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Kurzdarstellung

Die vorliegende Arbeit befasst sich mit zwei grundlegenden praktischen Problemen

organischer Solarzellen (OSZ): transparente Topkontakte und alternative Donator-

materialien.

Transparente Topkontakte sind eine Voraussetzung für invertierte, d.h. von oben

beleuchtete OSZ auf nichttransparenten Substraten. In dieser Arbeit werden trans-

parente dünne Metallschichten als Möglichkeit für diese Anwendung gezeigt. Es zeigt

sich, dass Silber- und Goldschichten mit Schichtdicken < 20 nm hinreichend transpar-

ent und leitfähig sind, um entsprechende OSZ herzustellen. Durch die Verwendung

nanometerdicker Aluminium-Zwischenschichten zwischen Organik und Ag oder Au ist

es möglich, die Morphologie der Metallschichten erheblich zu verbessern, was auch die

elektrischen Eigenschaften positiv beein�usst. Es wird weiterhin gezeigt, dass trans-

parente organische Deckschichten die Lichteinkopplung durch Metallschichten in OSZ

deutlich verbessern. Weitherhin konnten im Rahmen dieser Arbeit in Kooperation

mit der Heliatek GmbH unter Verwendung optimierter Deckschichten und Metall-

Topkontakte hoche�ziente, lichtdurchlässige Tandem-OSZ in Modulgröÿe hergestellt

werden.

Drei Diindenoperylen-Derivate werden als grün absorbierende Donatormaterialien

vorgestellt. Obwohl diese Experimente noch im Anfangsstadium sind, weisen OSZ

mit diesen Materialien hohe Füllfaktoren von über 76% und Spannungen von 1V

auf. OSZ mit Mischschichten dieser Derivate in Verbindung mit dem Fulleren C60

zeigen unterschiedliche Eigenschaften, wenn das Substrat während der Probenher-

stellung geheizt wird. Dadurch wird die Möglichkeit erö�net, dickere Mischschichten

für höhere Photoströme zu verwenden, ohne starke Verluste bei Spannung oder Füll-

faktor zu erleiden.



Abstract

The current work investigates two fundamental problems of small molecule organic

solar cells (OSC): transparent top contacts and alternative donor materials.

Transparent top contacts are a prerequisite for inverted, i.e. top-illuminated OSC

on opaque substrates. This work documents that transparent, ultra-thin metal �lms

are a possible solution to this problem. It is shown that silver or gold layers with

thicknesses < 20 nm are su�ciently transparent and conductive to fabricate suitable

OSC. Utilisation of nanometer-thin Al interlayers between Ag or Au and the organic

underlayers allow for considerable improvement of morphological and electrical prop-

erties of the top contacts. Organic capping layers are presented that strongly improve

light incoupling through the metal �lms into the OSC devices. In cooperation with

Heliatek GmbH, highly e�cient semitransparent tandem OSC in module size could

be created by employing optimised light incoupling layers and Al surfactants.

Three diindenoperylene derivatives are introduced as green donor materials. Al-

though these experiments are still at a very early stage, OSC are fabricated that

exhibit very high �ll factors of over 76% and voltages of 1V. Devices with bulk het-

erojunctions of such perylene derivatives and the fullerene C60 can be in�uenced by

substrate heating during �lm deposition. This opens the possibility of using thicker

bulk heterojunctions in order to achieve higher photocurrents without high losses of

photovoltage or �ll factor.
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1 Introduction

In the twentieth and early twenty-�rst century, more researchers have been working

in the various disciplines of science than ever before. Tremendous progress has been

achieved in a multitude of �elds, from a better understanding of the universe [1] to

the workings of our own body, and constant advances have been made in the applied

physical sciences.

However, especially in the last decades, two new problems have emerged that pose

fundamental new challenges to mankind, and which will require global e�orts: �rstly,

the discrepancy between �nite resources (oil, gas, uranium) and exponentially growing

consumption, which is clearly visible in the production and demand of energy; and

secondly, that our current lifestyle may have a stronger impact on our planet than

previously assumed, leading to the threat of climate change on a global scale. Both

problems are connected, and both problems can in principle be solved by the same

approach: sustainable, regenerative energy generation.

