the device, the motion of charge carriers and excitons
within the generated morphology is modeled by solving the continuity equa-
tions for electrons, holes, and excitons, and the current density equations for
electrons and holes self-consistently together with the Poisson equation [43,
107]. Each voxel is assigned to an effective mobility, a dielectric constant, and
a transport level position. Holes are assumed to be transported in the highest
occupied molecular orbital (HOMO) of the polymer and in the valence band
edge of the inorganic particles; the transport levels for electrons are the lowest
unoccupied molecular orbital (LUMO) and the conduction band edge, respec-
tively. The offset of transport levels at the polymer:CIS interface was treated us-
ing generalized potentials [43, 108]. Excitons are exclusively generated within
the polymer phase with a quantum efficiency of unity. Each photon absorbed
within a CIS particle is assumed to be directly converted to a pair of mobile
electrons and holes [43]. Further carriers are generated at the polymer:CIS in-
terface upon dissociation of excitons arriving at the interface. The boundary
conditions at the interface between the slab and the electrodes describe the in-
jection of charge carriers via thermionic or (albeit unlikely) tunneling injection
[43]; at the same time, these conditions control the amount of carriers exiting
the device depending on the local electric field [107]. Excitons reaching these
interfaces are quenched. The trapping and release of charge carriers in the

polymer phase is considered by increasing the recombination rate by a factor
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of 5 x 10%; this is equivalent to the presence of a trap level separated by 0.27 eV
from the transport levels. To be able to compare the simulated I-V curves for
different blend ratios, the mobility values for electrons and holes in the poly-
mer and in the CIS-phases, the dielectric constants, and the transport levels
were kept constant for all blend ratios rather than being locally adjusted to the

actual domain sizes.

3.3. Results and Discussion

The focus of this study is set on the influence of the morphology of the ab-
sorber layer on the overall device performance. In particular, the morphology
and layer composition is anticipated to affect the hybrid-interface area, the per-
colation in both phases, and the absorption characteristics within the thin film
structure. The variations in morphology were evoked by preparing a series
of PSiF-DBT:CIS hybrid solar cells with different polymer:nanoparticle weight
ratios, namely 1:3, 1:6, 1:9, 1:12, and 1:15, which correspond to volume ratios
ranging from 1:0.7 to 1:3.5. In a first step, we analysed the influence of the dif-
ferent polymer:nanoparticle ratios on the morphology of the hybrid absorber
layers by means of transmission electron microscopy (TEM). Therefore, thin
films with weight ratios of 1:3, 1:9 and 1:15 were prepared on NaCl crystals and
transferred to TEM-grids for the electron microscopic characterization. Trans-
mission electron micrographs of these samples in two different magnifications
are depicted in Figure 3.2 revealing the actual ratio-dependent morphology of

the absorber layers.
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3. Variation of PSiF-DBT:CIS mass ratio

Figure 3.2.: Bright field TEM images of hybrid solar cells with different PSiF-DBT:CIS weight
ratios in two different magnifications.

The lighter areas in Figure 3.2 represent regions with lower atomic number, in
our case the conjugated polymer. Consequently, the darker areas identify the
CIS-phase. From left to right, the polymer content decreases, resulting in more
extensive darker areas. In addition, it is noticeable that not only the amount of
darker regions increases, but an aggregation of the CIS phase can be observed
as well. With increasing CIS content less isolated “dark” islands, which can be
found in the TEM-images of the 1:3 sample, exist, so excitons have better access
to interfaces with continuous CIS percolation paths to the respective electrode.
The agglomerates of CIS in the polymer matrix seem to grow with higher CIS
content; accordingly extending the polymer phase. This bears the risk of ex-

ceeding the exciton diffusion length and therefore increasing the chance for
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recombination before the excitons are dissociated. The resulting charge separa-
tion characteristics of these samples were studied by transient absorption mea-
surements, which will be discussed later. Moreover, as the nanoparticles tend
to agglomerate in the polymer matrix, especially at higher nanoparticle load-
ings, the extraction of the size of single nanoparticles from the TEM-images
presented in Figure 3.2 is difficult. However, the nanoparticle size is an impor-
tant issue, as different sizes of nanoparticles are mostly accompanied by differ-
ent optical and electronic properties [96]. Thus, a detailed investigation of the
CIS agglomerates was conducted using dark field TEM combined with selected
area electron diffraction (SAED); resulting micrographs are presented in Figure
3.3. The SAED patterns show diffraction rings, indicating that the nanocrystals
in the sample have no preferential order and the diffraction pattern is in good
agreement with reference data for chalcopyrite CIS (PDF 27-159). There are
no distinct differences observable in the SAED patterns, which allows draw-
ing the conclusion that the nanoparticles in the three samples have the same
crystallinity and crystal structure. The dark field TEM images in Figure 3.3
were made using only one single reflection to image only selected nanopar-
ticles with a specific orientation of the crystallite, which appear brighter in
the micrograph. This method allows identifying single nanocrystals even in
agglomerated areas. The respective dark field TEM images clearly show that
in each sample the single nanoparticles have sizes of about 3 nm and that
the nanoparticle sizes are independent from the polymer:CIS ratio. Thus, the
charge carrier mobility of the CIS-phase can principally be assumed equal in
all devices. For the sake of comparability, we assumed no charge carrier mo-

bility change in the polymer phase as well. Furthermore, TEM-EDX (energy
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dispersive X-ray) measurements were conducted to analyse the chemical com-
position of the formed CIS nanoparticles. The EDX spectra revealed the same
copper:indium molar ratio of 1:1.6 for the three investigated samples (1:3, 1:9,
1:15 (w:w)). This copper:indium ratio was chosen deliberately, as a surplus of
indium leads to n-type CIS [80], which is necessary for well performing poly-
mer:CIS hybrid solar cells [93, 109].

Figure 3.3.: Dark field TEM images of hybrid solar layers with different PSiF-DBT:CIS weight
ratios using a specific reflection for imaging. The insets show the respective SAED
patterns.

In a further step, PSiF-DBT hybrid solar cells were prepared with all 5 different
polymer:manoparticle ratios (1:3, 1:6, 1:9, 1:12, 1:15 (w:w)) using the simple
device architecture glass/ITO/PEDOT:PSS/PSiF-DBT:CIS/Al. The respective
solar cell parameters are shown in table 3.1. The thickness of the absorber
layers of all the presented solar cells are in the range between 95 and 110 nm to
ensure a good comparability of the devices. The exact values are also noted in
table 3.1. The solar cells show PCEs of up to 1.7%. The 1:3 device shows a PCE
of 0.78% while the PCEs of all the other samples range from 1.5 to 1.7%. The
fill factor strongly increases from 1:3 to 1:9, and decreases slightly with higher

acceptor loadings. The open circuit voltage (Vo) is actually supposed to show
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slightly decreasing behaviour; the prepared devices exhibit Voc values ranging

from 400 to 470 mV.

Layer thickness Voc Jsc FF PCE
(nm) (mV) mA cm? Yo Yo
1:3 95 +5 464+ 9 573+0.17 291+02 0.78 £0.04
1:6 100 £ 5 427+ 3  8.69 +0.27 449 +26 1.66 £ 0.06
1:9 110 £ 5 414+ 5 7.624+022 527413 1.66+ 0.05
1:12 110 £ 5 470+ 8 6.81 £052 473+36 150+ 0.06
1:15 100 £ 5 399 +14 845+075 486+46 1.64+0.24

Table 3.1.: Averaged solar cell parameters for different polymer:inorganic weight ratios on the
basis of 10 solar cells from one device with equal layer thicknesses.

The short circuit currents (Isc) of the solar cells in this series do not show a
recognizable trend. The Isc of the 1:3 device (5.73 mA cm™) is the lowest in
this series, while the values for the other solar cells lie in the range between
6.8 and 8.7 mA cm™. A possible explanation for this behaviour could originate
from the interplay of charge carrier generation and charge carrier transport in
the absorber layer. At a first glance, a balanced volumetric ratio (corresponding
to a w:w ratio of about 1:4.3) offers the highest probability for well distributed
interfaces and thus high interfacial area. However, taking into account that ag-
glomeration of the CIS particles to bigger units in the hybrid layers additionally
facilitates the generation of long-lived charges and reduces their recombination
probability by offering the electrons the possibility to move away from the dis-
sociation sites [95], the optimum polymer:nanoparticle volume ratio for most

efficient charge separation is expected to show a surplus of CIS phase.

Transient absorption measurements were performed to determine the effi-

ciency of carrier generation in the polymer:CIS nanocomposite films. Details
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Figure 3.4.: (a) Transient absorption spectra at 10 us after excitation at 510 nm of PSiF-DBT:CIS
layers with different polymer:CIS weight ratios (1:3, 1:9, 1:15, and the control sam-
ple polystyrene:CIS 1:15). (b) Transient kinetics of the same films recorded at
1100 nm following excitation at 510 nm. The inset shows the signal size at 1 ps
for all PSiF-DBT:CIS weight ratios which have been omitted from the other graphs
for clarity.

of our transient absorption spectrometer have been published previously [110,
111]. Figure 3.4 shows the transient absorption spectra and corresponding
transient kinetics for the different PSiF-DBT:CIS samples. The transient spec-
tra presented in Figure 3.4(a) were obtained at 10 us following pulsed laser
excitation at 510 nm. The optical excitation of the three PSiF-DBT:CIS sam-
ples results in the appearance of broad transient absorption bands centred
at approximately 1100 nm, and are similar in shape for all samples. These
transient absorption bands may be attributed to photogenerated electrons and
holes in the CIS and PSiF-DBT, respectively, since such a feature is absent in
both the polystyrene:CIS control sample and the pristine PSiF-DBT layer [93].
The recombination kinetics presented in Figure 3.4(b) reveal that the gener-
ated charges have similar lifetimes in all three samples. The inset shows the
signal magnitude against the polymer:CIS weight ratio, and reveals that the

charge carrier generation is most efficient in the 1:9 sample (corresponding to
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a polymer:CIS volume ratio of approximately 1:2), corroborating our previous
conclusions [93]. The magnitude of the transient absorption signal (change in
optical density, AOD) is related to the yield of long-lived charges. Moreover,
the decrease in the magnitude of AOD is slightly faster at lower CIS ratios,
supporting previous work which suggests that a partly agglomerated inor-
ganic phase facilitates the generation of long-lived charges [95]. To connect the
structural analysis and the optical properties of the blend layers to the electrical
characteristics of the solar cells, simulations were performed. The goal of these
simulations is to gain qualitative insight inasmuch photon absorption, charge
carrier generation, and charge percolation in the blend layer affect the device

performance as a function of the blend ratio.

The structure of the simulated blend layers is generated such that it encom-
passes as many as possible distinct morphologies due to a given blend ratio;
representative cross-sections of the corresponding slabs are shown in figure 3.5.
The inspection of the such generated slabs reveals that he largest interface be-
tween the polymer phase (shown in green) and the CIS phase (blue) is adopted
for the weight ratio 1:3, i.e., for a ratio slightly below volumetrically balanced.
With increasing CIS admixture, agglomerates increase in number and size and
an increasing number of pathways is formed, which are directly connecting (i)
any CIS particle with the Al cathode (yellow) and (ii) the anode (red) with the
cathode. The latter can be seen in the cross-section corresponding to weight

ratio 1:15 in Figure 3.5.

The fraction of absorbed photons per incident photons for normal incidence as

a function of the blend ratio is shown in Figure 3.6. The locally resolved den-
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Figure 3.5.: Cross sections through the simulated slabs for the polymer:CIS blend weight ratios
1:3, 1:9, and 1:15 with CIS (blue) , polymer (green), the Al cathode (yellow), and
the PEDOT:PSS anode (red).

sity of absorbed photons and the distribution of the optical field are given in
the Supplementary Data. Remarkably, only 40% of the incident photons or less
are absorbed within the semiconducting layer (open diamonds). The number
of absorbed photons markedly decreases with increasing CIS content. While
the blend harvests almost as many photons as the pristine polymer layer for
the ratio 1:3, ca. 31% of the incident photons are available for charge genera-
tion in the 1:15 blend. The apparent recovery of absorption in going from 1:6
to 1:9 is due to the 10 nm thicker blend layer in the 1:9 device. To further elu-

cidate which fraction of absorbed photons are going to contribute to charge
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Figure 3.6.: Ratio of the absorbed to incident photon density for devices with different blend
weight ratios and a pristine PSiF-DBT layer; shown is the ratio for absorption in
the entire device (filled diamonds), in the absorber layer (open diamonds), and in
the PSiF-DBT phase (circles). Additionally, this ratio corresponding to the absorber
layer (downward triangles) and the PSiF-DBT phase (upward triangles) in hypo-
thetical devices with 150 nm thick blend layers but otherwise same layer sequence.

carrier generation, the density of photons absorbed within the polymer phase,
i.e., the photons needed to generate mobile excitons, are shown (circles). While
the polymer and the CIS fraction absorb approximately the same fraction of
photons in the 1:3 device, the contribution of the polymer in comparison to
CIS reduces to a third for 1:6 and 1:9 and even to less than 20% for the largest
blend ratios. Remarkably, in the 1:6 and 1:9 devices a similar exciton density
is generated due to a comparable density of absorbed photons, while transient
absorption measurements detect that the concentration of interface excitons

being able to dissociate into mobile charge carriers in the 1:9 blend is at least
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twice as large as in the 1:6 blend (Figure 3.4). To ensure a valid comparison
between the simulations and photon-induced absorption experiments, the ab-
sorbed photon density is also computed for devices containing absorber layers
as thick as the films used for the transient absorption measurements (150 nm).
The overall trend for such thicker films (triangles in Figure 3.6) resembles the
trend from the devices of table 3.1. Thus, the amount of generated charges is
given, at least to a large extent, by the size of the interface area rather than

being simply determined by the number of initially absorbed photons.

Quantity Parameters to Idealized
describe exp. data parameters
Electron transport level offset (V)  AE. 0.23 0.2
Hole transport level offset (eV) AEp 0.16 0.2
Built-in voltage (V) Vbi 0.5 0.7
Work function PEDOT:PSS (eV) 4.60 4.80
Work function Al (eV) 4.10 4.10
Dielectric constant polymer €rp 3.0 3.0
Dielectric constant CIS €r.CIS 8.5 8.5
Electron mobilities (m?V-1s1) T 107 107
lJ»eCIS 107 107
Hole mobilities (m?V-1s1) T 4x108 4x108
T 4x108 4x108

Table 3.2.: Values of the parameters used in the simulations.

In a next step, the actual I-V characteristics of the devices are computed to
discriminate between the impact of charge carrier generation and percolation.
The parameters entering the simulations discussed below are collected in ta-
ble 3.2. The electrons and holes are assumed to adopt averaged mobilities in
the polymer and in the CIS-domains, where the mobility values are constants
and, thus, independent of the domain sizes. The mobility values are chosen

such that the currents at forward bias (for biases exceeding Voc) match the
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(Isc), and open- circuit voltage (Voc) extracted from experiments (black squares)
with the corresponding parameters from the simulations (red circles), including
additional trapping (green upward triangles), and for simulations using idealized
parameters (cyan diamonds). Lower right panel: The built-in voltage Vy,; of 0.5 V
for the devices corresponding to experiment is indicated with a dotted line and
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Figure 3.7 displays the figures-of-merit of the simulated I-V curves based on
these parameters and the slabs shown in figure 3.5 in comparison to the exper-
imental data (black squares). We convinced ourselves that the such simulated
results can be used to gain a deeper qualitative understanding of the observed

trends: Extensive tests using (i) mobility values varying by orders of magnitude
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from those in table 3.2 and (ii) multiple slab geometries being independently
generated for any given blend ratio yielded figures of merit that, albeit being
quantitatively different, revealed the same trend as a function of the blend ra-
tio. Moreover, all test calculations univocally predicted the same characteristic
evolution of the shape of the I-V curves; this was true also when slabs with
fully randomized positions of polymer and CIS-related voxels were consid-
ered. The quantitative differences in the figures-of-merit are due to a varying
number of closed pathways and an additional preference of certain pathways
due to enlarged mobilities (vide infra). The simulations corroborate the experi-
mental finding that a volumetric ratio exceeding 1:1 (weight ratio above 1:4.3)
is favourable to achieve higher photocurrents. Considering the similar Isc val-
ues for polymer:nanoparticle ratios from 1:6 (w:w) to higher CIS loadings in
combination with the results from the transient absorption measurements a
considerable contribution of the CIS-phase to effective charge generation can
be observed. This is supported by the decreasing absorption of the polymer
phase and thus complementary high absorption in the CIS phase, as illustrated
in Figure 3.6. Prior discussing the obtained trends in the parameters of the sim-
ulated curves in detail, it appears to be beneficial to discuss the evolution of
the shape of the I-V curves. In Figure 3.8A, the positions of the transport levels
of PSiF-DBT and CIS in the device are indicated. Panel B of Figure 3.8 shows
the I-V curves for the blend-ratios 1:3 and 1:12 (w:w), as these two curves re-
flect the characteristic behaviour found in all simulations. At CIS loadings as
small as 1:3 (circles), the open circuit voltage approaches the built-in voltage of
0.5 eV that is determined by the difference of the electrode work functions (cf.

table 3.2 and Figure 3.8A).
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Figure 3.8.: (A) Schematical representation of transport level positions in the
ITO/PEDOT:PSS/absorber layer/Al layer structure used in the simulations
of the measured devices; here, shown for an external bias near open circuit.
(B) Simulated I-V characteristics for the blend ratios 1:3 and 1:12 (w:w) using
the parameters in table 3.2. The insets show an excerpt of the corresponding
morphology (green: polymer content, blue: CIS content in the absorbing layer, red:
PEDOT:PSS, yellow: Al).

The photo-generated mobile electrons, on the other hand, find only few closed
pathways from the position of generation to the Al electrode; thus, the short
circuit current remains smaller than what may have been expected from the
efficiency of charge carrier generation. Increasing the CIS fraction in the blend
leads to a more tightly-knit network of CIS clusters. Thus, the percolation of

photo-generated electrons improves. Correspondingly, Isc increases as can be
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seen from the I-V curve of the 1:12 blend (squares). This is consistent with the
tinding that a volume fraction exceeding 50% (blend weight ratio 1:6 or higher)
is needed to achieve an appreciable current (Figure 3.7, circles). The smaller
Isc values for the ratios 1:12 and 1:15 are, at least in part, explained by the
smaller amount of photons absorbed in the corresponding devices (cf. Figure
3.6, diamonds). However, increasing the volume fraction of CIS also enables
efficient percolation for “dark” electrons injected from the Al cathode due to
the completion of pathways connecting the cathode with the anode through
the active layer (Figure 3.8A, inset Figure 3.8B). Thus, the turn-on bias of the
dark current shifts to lower voltages and the net current observed for biases
approaching the built-in voltage is already determined by the injected “dark”

current (Figure 3.8B, squares).

As a result, Voc is markedly smaller than the built-in voltage; in fact, it steadily
reduces with increasing CIS volume fraction (Figure 3.7, circles). Due to the
larger electron mobility in the CIS phase, the slope of the I-V characteristic near
Voc increases and gives rise to improved fill factors (Figure 3.8b, squares). The
trend in the overall power conversion efficiency is most strongly influenced by
the dependence of Isc on the blend ratio. An additional consideration of car-
rier trapping within the polymer discloses the same overall trend, but yields
a better quantitative agreement of the simulated curves with the experimental
ones (triangles in Figure 3.7). Since the morphology due to a particular blend
ratio essentially determines the ability of the electrons to traverse the device,
there is always a trade-off between efficient harvesting of photocurrent (large
fraction of CIS) and preventing the flow of the dark electron current (small

fraction of CIS). Hence, fill factor, open-circuit voltage, and short-circuit cur-
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rent adopt their maximum independent from each other and cannot be simul-
taneously optimized by altering the blend ratio. A balanced hole and electron
percolation is, therefore, a crucial prerequisite to improve the devices. A hypo-
thetical, idealized system (table 3.2, right column) containing a thicker blend
layer (150 nm) for improved absorption and possessing equal hole and electron
transport level offsets and an enlarged Vy,; (0.7 eV) exhibits indeed substantially
larger Isc and efficiencies (Figure 3.7, diamonds) while qualitatively preserving

the dependence of the solar cell parameters on the blend ratio.