This means no less than a paradigm shift of the current way of thinking and plan-

ning, away from short-term policies and pro�t-motivated actions towards a long-term

strategy that considers the developments and issues of decades yet to come. While

sustainability has already become a buzzword among policymakers, clear roadmaps

have yet been elusive and have proven extremely challenging [2].

Photovoltaics are becoming an established technology that may be feasible without

subsidies in the near future [3]. Combined with wind power and concentrating solar

power, these renewable green or �eco-technologies� have the potential to be a foun-

dation for independence of fossil fuels and diminishing recources. Together with low

greenhouse gas emissions, looming environmental issues like global warming might

be slowed and eventually halted.

Organic photovoltaics (OPV), subject of this thesis, are a relatively young �eld.

Major research work is being done only since the 1980s. However, successes by Heli-
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atek/IAPP/BASF like the certi�ed and published 6.07% e�cient device in 2009 [4],

and the recently achieved 7.66% for small molecular [5] and 7.9% for polymer solar

cells [6] already give rise to the hope that intense research and development lead to

quick maturity and economical viability. Strengths of this technology are the poten-

tially very high throughput that can be achieved in roll-to-roll production, the low

weight (500 g/m2 for modules are aimed at [7]), extremely low material consump-

tion, and consequently, very low costs. There are still fundamental challenges that

must be met until successful mass production is possible; e�ciency, device lifetime,

encapsulation, and basic physical mechanisms provide for a multitude of interesting

topics for applied research.

The focus of this thesis is on transparent, conductive contacts that can be used

in organic photovoltaic devices to extract photogenerated charge carriers. Employ-

ing such contacts as top electrodes on solar cells makes it possible to use opaque

substrates, which will open the pathway to new device architectures that are inde-

pendent of transparent glass substrates. For this purpose, the conductive polymer

PEDOT:PSS and ultra-thin metal �lms (thickness < 20 nm) are investigated and

tested on solar cells. To overcome the high re�ectivity exhibited by metal layers,

organic light incoupling layers are introduced to lower re�ection and in�uence the

optical �eld in the device; increases in photocurrent of 50% are observed. Finally,

diindenoperylene derivatives are studied and tested as new alternative green donor

absorber materials, and �rst single solar cells are created.

This thesis is structured as follows: Chapter 2 explains why solar cell research is

a necessity by brie�y reviewing the climate change debate and sustainability of fuels

and resources. The advantages of OPV are underlined; some �rst cost estimates are

given and some possible problems are listed. In Chapter 3, the current state of the art

of transparent conductive materials in solar cell applications is reviewed; the necessity

of �nding new approaches is demonstrated. Di�erent material classes (transparent

conductive oxides and thin metal layers) are evaluated, and metal layers are found

to be a suitable alternative.

Chapter 4 explains the principles of organic semiconducting materials and solar

cells. Optical interference e�ects are shown to play an important role, making optical

optimisation crucial for e�cient devices. The subject of thin metal �lms and factors
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contributing to �lm morphology and properties are introduced; a literature review

shows that numerous parameters can in�uence metal layer morphology.

Chapter 5 lists the experimental methods. Vacuum thermal evaporation and the

corresponding tools are explained. The organic materials (e.g., absorber materials,

charge carrier transporter, capping layers) that are relevant for this thesis are shown

and their physical properties are listed. Various experimental methods to characterise

single layers and complete devices are described, including microscopy, spectroscopy,

and electrical measurement techniques.

The experimental results are divided into three parts. Studies of the conductive

polymer PEDOT:PSS as bottom contact for OPV are described in Chapter 6. While

encouraging results are obtained, this material is not feasible as top contact. Metal

layers are successfully applied as transparent top contacts and can be supported by

organic capping layers for improved light incoupling. This is documented in Chap-

ter 7, the main focus of this thesis.

Apart from electrode materials, green donors based on diindenoperylene derivatives

are a second topic of this work. Studies of three di�erent derivatives are presented

in Chapter 8, with preliminary tests in solar cells. It is shown that the materials

are feasible candidates, and that further experiments are desirable to gain deeper

understanding of the processes and characteristics.