3.4. Conclusion

Experimental data as well as the results from simulations yielded interest-
ing insights in charge generation and transfer in in situ prepared hybrid so-
lar cells. Thorough investigation of the influence of a variation of the poly-
mer:nanoparticle ratio on the morphology of the absorber layer as well as on

charge carrier generation disclosed the following findings:

* the nanocrystal size is the same in all samples independent from the

polymer:mnanoparticle ratio

* the nanoparticle agglomerates enlarge with increasing nanoparticle con-

centration

¢ aclear maximum of charges generated in the polymer phase is found at a
polymer:manoparticle weight ratio of 1:9 corresponding to a volume ratio

of about 1:2, even though the absorption of the polymer exhibits only
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intermediate values compared to higher polymer loadings, indicating a

beneficial donor:acceptor interfacial area at this ratio

* the marked trend in the charge generation maximum due to exciton dis-
sociation is neither reflected in the short-circuit current density of the
prepared solar cells nor in any of the simulations - starting from a poly-
mer:CIS weight ratio of 1:6 the Isc does not change significantly with

higher CIS loadings

The interplay of polymer and CIS regarding absorption, charge generation,
and percolation sums up to a complicated relationship. The crucial solar cell
parameters (Isc, Voc, FF) exhibit characteristic trends independent from each
other and thus, solely by altering the blend ratio a concerted optimisation is not
possible. Charge generation stemming from the polymer necessitates a large in-
terface for exciton dissociation. Increasing the CIS ratio enlarges the interface
facilitating both the charge generation probability and electron transport to the
respective electrode. Additionally, CIS itself is a photoactive semiconductor
and, therefore, contributes to the generation of charges leading to additional
photocurrent. At a certain surplus of CIS, continuous pathways between an-
ode and cathode are formed. These pathways support charge carrier injection
at both electrodes, which has the detrimental effect of reducing the open cir-
cuit voltage through “dark” electron currents. The simulations were able to
replicate the trends revealed by experimental data rather well, allowing to gain
deeper insights into the correlations between morphology, charge generation,
and solar cell characteristics. Furthermore, they provide an example of what

could be possible by slight adjustment of electron and hole transport level off-
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sets and built-in voltage, which could be realised through chemical tailoring
and material optimisation. Additionally, by introduction of suitable interlayers,
the significant dark current, especially in the devices with higher CIS content,

should be reduced.
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3.5. Supplementary Data

Contributions from simulation methodology: Generation of the morphology
related to a given blend ratio: Initially, all mesh cells in the active layer were
assigned to the polymer; to mimic the experimentally determined nanoparticle
diameters 3 nm (vide supra), 8 (=2x2x2) adjacent voxels were jointly treated as
“particles”. The original polymer particles were successively replaced by CIS
nanoparticles until the desired blend ratio was reached: A particle a randomly
chosen position was converted to CIS if more than 8 of the 18 neighbouring
particles (facet and edge) were inorganic already. Otherwise, the particle is

converted with a probability of 5%.

Absorption profile: The photon flux absorbed in the active layer is determined

using the optical electric field distribution and the complex indices of refraction
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Figure 3.9.: Chemical structure of PSiF-DBT and Cu- and In-xanthates as well as the respective
HOMO and LUMO levels (in case of CIS both levels of bulk and nanoparticular
CIS are given, as reported in [82].

following the adaption of the transfer matrix method described in [106]. The
model slab used for the optical simulations contains the active layer (generated
as described above) that is sandwiched between glass, ITO, and PEDOT:PSS
layers and the Al layer. For each voxel in a stack of voxels in y-direction (Fig-
ure 3.10), the transfer and transition matrices are computed and the dissipation
function determined for a spectral power density corresponding to the AM1.5
solar spectrum. This dissipation functions are averaged for all stacks of the
slab. To obtain the photon density, the averaged dissipation function is divided
by the corresponding photon energy for each wavelength. After integration of
the photon density over the spectral range corresponding to the solar spec-
trum AML.5, the overall number of photons absorbed in a given depth of the

device is obtained. The total number of absorbed photons is then calculated by
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further integrating along the extension of the model slab. The complex indices
of refraction 71 = n + ik for Al, glass, and ITO were taken from [112] and for
PEDOQOT:PSS from [113]. The index of refraction, n, of CIS is taken from [114]
and used to extract the imaginary part from the absorption spectrum. For the
polymer PSiF-DBT, a constant n=1.8 was assumed and k extracted from the

absorption spectrum.
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Figure 3.10.: Distribution of the strength of the optical electric field squared (left) and den-
sity of photons absorbed per second, Q, (right) for a cross-section of the device
for pristine PSiF-DBT and CIS semiconducting layers and blend layers with the
PSiF:CIS ratios 1:3, 1:6, 1:9, 1:12, and 1:15. As a guide to the eye, the morphology
of the blend layers is represented by the polymer-CIS arrangement of a selected
stack; the polymer is indicated with green, the CIS phase is shown in blue.
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Figure 3.11.: Simulated I-V characteristics using the parameters as stated in table 3.2 of the
manuscript. The characteristic solar cell parameters extracted from these curves
are depicted in figure 3.7. (a) I-V curves in correspondence with the devices built
(center column in table 3.2), (b) as in (a) with consideration of charge carrier trap-
ping in the polymer phase, and (c) simulated I-V curves of the idealized device
(right column in table 3.2).
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Figure 3.12.: Typical current density-voltage characteristics of experimentally measured hybrid
solar cells with different polymer:CIS weight ratios.
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”Science cannot solve the ultimate mystery of nature. And that is because,
in the last analysis, we ourselves are part of nature and therefore part of

the mystery that we are trying to solve.”

Max Planck (1932) [115]
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4.1. Introduction

One of the main reasons for choosing copper indium sulfide as acceptor mate-
rial is its absorption capability, resulting in enhanced photocurrent generation.
Charge carrier generation resulting from excitons generated in the polymer
have already been discussed in Chapters 2 and 3. Copper indium sulfide by it-
self should also be able to generate charge carriers, as is easily deducible from
all-inorganic CulnS; solar cells (e.g., reviewed in [80]). Typically, it has been
used in its crystalline form, so a direct knowledge transfer to nanoparticular
CulnS; is probably not reasonable.

In our studies, we use CIS with a surplus of indium to provide an n-type phase,
which is necessary for PSiF-DBT:CIS hybrid solar cells to work properly.[93,
109] To determine whether, and if so, to what extent the n-CIS contributes to
the hybrid solar cells by itself (i.e., without excitons from the polymer), the pho-
toactive PSiF-DBT was replaced by polystyrene (PS). In this setup, PS serves
as an optically transparent, electrically insulating filler material to provide an
absorber layer similar to that of standard hybrid PSiF-DBT:CIS solar cells. A
similar approach has been reported by Chaudhuri et al., where lead sulfide
(PbS) nanoparticles were prepared from solution by in situ thermolysis in a PS
matrix.[116]

Initially, ultraviolet-visible spectrophotometry (UV-Vis) measurements were
conducted to ensure that introducing the polymer filler does not interfere
with the optical characteristics of CIS nanoparticles. An array of PS:CIS so-
lar cells with several polymer:inorganic mass ratios has been prepared, inves-

tigated by means of transmission electron microscopy (TEM) and compared
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with nanocomposite PSiF-DBT:CIS solar cells in terms of J-V characteristics.
The absence of a donor polymer shifts the focus of interest to the other in-
terfaces of the absorber layer. Similar approaches are few and far between in
scientific literature; Arici, Sariciftci, and Meissner [82] have investigated sto-
ichiometric (i.e., undoped) CIS nanoparticles as pure layer on PEDOT:PSS as
well as embedded in a highly p-doped PEDOT:PSS layer. Motoyoshi et al. [117]
have fabricated and characterized bilayers of p-type CIS and n-type TiO; (elec-
trodes: FTO and Al). Their study resembles the below-mentioned investigation
rather than that of Arici, Sariciftci, and Meissner. However, neither group was
able to fabricate solar cells with noteworthy photovoltaic parameters.

In this part of my work, I want to present the ability to produce working PS:CIS
solar cells. On that basis, the aim of this section is to enlighten the standalone

teatures of n-type CIS nanoparticles embedded in a polymer matrix.

4.2. Experimental

PEDOT:PSS layers (Clevios P VP.AI 4083, Heraeus) were spin-coated from so-
lution using deionized water (1:1, vol.) on glass/ITO substrates (Xin Yan Tech-
nology Ltd., Rs = 10 Q/sq, sonicated in deionized water and isopropanol,
O, plasma cleaned (FEMTO, Diener electronic)) and thermally dried in ni-
trogen atmosphere (150 °C, 15 min). PS:CIS layers were thereon prepared by
doctor blading of a chlorobenzene solution containing copper xanthates, in-
dium xanthates (copper and indium O-2,2-dimethylpentan-3-yl dithiocarbon-
ate) [93], and PS and subsequent thermal treatment on a programmable heating

plate (CAT MCS66, varying temperature programmes, vide supra) in nitrogen
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atmosphere. Different mass ratios were chosen to establish comparability to
PSiE-DBT:CIS solar cells. Aluminum and silver electrodes and interlayers were
deposited using a thermal evaporation chamber mounted inside a glovebox
system (LABmaster dp, MBRAUN Glovebox Technology, Germany) at a base
pressure of 8x10® mbar (nitrogen atmosphere). Evaporation rates: AgAl elec-
trode: Ag 0.1 A st A10.1 A s for the first 10 nm, then 10 A s71; pure Ag or Al
electrodes: 0.1 A s for the first 10 nm, then 10 As™. Current density-voltage
(J-V) curves were recorded using a Keithley 2400 SourceMeter and custom-
made Lab-View software. The solar cells were illuminated using a Dedolight
DLH400D (used in conjunction with Dedolight DEB400D electronic ballast).
The intensity of the incoming light was set to 100 mW cm™ providing a spec-
trum quite similar to AM1.5G (determined using a KippZonen-CMP-11 pyra-
nometer, no spectral mismatch was considered). The effective device area (0.04
cm?) was defined by shadow masks applied to the solar cells. Layer thick-
nesses were specified on a DektakXT surface profiler (Bruker). UV-Vis spectra
were recorded using a Lambda 35 spectrometer equipped with an integrating
sphere (PerkinElmer). Samples for TEM analyses were spin-coated from solu-
tion on a NaCl substrate and thermally treated as stated above. The substrate
was then dissolved in deionized water. The remaining film was again washed
in deionized water and applied to a TEM grid. TEM analyses were conducted
on a Tecnai F 20 microscope (FEI Company, 200 kV, Schottky emitter) equipped
with a high resolution Gatan Imaging Filter (GIF), an UltraScanCCD camera
and a Fischione HAADF STEM detector.
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4.3. Results and Discussion

As a first step, TEM analyses of a thin, pure CIS layer were conducted to de-

termine, if using PS affects the in situ formation of CIS nanoparticles.

20 nm

Figure 4.1.: Bright field TEM image of a PS:CIS layer (recorded by W. Haas).

Fig. 4.1 shows a bright-field TEM image of a PS:CIS sample. At the center of the
image distinctly outlined nanoparticles are revealed; these nanoparticles have
a size of about 3 to 5 nm, which is in good agreement to former analyses that
have been conducted in PSiF-DBT:CIS hybrid solar cells (see Sec. 3.2). Hence,

this is a clear evidence for equivalent nanoparticle formation.

Thin layers of PS hardly exhibit considerable absorbance in the visible regime;
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Figure 4.2.: Comparison of normalized absorption spectra of a pure CIS layer and a PS:CIS
blend (mass ratio 1:9).

nonetheless, a different arrangement of nanoparticles might result in different
optical parameters. Therefore, a second step included UV-Vis measurements
of PS:CIS samples to compare the results with absorption spectra of pure CIS
nanoparticle layers.

Inside the polymer matrix the effective absorption layer thickness can only be
approximated. So, to provide a convenient way of comparing the absorption
spectra, the absorption was normalized in the regime from 380 to 1000 nm
(below 380 nm the influences of PS and glass substrate are interfering).

Albeit these two results of course are no proof that optical and electronic

behaviour of CIS is equal in both PS and PSiF-DBT, it is still a solid foundation
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to work with.

Based on this fundament, a series of glass/ITO/PEDOT:PSS/PS:CIS/Al
solar cells with differing polymer:inorganic ratios has been prepared. Focus
was set on preparation of solar cells with similar layer thicknesses, which
were found to be in the range of 90 to 100 nm. The resulting characteristic
parameters are summarized in Tab. 4.1. The Vpc values are in the range
of 400 to 420 mV, thus, roughly comparable to the hybrid solar cells with
PSiE-DBT as photoactive counterpart (cf. Sec. 3.3). The same is true for the
fill factor: obviously, a mass ratio of 1:3 results in the lowest value, increas-

ing the amount of CIS to 1:9 and beyond substantially enhances this parameter.

Voc Jsc FF PCE
(mV) mA cm™ Y% Y%
1:3 425 + 15 2.76 + 0.06 30.7 = 0.5 0.36 4+ 0.02
1:9 401 + 27 3.45 + 0.21 448 £ 1.2 0.62 + 0.07
1:15 417 £ 16 2.79 + 0.15 459 + 2.0 0.53 £ 0.06

Table 4.1.: Averaged solar cell parameters for different polymer:inorganic weight ratios on the
basis of 5 solar cells each from one device with Al cathode.

In a typical hybrid solar cell, the explanation would be based on the result-
ing morphology and the (in-)sufficiency of continuous pathways for efficient
charge carrier generation and transport. In this absorber layer there is only
one electrically active component; so in principal, there are two possible oper-
ational mechanisms in this solar cell:

(i) Basically, PEDOT:PSS is a (highly) p-doped semiconductor; therefore, the
interface between PEDOT:PSS and CIS could act as p-n heterojunction similar
to typical inorganic solar cells. However, due to its strongly doped state PE-

DOT:PSS is usually claimed to be a conductive polymer; it resembles rather

67



4. Polystyrene:CIS solar cells

metallic than semiconductor characteristics. This is also supported by the fact
that hardly any values for its HOMO/LUMO levels are reported; instead, as a
typical characteristic parameter the work function is given, which clearly indi-
cates the conformity with metallic electrodes.

(ii) As described in Sec. 2.2.1.1 the metal-semiconductor interface at the Al-
cathode could form a Schottky-barrier. However, formation of a Schottky bar-
rier depends on the work functions of metal and semiconductor. A metal with
lower work function than the Fermi level of the semiconductor would form
an ohmic contact, while higher work function metals build up a Schottky bar-
rier.[32] The barriers height equals to the difference between work function
(metal) and electron affinity (semiconductor). An exact value for the electron
affinity of CIS nanoparticles as used in this work is not known; according to
Arici, Sariciftci, and Meissner [82] it ranges from 4.1 to 3.7 eV, Zhong et al.
[118] have claimed the conduction band to have its lowest level at about 3.8 eV.
The strong doping based on the surplus of indium shifts the Fermi level to
a potential close to the conduction band; an approximation to the conduction
band itself is probable. Therefore, at nanoparticular CIS-Al surfaces, the work
function of Al is always higher than the electron affinity of CIS and, thus, a
Schottky barrier is induced. The difference in doping level (the aluminum con-
tact can be seen as heavily doped semiconductor) pushes the entire depletion
region onto the CIS-phase.[119]

Additionally, the aforementioned metallic character of PEDOT:PSS requires
taking this side of the semiconductor into consideration as well, as it also of-
fers a metal-semiconductor junction. Its high work function would definitely

quality it for a Schottky barrier; however, the built-in field drives the electrons
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towards the Al cathode (additionally, Kislyuk et al. [120] have found that PE-
DOT:PSS as part of a PEDOT:PSS-CdSe/CdTe Schottky barrier only acts as
hole-collecting layer).

Therefore, exciton dissociation would only take place in the depletion region
close to the cathode. Though the nanoparticles tend to agglomerate (see 3.3), a
fair volumetric fraction has to be occupied by the CIS-phase to provide contin-
uous paths across the whole layer thickness.

A closer look at the J-V curve of a champion solar cell (Fig. 4.3) reveals that,
albeit the shunt resistance has room for improvement, the main reason for the

relatively low fill factor is based on the serial resistance.
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Figure 4.3.: ]-V curves of a champion PS:CIS solar cell under illumination and in the dark.

The fill factor hardly changes when increasing the mass ratios from 1:9 to
1:15, while in PSiF-DBT:CIS hybrid solar cells it has a clear maximum at 1:9.
In anticipation of findings discussed in a later chapter (Ch. 6), the interface
between CIS-phase and cathode seems likely to be a crucial parameter regard-

ing the fill factor. This could also explain the aforementioned result: in hybrid
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solar cells holes are transported to the anode through the polymer (besides the
CIS-phase, obviously); therefore, hole extraction takes place at the polymer-
PEDOT:PSS and CIS-PEDOT:PSS interface, respectively. In PS:CIS solar cells,
the sole hole extraction interface is limited to CIS-PEDOT:PSS. Similarly to the
obstruction at the CIS-cathode interface an additional resistance might occur

at CIS-PEDOT:PSS junctions.
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Figure 4.4.: Comparison of characteristic parameters of PS:CIS solar cells (black squares) with
PSiF-DBT:CIS hybrid solar cells (red triangles) with different polymer:CIS ratios.
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In a general sense, the current density falls prone to the distinctly reduced
absorption due to the absence of the conjugating polymer; however, the con-
tribution of the CIS-phase to the current density still is immense. The IPCE
measurement depicted in Fig. 4.5 reveals the (advantageous) reason: a conver-

sion of photons to electrons over nearly the whole visible regime.
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Figure 4.5.: IPCE measurement of a PS:CIS solar cell. To overcome stability issues a sil-
ver/aluminum electrode (see Ch. 5) was applied.

A gain in current density is observed when increasing the PS:CIS-ratio from
1:3 to 1:9; this trend was expected as a consequence of enhanced absorption.
However, a further CIS-increment does not lead to a higher [sc. The reasons
for this behavior could not be enlightened to full satisfaction and are currently
under investigation.

A comparison of the characteristic photovoltaic parameters of PS:CIS solar cells
with PSiF-DBT:CIS hybrid solar cells (as presented in Ch. 3.3) reveals a solid

contribution of the CIS-phase as a single layer solar cell. The V¢ and FF values
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occur in a similar regime; the short circuit current density provides an output
at about 1/3 to 1/4 in a solar cell without the conjugated polymer.

Nonetheless, the single layer solar cell of CIS nanoparticles in a polystyrene
matrix performed surprisingly well and opened a wide array of interesting

research topics.

4.4. Conclusions

In this work, PS:CIS solar cells with different mass ratios have been prepared
to investigate the contribution of the CIS-phase to the overall performance of
PSiF-DBT:CIS hybrid solar cells. The CIS nanoparticles have been embedded
into a PS matrix to provide a possibility to investigate them in a similar mor-
phology as they occur in hybrid solar cells. Its operational mechanism seems
to base on a Schottky barrier between CIS-phase and aluminum cathode. The
prepared solar cells exhibited an surprisingly high power conversion efficiency,
compared to reports found in the scientific literature. A mediocre fill factor in-
dicates, that the interface between CIS-phase and both electrodes exhibits an
unfavorable resistance.

The results found in this part suggest, that the additional contribution of the
inorganic phase in hybrid solar cells could be significant. However, more de-

tailed analyses of the charge generation mechanisms are indispensable.
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"There are two possible outcomes: if the result confirms the hypothesis,
then you've made a measurement. If the result is contrary to the hypothesis,

then you've made a discovery.”

Enrico Fermi

(cited by Jevremovic (2005) [121])
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5.1. Introduction

Polymer based solar cells are on the brink of success as their assets are well
known (lightweight, flexible, readily processable) and their major flaws of
low efficiency [122] and stability [123] are waning due to soaring scientific
interest and, subsequently, steady progress. Currently, electroactive polymers
combined with fullerene derivatives are most prominent and leading with re-
spect to power conversion efficiencies (PCE), as they are rapidly approaching
10% [124] (presently certified: 8.37% [125], 9% [126]) as single junction and
have recently attained 10.6% [53] in a tandem setup. In recent years, introduc-
ing inorganic nanoparticles into a polymer matrix has attracted much interest
due to numerous advantages.[127] Mainly, there is a large number of possible
inorganic components that can be combined with suitable conjugated poly-
mers to absorb at complementary wavelengths even up to the near infrared.
Furthermore, the nanoparticles are structurally shapeable (e.g., spheres, rods,
tetrapods) and offer an easy adaption of their band gap by changing their
size.[65] This additionally offers flexibility regarding morphology of the active
layer, especially improving charge transport properties.[128] These hybrid so-
lar cells exhibit efficiencies which cannot compete with fullerene based solar
cells yet, but show a steady progress approaching 5%.[129] Common medium
and low band gap materials are, e.g., cadmium sulfide [84, 88, 92, 95] and se-
lenide [129-132], copper indium sulfide [93, 109] and selenide [133, 134], and
lead sulfide [90] and selenide [135]. The hybrid solar cells investigated in this
work comprise in situ prepared copper indium sulfide (CIS) nanoparticles em-

bedded in a PSiF-DBT matrix. The in situ preparation procedure offers the
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advantage that (i) no additional nanoparticles synthesis step using capping
agents and their subsequent removal or exchange is necessary, and (ii) that an
unobstructed polymer/nanoparticle interface facilitating charge separation is
achieved.[95] Following this procedure, metal xanthate precursors (copper and
indium O-2,2-dimethylpentan-3-yl dithiocarbonate) are mixed with the poly-
mer, coated onto a substrate and via a thermal conversion step the desired
nanoparticles are formed inside the polymer matrix through decomposition of
the precursors.[93] Byproducts during decomposition are volatile and do not
remain in the layer. The facile process and low temperature needed (<200 °C)
enable roll-to-roll processing [136] on flexible polymer substrates. State-of-the-
art solar cells produced by this route exhibit promising efficiencies of almost
3%.[93] A depiction of this method can be found in Fig. 5.1, accompanied by
the basic layout of a hybrid solar cell.

In a previous study, we observed that the electrode materials aluminum and
silver behave differently in regard to two things: (i) While aluminum cathodes
on these hybrid solar cells lead to higher open circuit voltages, they lack with
respect to stability. (ii) Polymer/CIS solar cells with silver cathodes, on the
other hand, offer good stability but exhibit reduced Vpc.[93] The most promi-
nent difference between aluminum and silver in this respect is the work func-
tion. However, its influence on the Vpc is much debated and not yet totally
clarified.[137, 138] In the present work we focus on an innovative possibil-
ity to enhance the overall power conversion efficiency of the aforementioned
solar cells by introducing a silver nanolayer acting as aluminum cathode mod-
ification. A comprehensive structural investigation was performed by means

of transmission electron microscopy (TEM) and time-of-flight secondary ion
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mass spectrometry (TOF-SIMS). The solar cell parameters were compared to
standard polymer/CIS solar cells with Al and Ag cathodes, respectively, in

order to elucidate the influence of the silver interlayer.