Finally, an outlook is given in Chapter 9 to brie�y summarise what has been

achieved, and to suggest possible directions for further research.
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2 Motivation

Global warming and resource depletion may well be the greatest challenges that man-

kind has ever had to face. This introductory chapter gives a short overview about

what we know and agree about on the topics of climate change and energy generation

(and, as it turns out, about what we actually do not know, or cannot agree on). The

data and references explain why photovoltaics is an extremely important reseach �eld,

and why this technology may signi�cantly contribute to energy generation in the times

to come. The speci�c advantages of organic photovoltaics are highlighted, based on a

recent study about estimated manufacturing costs. Finally, transparent top contacts

emerge as interesting �eld for future research.

2.1 Why photovoltaics?

Despite ongoing discussions in the popular media, there is currently broad scienti�c

consensus among earth scientists that the global average temperature is rising and

that human activity is a contributing factor [8, 9], with a broad scienti�c basis as

reported by the Intergovernmental Panel on Climate Change (IPCC [10]).

The general notion is that greenhouse gases (especially CO2 and methane), caused

by e.g. fossil fuel combustion or animal agriculture, change the atmospheric com-

position, which may lead to global warming and increase global temperatures by

1.1 - 6.4°C [10]. While the precise consequences are di�cult to determine in detail,

current data and computer simulations suggest that deserti�cation, sea level rise,

more extreme weather phenomena, water shortages, ocean acidi�cation, and dra-

matic changes of �ora and fauna might be among the consequences; for a summary,

see [11] and the numerous references therein.

A conclusion from this worrying outlook is that emission of CO2, which is the largest

contributor, should be avoided as much as possible. As Fig. 2.1.1 illustrates, fossil
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fuel combustion (oil, coal, and natural gas) lead to emission of ≈ 8 · 109 tons of carbon

in 2004 [12]. Hence, to contain or at least minimise the negative e�ects from climate

change, it is desirable to generate electricity or energy in such a way that emissions

are minimised. In fact, several industrialised countries have commited themselves to

reductions of greenhouse gas emissions by as much as 80% by 2050 [2]. While energy

saving technologies, better thermal insulation, and changes in the current lifestyle

may contribute to this, in the long run it is necessary to shift to di�erent means of

energy generation.

Figure 2.1.1: Global fossil carbon emissions; the overwhelming contribution from fossil
fuel combustion is visible. Graph prepared by M. Thorpe, taken from [12] under the GNU
Free Documentation License.

A second motivation to minimise utilisation of fossil fuels is sustainability. Cur-

rently, there is no clear scienti�c consensus about how long exactly the resources

and reserves of coal, oil, gas, and uranium (which is often mentioned as potential re-

placement of fossil fuels) will last; predictions are extremely di�cult and sometimes

contradictory. Generally, if the looming depletion of a resource becomes obvious, the

prices go up (which lowers consumption and extends the range how long the resource

lasts), and development of alternatives is enforced. This may prolong the availabil-

ity of fossil fuels and uranium and delay depletion. However, with exponentially

increasing energy consumption and �nite reserves, the �nal outcome is clear.
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Currently, the largest contribution to energy generation comes from oil. A thorough

review and analysis of the �peak oil� debate was given by Fisher [13], who compares

the arguments of so-called �peakists� and �optimists�. While no clear conclusion is

given, it is conceded that �concerns remain�, especially considering that reserves may

be overstated or over-estimated. A recent joint study in 2010 by Kuwait University

and the Kuwait Oil Company predicts a world peak production in 2014, with an

OPEC production peak in 2026 [14]; a long and thorough report by the Bundesanstalt

für Geowissenschaften und Rohsto�e estimates a peak in 2030-2035, provided that

tar sands are exploited and other methods are employed to delay the peak as much as

possible [15], while other authors are more pessimistic and predict complete depletion

by the middle of this century [16]. Very optimistic sources predict that there will be

enough oil avaliable until 2060, or even �for more than one century� [17], which seems

to be sometimes considered as su�ciently sustainable that no urgent precautions need

to be taken.

Nuclear �ssion is often praised as alternative, or at least as �bridge technology�

to overcome shortages of fossil fuels or avoid CO2 until a method for sustainable,

emission-free energy generation is found. However, the actual environmental impact

of uranium mining is sometimes criticised [18], and there are dangers of proliferation

and the still unsolved issue of of waste storage [19�21]. There is an ongoing discus-

sion about the range of uranium resources; if one considers economic and practical

limitations (e.g., the mining must require less energy than what can be generated

from the mined material; newest reactor technology might prolong the reserves, but

is not yet commercially established), several sources estimate depletion within this

century, or even within the next 30 years [15, 22].