(a) Doctor blade
CIS nanoparticles  Polymer

thermal

conversion
—-

(b) PSiF-DBT (c)
Cathode (Ag/Al)

PSiF-DBT/CIS PEDOT:PSS

}

Glass substrate Anode (ITO)

Precursors

Figure 5.1.: (a) Coating and formation of polymer/CIS nanoparticle active layer, (b) chemical
structures of PSiF-DBT and metal xanthate precursors, and (c) schematic layout
of a bulk heterojunction nanocomposite solar cell using indium doped tin oxide
(ITO) as anode, PEDOT:PSS as hole conducting layer, a blend of PSiF-DBT and CIS
as active layer, and silver and/or aluminum as cathode.

5.2. Experimental

Device Fabrication PEDOT:PSS layers (Clevios P VP.AI 4083, Heraeus) were

spin-coated from solution using deionized water (1:1, vol.) on glass/ITO sub-
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strates (Delta Technologies, Rg = 15 - 25 (0 /sq, sonicated in deionized water
and isopropanol, O, plasma cleaned (FEMTO, Diener electronic)) and ther-
mally dried in nitrogen atmosphere (150 °C, 15 min). Thereon, nanocom-
posite layers were prepared by doctor blading of a chlorobenzene solution
containing copper xanthates, indium xanthates (copper and indium O-2,2-
dimethylpentan-3-yl dithiocarbonate),[93] and PSiF-DBT (1-Material, Chem-
scitech Inc., St. Laurent, Canada) and subsequent thermal treatment in a tube
turnace (Heraeus 4/25, temperature program: 15 min heating from room tem-
perature to 195 °C, holding time of 15 min at 195 °C). Aluminum and silver
electrodes and interlayers, respectively, were deposited using a thermal evapo-
ration chamber mounted inside a glovebox system (LABmaster dp, MBRAUN
Glovebox Technology, Germany) at a base pressure of 8x10° mbar (nitrogen
atmosphere). Evaporation rates: Ag/Al electrode: Ag 0.1 A s, A1 0.1 A s
for the first 10 nm, then 10 A s'; pure Ag or Al electrodes: 0.1 A s! for the
first 10 nm, then 10 As™. The substrate was not cooled during evaporation. A
cross section of the device was prepared using the “lift-out” technique on a
focused ion beam microscope (FEI Nova 200 NanoLab FIB/SEM Dual Beam
Microscope).[139]

Characterization -V curves were recorded using a Keithley 2400 Source-
Meter and a custom-made LabVIEW software. Solar simulation was achieved
using a Dedolight DLH400D (used in conjunction with Dedolight DEB400D
electronic ballast). The intensity of the incoming light was set to 100 mW cm™

providing a spectrum quite similar to AM1.5G (determined using a

KippZonen-CMP-11 pyranometer, no spectral mismatch was considered). The

78



5. Silver-modified Aluminum Electrodes in PSiF-DBT:CIS Solar Cells

effective device area (0.09 cm?) was defined by shadow masks applied to the
solar cells. TEM analyses were conducted on a Tecnai F 20 microscope (FEI
Company, 200 kV, Schottky emitter), a high resolution Gatan Imaging Filter
(GIF), an UltraScanCCD camera and a Fischione HAADF STEM detector. EDX-
spectrum images were acquired using a Digiscan II controller and an EDAX
Sapphire Si(Li) detector. Layer thicknesses were additionally specified on a
DekTak 150 surface profiler (Veeco). IPCE spectra were obtained from a MuLTI-
mode 4 monochromator equipped with a xenon lamp (AMKO) and a Keithley
2400 SourceMeter. Reflectance spectra were recorded using a Lambda 35 spec-
trometer equipped with an integrating sphere (PerkinElmer). TOF-SIMS depth
profiling analyses were performed using a TOF-SIMS IV (ION-TOF GmbH,
Miinster, Germany). 25-ns pulses of 25-keV Bi* (primary ions) were bunched
to form ion packets with a nominal temporal extent of ;0.9 ns at a repetition
rate of 10 kHz yielding a target current of 1.0 pA. The analysis area (200 x
200 p?) was centered in the sputter area of 300 x 300 u?. 30 nA of 3-keV Xe*
was used as sputter ions. Electron bombardment (20 eV) was used to minimize
charge built-up at the surface. Desorbed secondary ions were accelerated to
2 keV, mass analyzed in the flight tube, and post-accelerated to 10 keV before

detection.

5.3. Results and Discussion

Aluminum electrodes are extensively used in polymer based solar cells due to
their matching work function. However, because of its non-noble nature and

reactivity towards especially water leading to formation of aluminum oxide
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the device stabilities are not sufficient for stable operation. In recent years, es-
pecially regarding roll-to-roll production of organic solar cells, silver electrodes
became popular.[8] While stability was also improved in the investigated PSiF-
DBT/CIS solar cells, the work function of Ag is less favorable leading to lower
open circuit voltages.[93] To reduce the aforementioned drawbacks of silver
and aluminum, respectively, while maintaining their advantages, we investi-
gated the effects of a thin silver interlayer at the interface between active layer
and aluminum electrode. For proper comparison of the respective effects, hy-
brid solar cells with silver, aluminum, and silver interlayer/aluminum elec-
trodes, respectively, were produced and thoroughly examined. As shown in
Fig. 5.2, polymer/CIS hybrid solar cells with aluminum as top electrode ma-
terial provide a higher Voc while exhibiting a lower fill factor (FF) compared
to using a silver cathode. In both cases similar short circuit currents (Isc) and

PCEs were achieved (see Tab. 5.1).

cathode material Voc (mV) Jsc (mA cm?) FF (%) PCE (%)

Al 505 9.72 39.7 1.95
Ag 420 11.27 44.0 2.08
Ag/Al 455 10.40 56.1 2.66

Table 5.1.: Characteristic parameters for PSiF-DBT/CIS nanocomposite solar cells with differ-
ent cathode materials as depicted in Figure 5.2.
However, when applying a thin Ag interlayer (nominal 2 nm) prior to applica-
tion of the standard Al cathode a distinct PCE enhancement is observed. The
outcomes concerning Isc and Voc were as expected: the open circuit voltage
lies in between those with unmodified cathodes, while the short circuit cur-
rent hardly changes. This effect is reproducible; the averaged values of the best
40 devices (approx. 5% of the total devices) and statistical data are given in

the supporting information (Table 5.2). The substantial PCE enhancement can
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Figure 5.2.: Comparison of typical current density-voltage (J-V) characteristics under AM1.5
illumination for PSiF-DBT/CIS nanocomposite solar cells with different cathode
materials (filled symbols denote measurements under AM1.5 illumination, empty
symbols without illumination).

mainly be ascribed to the increase in fill factor, namely from 39.7% for Al and
44.0% for silver, respectively, to 56.1% for the Ag-modified Al electrode, which
is a clear advantage but also an issue warranting further clarification. The im-
provement of the fill factor may have several origins, depending on whether
silver is present as an interlayer or diffuses into the active layer or into the elec-
trode. For elucidation of this circumstance we prepared a cross section using
the ”lift-out” technique on a focused ion beam (FIB) microscope [139] and sub-
sequently investigated the specimen by TEM imaging as well as EDXS (energy

dispersive X-ray spectroscopy) elemental mappings.
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HAADF Ag Al

Figure 5.3.: Cross section of a hybrid solar cell with a silver interlayer prepared using the "lift-
out” technique. (a) Bright-field TEM image illustrating the basic layout. 1: Alu-
minum electrode (150 nm), 2: silver layer embedded in AlOx (8 nm), 3: active layer
(54 nm), 4: PEDOT:PSS (9 nm), 5: ITO (85 nm), 6: glass. (b) Magnification of the
silver interlayer. (c) High angle angular dark-field (HAADF) image and elemental
maps of Ag, Al, Cu, In, O, and S extracted from EDX spectrum imaging.

A bright-field TEM image is depicted in Fig. 5.3(a) showing the device lay-
out of the bulk-heterojunction hybrid solar cell (according to the scheme in
Fig. 5.1). From top to bottom, the respective layers are as follows: aluminum
(1), silver interlayer (2), polymer/copper indium sulfide nanocomposite layer
(3), PEDOT:PSS (4), ITO (5), glass substrate (6). Remarkably, the active layer
only amounts to about 50 nm (the layer thickness was additionally verified
by profilometric measurements), yet supplying a decent quantity of current.

The surface of the active layer remains smooth, although the precursors gen-
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erate gaseous byproducts during the annealing step, enabling a plain interface
between nanocomposite layer and cathode. The aluminum layer is present as
consistent bulk material. A closer look at the cross section (Fig. 5.3(b)) reveals
that the Ag interlayer does not form a continuous layer but silver nanoparticles
(darker islands) in an environment of different composition, which appears
brighter in the TEM image. The elemental composition determined by EDX
spectroscopy shows Ag islands embedded in a matrix of aluminum oxide. The
overall thickness of this layer amounts to 8 nm, the nanoparticle diameters
range from 5 to 8 nm. Furthermore, silver can be found in lower amounts dis-
tributed in the active layer. Smearing of silver over the course of the cutting
process is doubtful, as this technique cuts bottom-up, so simple diffusion is
most probable. However, attributing the positive influence of silver to effects
inside the bulk is unlikely, as silver diffusion would also appear using pure Ag
cathodes leading to equal results. In addition, the vicinity of this layer seems
darker, i.e., indicating an accumulation of polymer. As electrons are transferred
from the CIS layer to the cathode, excess polymer at this interface may im-
pede charge carrier extraction. We are currently exploring in a separate study
if an inverse device layout could possibly benefit from this fact. For further
clarification of the elemental composition in the respective layers TOF-SIMS
analyses were conducted. A TOF-SIMS image of the FIB-cut area revealed that
material from all layers was ”“sprayed” onto the surrounding electrode sur-
face, extending out to about 500 um. Therefore, depth profiles were obtained
at positions with sufficient distance to the contaminated area (see support-
ing information Figure 5.6). Normalized depth profiles are shown in Fig. 5.4.

Due to the thick cathode (=~ 150 nm) the depth resolution deteriorates to less
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Figure 5.4.: TOF-SIMS depth profiles. (a) Positive ion mode, InCu is a marker for CIS, Na is a
marker for PEDOT:PSS, InO is a marker for ITO, and Si is a marker for PSiF-DBT.
(b) Negative ion mode, AlO is a marker for aluminum oxide, S is a marker for both
CIS and PSiF-DBT, and InCuS is a marker for CIS.

resolution when reaching the active layer, however, valuable information can
still be extracted. Due to minor interlayer mixing during the sputter process
a small amount of material is pushed into deeper layers, which is manifested
as tailing in the profiles. It is thus difficult to detect small degrees of material
migration in the sputter direction. The most prominent result of the analysis
confirms the interlayer composition, showing clearly an overlap of aluminum
oxide and silver. The intensity profiles for Cu, In and S match perfectly, but
the CIS and polymer (represented by Si) profiles obviously are not congruent,

rather suggesting a polymer rich layer close to the cathode, as noticed above in
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the TEM/EDX section. Na and InO, respectively, complete the profiles denot-
ing PEDOT:PSS and ITO, respectively. Based on TEM- and TOF-SIMS-analyses
the electrode interlayer was identified as silver nanoparticles (particle size: 5 to
8 nm) embedded in an aluminum oxide matrix, so plasmonic effects could be
considered as a possible reason for the fill factor enhancement. Utilizing silver
nanoparticles (or Au, Al, Cu) as plasmonic enhancers is no novelty.[140] Posi-
tioning them at the metal/semiconductor interface may excite surface plasmon
polaritons (SPP), electromagnetic waves guided along the interface enhancing
the local field density. However, the surface plasmon resonance energy of sil-
ver nanoparticles increases with decreasing diameter.[141] Additionally, the
intensity of absorption and scattering is directly proportional to the volume
of the nanoparticles.[142] Keeping in mind that the nanoparticles found in the
discussed interlayer are smaller than 10 nm, the resulting intensity would be
hard to detect and, furthermore, the plasmonic resonance wavelength is shifted
into the ultraviolet regime, where the used glass substrates show no transmit-
tance. Thus, the assumption that plasmonic effects are responsible for the fill
factor enhancement is implausible, as their influence is marginal at best. In
fact, this was verified experimentally, as cells prepared with aluminum and
silver-modified aluminum cathodes hardly differ in reflection (see Fig. 5.5(a)),
especially in the low wavelength range where plasmonic effects could occur.
Additionally, incident photon to electron conversion efficiency measurements
(IPCE) of pure and silver-modified aluminum cathodes were conducted to de-
termine if a difference in quantum efficiency occurs. In the IPCE spectra de-
picted in Fig. 5.5(b) no significant differences towards plasmonic effects can

be observed, supporting the results of the reflection spectroscopy. In any case,
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charge carrier generation over a broad wavelength range up to 900 nm can be
observed. As PSiF-DBT only absorbs light up to about 700 nm this extended

current generation (from 700 to 900 nm) can be assigned to CIS.[93]
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Figure 5.5.: (a) Reflection spectra and (b) IPCE measurements of typical hybrid solar cells with
pure aluminum (black triangles) and silver-modified aluminum (green squares)
cathodes (J-V curves of these particular solar cells can be found in the supporting
information, Figure 5.7).

Even if structural and optical characterization cannot provide sufficient evi-

dence for the phenomena, they can explain the effects at the interface. Specif-
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ically, when reflecting on the J-V-curves depicted in Fig. 5.2, additional in-
formation can be found based upon present knowledge: there are three typ-
ical regions appearing in current density-voltage curves.[143, 144] The linear
regime at low positive and negative voltages is generally interface-dependant
and gives information about shunt resistances. At intermediate positive volt-
ages the current density is controlled by the diode and shows exponential be-
havior. For higher voltages electric characteristics are mainly attributed to the
bulk semiconductor as well as contact resistances providing information on the
series resistance. Valuable data can be retrieved when applying tangents to the
curves at the intersections with the x- and y-axis, respectively. The reciprocal
values of the slopes represent the shunt (at Isc) and serial resistance (at Voc),
respectively.[143] While the shunt resistance hardly changes with electrode ma-
terial, strong varieties of the serial resistance are apparent. Examining the J-V
curves of our solar cells with a pure Al-cathode, only a moderate slope occurs
at bias voltages around Vpc. This could be explained by the low difference
in work function of aluminum to the LUMO of polymer and copper indium
sulfide, respectively, facilitating charge carrier injection. This would lead to en-
hanced charge carrier recombination, strongly influencing the fill factor; how-
ever, the insulating interfacial aluminum oxide reduces charge carrier injection.
Conversely, extraction of charge carriers is also impeded, which obviously has
a greater and detrimental impact than injection.[138] The short circuit current
should also be affected; however, the built-in field (Vy,;), which acts as driving
force for exciton dissociation, for solar cells with pure aluminum electrodes
is higher compared to solar cells with pure Ag cathodes, compensating this

adverse effect. Notably, the fill factor for PSiF-DBT/CIS solar cells with pure
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silver cathodes is considerably larger than when using aluminum electrodes,
which can be ascribed to the lower serial resistance due to an unobstructed
interface between electrode and active layer. Then again, it is still far from the
values obtained with our modified cathode. This can be explained by the fact
that the V},;, when using pure silver cathodes, obviously does not suffice for
efficient exciton dissociation, thus, limiting the fill factor caused by recombina-
tion. In the silver-modified Al electrode the silver nanoparticles are too small
to completely change the work function to the value of pure silver, so the Vi,
remains adequate for efficient dissociation and charge carrier transport. Ad-
ditionally, this reduces unintentional charge carrier injection. Furthermore, the
silver nanoparticles infiltrate the insulating aluminum oxide layer, which offers
pathways for charge carriers. This significantly reduces the serial resistance of

the interface and enables superior charge carrier extraction.

5.4. Conclusion

In summary, we have studied the influence of silver nanoparticles acting as
modification of an aluminum electrode in PSiF-DBT/CIS nanocomposite so-
lar cells. The silver interlayer was introduced by deposition of a silver layer
with nominally 2 nm. Interestingly, TEM images of a cross section as well as
TOF-SIMS measurements of a finished device exhibit that silver is present in
the form of nanoparticles (5 to 8 nm diameter) embedded in an aluminum
oxide layer. This modification results in Voc and Isc which lie between hy-
brid solar cells with pure aluminum and silver cathodes, respectively, but ex-

pose a distinct fill factor enhancement. To clarify if plasmonic effects due to
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the silver nanoparticles could occur reflection and IPCE measurements were
conducted. However, the results show no indication towards this assumption.
According to the J-V curves the series resistance of devices with the silver mod-
ified aluminum cathodes is significantly lower than with unmodified cathodes.
This strongly indicates that the silver nanoparticles facilitate charge transport
through the impeding aluminum oxide layer. The obtained results propose that
making use of the introduced process could possibly also improve the fill fac-
tors of other polymer based solar cells with aluminum (or other non-noble)
electrodes, as the (mostly insulating) oxide layers could be infiltrated with sil-

ver nanoparticles, which offer low-resistance pathways for charge carriers.
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Supporting Information Available Characteristic solar cell parameters aver-
aged over 40 solar cells and statistical data on the PCEs of the fabricated so-
lar cells. Positions of FIB-cut and TOF-SIMS profiling areas as well as current
density-voltage curves of the polymer/CIS hybrid solar cells used for IPCE
measurements. This material is available free of charge via the Internet at

http:/ /pubs.acs.org.
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5.5. Supporting Information

Cathode material Voc (mV)  Jgc (mA cm™) FF (%) PCE (%)

Al 494 + 40 8.74 + 0.42 419+29 1.80+0.11
Ag 435 + 26 10.82 + 0.39 443 +£25 208 £0.18
Ag/Al 469 + 21 9.93 + 0.51 544 +15 253+ 0.06

Table 5.2.: Characteristic parameters and their standard deviations for PSiF-DBT/CIS
nanocomposite solar cells with different cathode materials averaged over the best
40 solar cells each.

Totally 826 devices with Ag/Al electrodes were produced in the course of
this investigation, 107 (approx. 13%) are “champion devices” exhibiting PCEs
greater than 2 %. About 28% each perform between 1.5% and 2% (229 devices)
and 1% and 1.5% (237 devices), respectively. Ca. 8.6% (71) of all devices show
PCEs below 0.1%.
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Figure 5.6.: Positions of FIB-cut and TOF-SIMS measurements on the 9 mm? polymer/CIS hy-
brid solar cell. TOF-SIMS depth profiling was performed on 2 scales corresponding
to an information area of 200 x 200 pm and 500 x 500 um in order to see if a larger
analysis area improved the quality of the data, which was not the case.
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Figure 5.7.: Current density-voltage curves of the polymer/CIS hybrid solar cells used for IPCE
measurements.
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6. Silver-modified Aluminum
Electrodes in Polymer:PCBM
Solar Cells

"Whether you can observe a thing or not depends on the theory which you

use. It is the theory which decides what can be observed.”

Albert Einstein (1926)
(cited by Salam et al. (1990) [145])
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6.1. Introduction

Solar power, as a readily available energy resource, is most promising for per-
petual clean energy when thinking economically and future-oriented. Silicon
solar cells are still dominating the PV-market due to their advance in terms
of power conversion efficiency (PCE), however, polymer-based solar cells of-
fer several advantages (cost-effective, lightweight, flexible, readily processable)
making them a prominent target of scientific interest. While leading polymer-
based solar cells rely on fullerene-derivatives as electron acceptors (with con-
tinuous progress in PCE, already having cleared the 10% hurdle for single
junction organic solar cells [146]), inorganic nanoparticles as acceptors intro-
duced in a polymer matrix entered the stage due to numerous benefits (e.g.,
shapeability [127], band gap tuning via size [65], improved charge carrier trans-
port properties through flexible morphologies of active layers [128]). In this
work, both fully organic and hybrid inorganic-organic solar cells were exam-
ined using PSiF-DBT and PCDTBT as donor polymers; PCBM and CIS com-
pleted the absorber layers (see experimental part). Hybrid inorganic-organic
solar cells were prepared via an in situ route, comprising copper indium sulfide
nanoparticles in a polymer matrix. This is achieved by mixing metal xanthate
precursors with the respective polymer and coating the solution onto a sub-
strate. Through thermal decomposition of the xanthates (<200 °C) the desired
nanoparticles are formed embedded inside the polymer layer; decomposition
products are volatile and do not remain inside the film [93]. In a previous work
[72] using PSiF-DBT/CIS hybrid solar cells, we observed two major differences

when applying different cathode materials: (i) aluminum cathodes establish
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higher open-circuit voltages (Voc) at the cost of fill factor. Furthermore, they
show shortcomings in stability. (ii) Silver as cathode material on the cells of-
fered higher fill factors and better stability; however, they could not compete
with respect to Voc. To combine the advantages of both, a thin silver interlayer

was deposited between absorber layer and aluminum electrode.
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Figure 6.1.: Comparison of the relative photovoltaic parameters open-circuit voltage (Voc),
short-circuit current (Igc), fill factor (FF), and power conversion efficiency (PCE)
of PSiF-DBT hybrid solar cells [72]

A comparison of solar cell parameters with this sort of cathode compared to
regular Al and Ag cathodes revealed an enhancement in overall power conver-

sion efficiency, as displayed in Fig 6.1.
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Material HOMO (eV) LUMO (eV)
PSiF-DBT [74] 3.6 54
PCDTBT [147] 3.6 5.5
PCBM [148] 3.7 6.1
CIS (nano) [82] 3.7 6.0
CIS (bulk) [82] 4.1 5.6

Table 6.1.: HOMO/LUMO Levels of the Active Materials Used

Therefore, in this work we present the influence of this novel electrode on
combinations of two low band gap polymers and PCBM as acceptor. Table 6.1
shows the energy levels of the highest occupied molecular orbitals (HOMO)
and lowest unoccupied molecular orbitals (LUMO) of the materials used in the

course of this work.