Photovoltaics (PV) is a technology that may solve some of the problems mentioned

above. The highest proportion of solar cells that are currently being produced and

sold employ silicon, which is an abundant element. The substances and materials

from these devices can usually be recycled, so that many of the other components

of a damaged or degraded device can be re-used. We can hence consider solar cells

as �sustainable� in the sense that prolonged mass production is possible without

immediate fear of material or resource shortages.

While there is some CO2 emission during production of energy-intensive Si-based

PV cells, it is lower by at least an order of magnitude compared to utilisation of, e.g.,
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coal or oil [23]. If lifetimes and the proportion of refurbished devices, which need less

energy, can be further increased, the energy expenditure and negative emissions can

be further reduced. PV can simply be mounted on rooftops of houses, which may

reduce grid load and grid losses if appropriate energy storage is made available, and

which may be a step towards decentralised electricity production. Energy packback

times of Si-based solar cells are typically 2-3 years even in countries as far north as

Germany [23], which documents that many heavily industrialised countries can pro�t

from this. Of course, PV has disadvantages, but if the strengths are properly utilised,

this technology may make an important contribution towards sustainable electricity

generation of the future.

Currently, the main drawback of photovoltaic electricity generation is the price.

Consumers pay the utility companies 0.1 - 0.22e/kWh in Europe [24, 25]; the utility

companies themselves spend ≈ 0.06 - 0.08e/kWh to generate power (based on the

European Energy Exchange prices and estimates of modern lignite plant costs [3,

24, 26]). In 2010, solar cells on private rooftops are supported by the Erneuerbare

Energien-Gesetz with 0.28 - 0.39e/kWh. This large di�erence is the main reason for

public criticism of PV technology, and the obstacle that has to be overcome if higher

solar energy utilisation is to be achieved.

2.2 Why organic photovoltaics?

A possible solution may be organic-based photovoltaics (OPV). Such devices are to be

produced in very thin layers on �exible substrates (e.g., PET or PEN foil) to ensure

low weight, easy transport and applicability. Possible production techniques include

spincoating of wet chemicals, printing, and thermal evaporation of solid materials

from crucibles. Ideally, this could be performed in a roll-to-roll process. Manufac-

turers are aiming for module weights of 500 g/m2 (compared to up to 20 kg/m2 of

today's inorganic devices) and system prices of less than 1e/Wp [7].

Since the uncertainties are still large, there has only been a small number of peer-

reviewed studies to evaluate the potential cost structure of thin-�lm [27] and espe-

cially organic PV [28�30]. Consequently, only a short overview can be given here.

The probably most detailed study by Kalowekamo and Baker [29] uses two scenarios

as basis for calculations: a conservative approach of 5% e�ciency with 5 years of
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lifetime, and an optimistic approach of 15% e�ciency with 20 years lifetime. Based

on these parameters, it is possible to calculate high and low estimated manufacturing

costs. The authors come to the conclusion that the manufacturing costs for mod-

ules at 5% e�ciency can be as low as 1 $/Wp, in which case OSC cannot compete

economically with current thin �lm (CdTe) PV technology; however, at 15% e�-

ciency, 0.33-0.94 $/Wp are possible production costs that might lead to a signi�cant

impact [29]. In an optimistic approach, they estimate levelised energy costs (LEC)

between 0.07 - 0.13 $/kWh, which is close to high LEC estimates of wind and nuclear

power, and demonstrates the potential to reduce the cost of PV electricity by up to a

factor of four. However, the authors emphasise that their study is only a preliminary

work, and that a deeper understanding of the actual production process is necessary.

Apart from costs, OPV may have an additional advantage considering throughput.

A typical Si wafer facility can produce solar cell areas of ≈ 106m2 per year, while

similar output could be realised for OPV in a single day [28, 31] by e.g. screen

printing. Large-area vacuum evaporation inline systems with line sources are still

in the early testing stage, so a realistic prediction of throughput is di�cult. Line

sources will be necessary for e�cient material utilisation (for prototype devices, 65-

70% material utilisation have been reported). The potentially high throughput is

expected to lead to favourable scaling e�ects for the actual production facilities.