6.2. Experimental

Solar cell preparation PEDOT:PSS layers (Clevios P VP.AI 4083, Heraeus)
were spin-coated from solution using deionized water (1:1, vol.) on glass/ITO
substrates (Xin Yan Technology Ltd., Rg = 10 /sq, sonicated in deion-
ized water and isopropanol, O, plasma cleaned (FEMTO, Diener elec-
tronic)) and thermally dried in nitrogen atmosphere (150 °C, 15 min). The
donor polymers used were: poly[(2,7-silafluorene)-alt-(4,7-di-2-thienyl-2,1,3-
benzothia-diazole)] (PSiF-DBT), and poly[N-9”-heptadecanyl-2,7-carbazole-alt-
5,5-(4,7’-di-2-thienyl-2’,1’,3’-benzothia-diazole)] (PCDTBT). In case of inor-
ganic acceptors, nanocomposite layers were thereon prepared by doctor blad-
ing of a chlorobenzene solution containing copper xanthates, indium xanthates

(copper and indium O-2,2-dimethylpentan-3-yl dithiocarbonate) [93], and the
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respective polymers and subsequent thermal treatment on a programmable
heating plate (CAT MCS66, temperature program: 15 min heating from room
temperature to 195 °C, holding time of 15 min at 195 °C) in nitrogen atmo-
sphere. In case of PCBM as acceptor different mass ratios were chosen accord-
ing to literature: PSiF-DBT:PCBM 1:2 (w/w) [74], PCDTBT:PCBM 1:4 (w/w)
[147]; the respective blends were doctor bladed. Aluminum and silver elec-
trodes and interlayers were deposited using a thermal evaporation chamber
mounted inside a glovebox system (LABmaster dp, MBRAUN Glovebox Tech-
nology, Germany) at a base pressure of 8x10° mbar (nitrogen atmosphere).
Evaporation rates: AgAl electrode: Ag 0.1 A s71, A1 0.1 A s for the first 10 nm,
then 10 A s1; pure Ag or Al electrodes: 0.1 A s for the first 10 nm, then 10
As.

Characterization Current density-voltage (I-V) curves were recorded using
a Keithley 2400 SourceMeter and custom-made Lab-View software. The solar
cells were illuminated using a Dedolight DLH400D (used in conjunction with
Dedolight DEB400D electronic ballast). The intensity of the incoming light was
set to 100 mW cm™ providing a spectrum quite similar to AM1.5G (deter-
mined using a KippZonen-CMP-11 pyranometer, no spectral mismatch was
considered). The effective device area (0.0784 cm?) was defined by shadow
masks applied to the solar cells. A cross section of the device was prepared
using the “lift-out” technique on a focused ion beam microscope (FEI Nova
200 NanoLab FIB/SEM dual beam microscope) [139]. TEM analyses were con-
ducted on a Tecnai F 20 microscope (FEI Company, 200 kV, Schottky emitter)
equipped with a high resolution Gatan Imaging Filter (GIF), an UltraScanCCD
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camera and a Fischione HAADF STEM detector. EDX-spectrum images were
acquired using a Digiscan II controller and an EDAX Sapphire Si(Li) detec-
tor. EDX quantification was performed using the approximation for thin films
by Cliff and Lorimer [105]. Layer thicknesses were additionally specified on a
DektakXT surface profiler (Bruker).

6.3. Results and Discussion

The work functions of both all-aluminum and all-silver electrodes match the
energy levels in polymer-based solar cells. As a non-noble metal Al shows reac-
tivity to oxygen and water, quickly forming aluminum oxide layers in ambient
atmosphere. Thus, research soon extended to other, more stable materials, such
as Ag [8]. Its lower work function, however, is slightly unfavorable resulting in
lower open-circuit voltages. To reduce the aforementioned disadvantages of Al
and Ag, respectively, we deposited a thin silver layer (nominally 2 nm) onto
the active layer prior to the aluminum electrode (referred to as AgAl). In PSiF-
DBT:CIS hybrid solar cells a strong fill factor enhancement compared to both
pure electrodes could be observed; open-circuit voltage and short-circuit cur-
rent density (Isc) of the solar cells with silver-modified aluminum electrodes
settle in between those with unmodified electrodes. Thus, the overall power
conversion efficiency was increased significantly (see Fig 6.1). To determine the
origin of this enhancement a cross section of our device was prepared using the
“lift-out” technique on a focused ion beam (FIB) microscope. A combination
of TEM imaging and EDXS elemental mappings revealed an interesting inter-

layer between the bulk heterojunction active layer and the aluminum electrode.
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The silver interlayer is not formed continuously but rather as aggregated silver
nanoparticles inside an aluminum oxide matrix (see Fig 6.2). These findings
were additionally confirmed by means of time-of-flight secondary ion mass

spectrometry (TOF-SIMS) [72].

Figure 6.2.: Bright-field TEM image illustrating the cross section of a PSiF-DBT:CIS hybrid
solar cell with AgAl cathode prepared using the “lift-out” technique. 1: aluminum
electrode; 2: silver layer embedded in AlOy; 3: active layer; 4: PEDOT:PSS; 5: ITO
(recorded by W. Haas).[72]

The distinct AlOx layer formed at the interface clearly increases the serial re-
sistance by inhibiting the charge carrier extraction and thus leading to lower
fill factors. When applying pure silver cathodes there is no such interfering

interlayer, leading to a higher fill factor. However, the Vo is limited due to the
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slightly less favorable work function, which entails a smaller built-in field, i.e.,
the driving force for exciton dissociation. Therefore, when introducing silver
nanoparticles into the electronically obstructive AlO layer, the built-in field is
still dominated by the Al cathode, however, an easier charge carrier extraction
is offered. Polymer:fullerene solar cells did not exhibit the same behavior as
polymer:CIS hybrid solar cells. The relative changes in photovoltaic parame-
ters with aluminum cathodes as reference as well as their respective standard
deviations for PSiF-DBT:CIS hybrid solar cells are displayed in Fig. 6.1, where
substantial changes depending on the cathode material are observable. On the
other hand, solar cells with PCDTBT:PCBM as absorber material exhibit hardly
any changes in photovoltaic parameters, independent of the cathode mate-
rial used. PSiF-DBT:PCBM solar cells display only slightly lower values when
applying the AgAl electrode, while utilizing a pure silver electrode even de-
creases the fill factor and, thus, the power conversion efficiency (see Fig 6.3).
According to literature, as summarized in Table 6.1, the HOMO and LUMO
levels of PSiF-DBT and PCDTBT are quite similar, as are those of CIS nanopar-
ticles and PCBM. Therefore, we assumed that the cathode modification would
lead to an enhancement in fill factor as well. However, the positive effects of
the silver interlayer as observed in the PSiF-DBT:CIS hybrid solar cells did not

occur when PCBM was used as acceptor.

It seems, as if the same mechanisms as described for PSiF-DBT:CIS hybrid so-
lar cells do not appear at the PCBM-cathode interface. The typical fill factors
in polymer:PCBM solar cells usually are comparable or even exceed the best
values for PSiF-DBT:CIS hybrid solar cells, indicating issues based on the in-

organic acceptor phase. Therefore, it is feasible that the contact between the
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Figure 6.3.: Comparison of the relative photovoltaic parameters open-circuit voltage (Voc),
short-circuit current (Isc), fill factor (FF), and power conversion efficiency (PCE)
for different polymers.

inorganic phase and the metal electrode behaves differently compared to the
PCBM-metal contact in polymer:PCBM solar cells, which shows that a direct
knowledge transfer regarding well performing electrodes from polymer:PCBM
to polymer:nanoparticle hybrid solar cells, and vice versa, is not generally ex-

pedient.
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6.4. Conclusions

In this work, we intended to apply the positive effect of a silver interlayer
between absorber layer and top electrode, as found for hybrid solar cells, which
led to a significant enhancement in fill factor [72], to polymer:PCBM solar cells.
The results indicate that the enhancement induced by cathode modification
in PSiF-DBT:CIS hybrid solar cells seems to stem from the CIS nanoparticle-
metal interface and are, therefore, not directly applicable to other polymer-
based solar cells. It can be assumed, that the PCBM-metal junction cannot be
enhanced by introducing a silver interlayer; no fill factor enhancement could

be observed.
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7. Synopsis and Perspective

“We must trust to nothing but facts: These are presented to us by Nature,
and cannot deceive. We ought, in every instance, to submit our reasoning
to the test of experiment, and never to search for truth but by the natural

road of experiment and observation.”

Antoine Lavoisier (1790) [149]
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In the last decade, polymer-based solar cells have attracted much interest
and, thereupon, made rapid progress. As a very fascinating branch, organic-
inorganic hybrid solar cells also found their way into scientific research. Their
fabrication, function, and advantages are described in Chapters 1 and 2: “In-
troduction” and “Basics”, respectively.

The experimental part of this thesis comprises studies in polymer-based solar
cells, which can be divided into two major investigation topics: morphology
and electrode modification. Chapter 3, “Variation of PSiF-DBT:CIS mass ratio”,
deals with the influence of morphology in in situ prepared PSiF-DBT:CIS hy-
brid solar cells. A series of solar cells with different polymer:inorganic mass
ratios, ranging from 1:3 to 1:15, have been prepared and thoroughly investi-
gated. Additionally, numerical simulations based on the drift diffusion model
have been conducted at the Institute for Theoretical Physics (Graz University
of Technology).

The changes in photovoltaic performance of solar cells based on different mor-
phologies allowed inferences regarding charge carrier generation and percola-
tion. While the ideal morphology for charge generation in the polymer phase
is found at a mass ratio of 1:9, which corresponds to a volumetric ratio of about
1:2, and this ratio primarily excels in terms of fill factor, the other photovoltaic
parameters do not allow for a clear trend to be identified. Moreover, very in-
teresting insights concerning the impacts on the separate parameters could be
gained, especially on the interplay between polymer- and CIS-phase.

The simulations additionally provided access to theoretical options for sub-
stantially enhancing PSiF-DBT:CIS solar cells by slight adjustments of electron

and hole transport level offsets and built-in voltage. These changes could be re-
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alized through chemical tailoring, material optimization, and suitable interlay-
ers. The characteristic solar cell parameters from the experiments are depicted
in Fig. 7.1, accompanied by results from the simulations with resembling char-

acteristics as well as idealized parameters.
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Figure 7.1.: Results for power conversion efficiency, fill factor, short circuit current density (Jsc),
and open circuit voltage (Voc) extracted from experiments (black squares), resem-
bling simulations (green triangles), and simulations using idealized parameters
(cyan diamonds) for PSiF-DBT:CIS solar cells. The orange circles represent the re-
sults for PS:CIS solar cells.
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Based on these findings, the subsequent Chapter 4, “Polystyrene:CIS solar
cells”, copes with the separate contribution of the CIS-phase to the perfor-
mance in hybrid solar cells. For that purpose, the same in situ process is
applied to fabricate a CIS nanocomposite in a polystyrene matrix. The PS
counterpart was introduced as optically transparent and inactive filler mate-
rial, which provides a fundament for a CIS-phase equivalent to the beforehand
examined hybrid solar cells. The charge separation process, apparently based
on a Schottky-junction at the CIS-electrode interface, performs exceptionally
well. According to the experimental results, the separate CIS-phase exhibits
about one third of the power conversion efficiency of PSiF-DBT:CIS hybrid
solar cells, which is directly ascribable to a breakdown in short circuit current
density (see Fig. 7.1). Albeit a direct knowledge and performance transfer
presumably is not valid, this study provides information on the capability of

inorganic nanocrystals in polymer matrices.