However, several factors are di�cult to estimate: the maximum e�ciencies of OPV,

which are estimated to be in the range of ≈ 15% for tandem devices; the loss in

transition from small-area laboratory e�ciencies to large-area modules; the method

and costs of thin, �exible encapsulation, which will be necessary to realise the full

potential of �exible substrates; and, depending on the quality of encapsulation, the

achievable lifetimes.

2.3 Why transparent top contacts?

For current R&D, the standard devices are deposited onto glass substrates. For

�exible, roll-to-roll production, �exible substrates will be essential. Possible solutions

include metal foil (which may serve as good barrier against e.g. water vapour) or

opaque PET foil. To realise such solar cells, and to have more freedom of device

architecture, it is necessary to develop OSC which can be illuminated from the top,
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i.e., from the device side that is facing away from the (possibly opaque) substrate.

Semitransparent solar cells are an interesting device concept that can lead to

building-integrated power windows. This way, electricity generation and sun shading

can be combined in one application and opens new possibilities for architectural de-

signs. While transparent bottom contacts are well-established, suitable top electrodes

are necessary for power windows.

Since this is one of the main topics of the current thesis, the following chapter

provides an introduction into the topic of materials and concepts for transparent top

contacts.
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3 Transparent electrode materials

This chapter provides criteria that serve as basis to evaluate the suitability of di�erent

materials or material combinations as transparent and conductive layers for organic

photovoltaic devices in Section 3.1. Desirable properties are listed and examples of

various materials from the literature are given. Transparent conductive oxides are

introduced as the currently most commonly used transparent electrodes in Section 3.2.

Conductive polymers and thin metal layers are suggested as possible alternatives in

Section 3.3. The feasibility of such metal contacts is evaluated in Section 3.4 by using

the criteria established in this chapter.

3.1 Important characteristics and criteria

Electrodes, or contacts, serve to transport free charge carriers from the organic layers

to an external load or grid. Typically, one electrode is on the substrate onto which

the organic layers are evaporated; the top electrode is then deposited on top of the

stack. At least one of the two electrodes has to be transparent such that light can

reach the organic layers. In the most common con�guration, the bottom electrode is

transparent, and light is illuminated through the substrate. The present work also

includes devices where light is illuminated through transparent top contacts.

Due to the importance of e�cient charge carrier extraction for device performance,

the contacts deserve thorough study and evaluation. �An electrode material should be

transparent and conductive.� At �rst glance, this is a very obvious de�nition, and it

has been used in the past as basis to de�ne a �gure of merit of transparent conductors

by solely evaluating transmission at a certain wavelength and sheet resistance [32, 33].

However, a more di�erentiated perspective is necessary if e.g. large-scale production

is considered, or if low costs are to be achieved. A list of the most relevant criteria is

presented in this section.
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� Transmission. Considering current state of the art absorber materials, high

transmission in the wavelength range from 350 - 800 nm is su�cient. However,

if and when near-infrared absorbers become available, transmission at higher

wavelengths will increasingly be interesting. Ultimately, for tandem and triple

devices, it may be necessary to have high transmission from 350 - 1100 nm.

� Conductivity. For current test devices on a laboratory scale, the standard

OPV substrate is glass coated with a transparent conductive oxide (TCO)

layer. Typical TCO bottom electrodes have sheet resistances in the range of 10 -

30 Ω/�. This is su�cient for small-area solar cells with areas in the cm2 range.

For larger scales, this may be too low - the OLED industry is currently looking

into this issue for 30× 30 cm2 lighting applications, and brightness inhomo-

geneities are observed, with high brightness at the metal-reinforced boundaries

and a darker center.

In a long-term perspective, it may be possible to develop materials with sheet

resistances of 1 - 10 Ω/�. This may be achieved by using metal grids or multiple

interconnections as highly conductive reinforcements. However, since the grids

lead to shadowing losses, a careful analysis will be necessary to �nd the optimal

compromise of conductivity and transmission.