An approach to enhance the overall performance in PSiF-DBT:CIS hybrid solar
cells through a simple modification of the aluminum electrode is described
in Chapter 5, “Silver-modified Aluminum Electrodes in PSiF-DBT:CIS Solar
Cells”. This enhancement is caused by thermal evaporation of a nominally
2 nm thin silver interlayer between absorber layer and electrode. This interlayer
shapes in form of silver nanocrystals with a size of 5 to 8 nm embedded in
an aluminum oxide layer. Through the infiltration of the insulating layer
faster pathways for charge carrier extraction are facilitated. Thus, the serial
resistance is strongly decreased, leading to a substantial increase in fill factor

and, therefore, PCE. The fill factor increased from 39.7% (Al cathode) and
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44.0% (Ag cathode), respectively, to an astonishing 56.1% with the modified
cathode. With open circuit voltage and short circuit current density values
found between those of the compared solar cells, the power conversion
efficiency could be amplified from 1.95% (Al cathode) and 2.08% (Ag cathode),
respectively, to 2.66% with the silver-modified aluminum cathode.

In the last experimental part, Chapter 6, “Silver-modified Aluminum Elec-
trodes in Polymer:PCBM Solar Cells”, a possible influence of the modified
aluminum electrode on polymer:PCBM solar cells was investigated. These
experiments were conducted with two similar low band gap polymers,
PSiF-DBT as well as PCDTBT, as donors. However, in the case of PCBM
as acceptor material no positive influence on any characteristic parameter
could be evoked through the cathode modification. The impact of the silver
interlayer in the PSiF-DBT:CIS was, thus, attributed to an enhancement of the

CIS nanoparticle-metal interface.

Outlook The research topics and their respective results summarized above
indicate the complexity of the components themselves as well as their interplay.
An isolation of the separate contributions poses a great challenge; however,
upon success it can reward with astounding insights. Some of the conclusions
presented in this work opened doors to topics definitely worth investigating.
Albeit the results indicate a multitude of white spots on the map, they clearly

show the potential of hybrid solar cells.
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Appendix A.

General Experimental Information

This chapter comprises general information that is not limited to certain ex-
periments. If not specifically stated otherwise, the data and information pro-
vided here describe those measuring instruments (see Table A.1), materials and
chemicals (see Table A.2) and characterization techniques (cf. section A.2) used
over the course of the complete experimental work. It is supposed to provide
more detailed information for the interested reader to be able to reproduce the

measurements presented in this thesis.
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A.1. Preface

A.1.1. Measuring Instruments

In case of two equivalent instruments from different manufacturers, the up-

grade from one to another will be noted at the respective passage in the text.

instrument label manufacturer
doctor blading unit Coatmaster 509 MC  Erichsen
electron microscope Tecnai 12 FEI Company
electron microscope Tecnai F 20 FEI Company
glovebox + evaporation unit MBraun

hot plate MCS 66 CAT
monochromator + Xenon lamp MuLTImode4 AMKO

plasma etcher Femto Diener electronic
profilometer DekTak 150 Veeco
profilometer DekTak XT Bruker
sourcemeter 2400 Keithley

spin coater CT 62 Karl Suss Technique
TOF-SIMS TOE-SIMS IV ION-TOF GmbH
tube furnace ROF 4/25 Heraeus
ultrasonic cleaner USC1200D VWR

UV /Vis spectrometer UV-1800 Shimadzu

UV /Vis spectrometer Lamda 35 PerkinElmer

Table A.1.: Measuring instruments used
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A.1.2. Chemicals and Materials

If a material is listed more than once, the experimental section contains infor-

mation on the actually used product/batch.

chemical/material purity/description source of supply
acetone 99% Sigma-Aldrich
acetonitrile 99.8%, anhydrous Sigma-Aldrich
aluminum 99.999%, pellets Kurt J. Lesker

chloroform > 99.9%, HPLC grade Sigma-Aldrich
chlorobenzene 99.9%, HPLC grade Sigma-Aldrich

copper xanthate

indium xanthate
isopropyl alcohol
ITO-coverd glass substrate
ITO-coverd glass substrate
ITO-coverd glass substrate
[60]PCBM

[70|PCBM

PEDOT:PSS

PMMA

PSiF-DBT

silver

TBAP

toluene

puriss
Rs=15-250/0

Rs= 10 (3/U, patterned
Rs= 10 Q)/0, patterned
99.5%

99%

Clevios P VP AI 4083
avg Mw =~ 350.000
050927

99.99%, wire

> 99%

> 99.9%

AGLYCON
AGLYCON
Sigma-Aldrich
Delta Technologies
KINTEC

Xin Yan Technology
Solenne BV
Solenne BV
Heraeus

Aldrich

1-material
Umicore

Fluka
Sigma-Aldrich

Table A.2.: Chemicals and materials used
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A.2. Characterization Techniques

A.2.1. I-V Measurements

As a basic characterization technique, the current (I) is measured as a function
of the voltage (V) applied between the electrodes of the solar cell. The current

density (J) is then calculated as current per solar cell area (A):

(A.1)

I
=4

As already described in Sec. 2.2.1 the power conversion efficiency can be de-
termined from the resulting graph/data. The applied voltage is typically in
the regime between +1.5 and -0.5 V. The according current is measured via a
custom made LabView software, which also controls the voltage source of the
Keithley 2400 SourceMeter.

During measurement the devices were kept in a glovebox in Ny atmosphere;
the mean irradiance was checked (and the measured value employed in the
calculations) after every measured series through a photodiode arranged in

closest proximity to the measured device.

A.2.2. UV/Vis-Spectrometry

Considering UV /Vis-spectrometry to be a straight-forward measuring tech-

nique involves the risk of being to casual about it. Especially, when dealing
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with composite thin films on a substrate with additional layers (ITO, PE-
DOT:PSS, or the like). The difference in optical density (represented by the
refraction index) may greatly affect the transmission and reflection, respec-
tively. Therefore, absorption in this work was determined through reflection
and transmission measurements of the samples from both sides (glass and ab-

sorber layer).

A.2.3. IPCE Measurements

Measurement of IPCE corresponds to a technique that is able to determine the
conversion efficiency of impinging photons of a given wavelength into elec-
trons. For that purpose, still inside the glovebox single solar cells are cut from
the device and transferred into a hermetically sealed measuring module with
a quartz glass window and contacts for current measurements. A white light
source in combination with a monochromator (Xenon lamp + monochromator,
MuLTImode4, AMKO) provides monochromatic light in 10 nm steps illumi-
nating the solar cell; the resulting current is measured (Keithley 2400).

As a reference, a calibrated photodiode (calibrated by Hamamatsu Photonics
K.K.) is measured at the beginning and the end of each series. Via the calibra-

tion factor the actual IPCE can be calculated.

A.2.4. S/TEM, EDX, SAED

These analyses have been conducted at the Austrian Centre for Electron Mi-

croscopy and Nanoanalysis, Graz University of Technology and Graz Centre
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for Electron Microscopy.
Performing electron microscopic analyses is a science itself, a brief summary
could never cope with its challenges so I refrain from trying and rather like to

refer the interested reader to the aforementioned institute.

A.2.5. TOF-SIMS

Time-of-flight secondary ion mass spectrometry analyses were conducted at
the Department of Energy Conversion and Storage (Technical University of
Denmark). Basically, the sample’s surface is sputtered with a focused ion beam
(here: Xe"). The ejected ions are collected to determine the elemental composi-
tion of the sputtered material by means of mass spectrometry.

The validity of the result strongly depends on the sample’s composition. The
difficulties regarding the hybrid solar cells analyzed herein are as follows:
generally, the depth resolution of digging profiles deteriorates for longer sput-
ter times. This issue is even more serious with these devices, where prior to
reaching the (very thin) active layer a relatively thick electrode has to be ab-
lated. Hence, the resolution suffers and one has to be cautious when inter-
preting the collected data. First to mention is, that all signals intensities are
normalized as the absolute signal contains no information on the composi-
tion. Furthermore, owing to the sputter process small amounts of the material
can be pushed into deeper layers, which results in the observable tailing of the
signals. Additionally, the different densities of the layers may lead to a discrep-
ancy between layer thickness and sputter time window. Therefore, it is neither

possible to provide exact information on the layer thickness nor on a possible
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migration of small amounts of material in sputter direction (migration towards

top surface is well measurable).

A.2.6. Transient Absorption Spectroscopy

We were able to garner support from the Department of Chemistry at the
Imperial College London. With this technique the sample can be probed and
excited at different wavelengths at the same time. The detector records the
time-resolved absorption difference, which allows for conclusions on excitation

phenomena.
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List of Abbreviations

AZO
CdSe
CIS
CulnS,

EBL
EQE

FTO

wavelength

fill factor

short circuit current

current

short circuit current density

current density at the maximum power point
incident light power

maximum power point

electric power

open circuit voltage

voltage at the maximum power point
voltage

speed of light

elementary charge

Planck’s constant

aluminum doped zinc oxide
cadmium selenide
copper indium sulfide

copper indium disulfide

electron blocking layer
external quantum efficiency

fluorine doped tin oxide
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GO

HOMO
HTL

IPCE

IQE
ITO

LUMO
MOO3
P3HT
PbS

PCBM
PCDTBT

PCE
PEDOT:PSS

PS
PSiF-DBT

TEM
TiO;

Uuv
UV-Vis

V,05

ZnO

List of Abbreviations

graphene oxide

highest occupied molecular orbital
hole transport layer

incident photon to electron conversion

efficiency
internal quantum efficiency
tin doped indium oxide

lowest unoccupied molecular orbital
molybdenum oxide

poly(3-hexylthiophene-2,5-diyl)

lead sulfide

phenyl-C61-butyric-acid-methyl ester
poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-
(4,7'-di-2-thienyl-2’,1’,3’-benzothia-diazole)]
power conversion efficiency
poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate)

polystyrene
poly[(2,7-silafluorene)-alt-(4,7-di-2-thienyl-

2,1,3-benzothiadiazole)]
transmission electron microscopy
titanium dioxide

titanium oxide

ultraviolet
ultraviolet-visible spectrophotometry

vanadium oxide

zinc oxide
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