� Processability. From an industrial perspective, this is another important

point to consider. If vacuum thermal evaporation is the tool of choice - as for

the small-molecule devices described in the current work - it may be advisable

to incorporate the process of electrode deposition within a vacuum in-line sys-

tem. On the other hand, for a transparent electrode that is pre-coated onto

a substrate, this restriction may be neglected. Transparent ground and top

contacts may have di�erent demands on processability that each have to be

considered.

� Cost. This is not a major point of interest in an academic research environment.

However, for later upscaling, it is important to choose materials that are ideally

low-cost, cheap to process, and abundant. Thus, noble metals or rare earths

are problematic in this context. The potentially low cost of OPV could easily

be jeopardized if expensive electrode materials are necessary. The same issue
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arises when complex syntheses, catalysts or processing steps are necessary to

fabricate compounds (e.g. high-quality carbon nanotubes) that are later needed

for the electrodes.

� Toxicity. This is a source of concern for e.g. indium- or cadmium-containing

compounds. The ideal material should be stable under normal operating con-

ditions (which may include heating to 80°C in damp environments for consid-

erable time), but must also be safe when facing mechanical stress or su�ering

�re damage. Toxic compounds may also hinder e�ective recycling at the end of

the device life cycle.

� Sustainability and reserves. While there are no current material shortages,

it is conceivable that certain elements are scarce and insu�cient reserves are

available to sustain long-time large-scale production. This may especially be the

case for rare earths or metals like In, Ag, Au, Pt. This challenge is hard to eval-

uate since recycling e�orts may considerably prolong currently known reserves,

whereas strongly increased demand may introduce unforeseen shortages. An

excellent example for this is In, where e�orts are being made to recycle it from

high-tech applications - while, at the same time, CIS (copper indium diselenide)

thin-�lm solar cells would vastly increase consumption if produced in the GW

scale [34, 35], which will �nally limit the full potential of this technology [36].

3.2 Transparent conductive oxides

Since metal-like TCOs comprise the vast majority of transparent conductors in to-

day's optoelectronic applications, they are brie�y introduced here. A panoramic and

extensively referenced review is given by Granqvist [37].

Deposition of TCOs on glass can be performed in various ways by physical vapor

deposition (PVD) or chemical vapor deposition (CVD), the most prominent methods

being sputtering from a target under vacuum, pulsed laser ablation deposition (both

PVD), or spray pyrolysis (CVD). Today, due to a well-established industrial basis,

multi-layer transparent conductive systems can be prepared on substrate sizes of up

to 30 m2 on glass substrates, with thickness control approaching atomic precision [37].
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Examples of the most common TCOs are ZnO (which is thoroughly reviewed else-

where [38]), Sn2O3:F (FTO), and In2O3:Sn (ITO). Generally, they exhibit absorption

in the near UV, high transmittance of over 80% in the visible range (400 nm to 700

nm) and increasing re�ection in the IR and at higher wavelengths. Consequently,

they have good (albeit limited) usefulness in OPV, where highest absorption occurs

in the visible range (neglecting advanced tandem cells containing IR-absorbers, where

IR-re�ection becomes problematic). Resistivities as low as 10−3 to 10−4 Ω cm with

sheet resistances of 10-40 Ω/� are routinely achieved for various TCOs [39�43].

The most commonly used transparent material in organic optoelectronic devices

is ITO. Typical characteristics of ITO layers in OPV are thicknesses of 80-150 nm,

transmission in the visible range of ≈ 80% and sheet resistances of 10-30 Ω/�. Due to

the accumulated experience of years of research and mass production, ITO with very

low roughness (Rrms < 1 nm) and high conductivity is commercially available. ITO

can be deposited onto glass or plastic substrates. The standard processing technique

is magnetron sputtering, which is a vacuum process. The work function of ITO is

in the range of 4.7 eV; it is possible to modify this by oxygen plasma cleaning or

chemical treatment [44].

Despite many advantages, there are several drawbacks of ITO: from the device

and processing side, it is brittle [45, 46], may di�use into active materials [47] and

is susceptible to chemical changes upon cleaning or surface treatment [48]. Neyts

and co-workers have reported issues arising when upscaling OLED devices to areas

larger than a few cm2: in this case, the conductivity of ITO is too small to achieve

homogeneous luminance [49, 50], which results in the necessity to use e.g. additional

shunting lines [50, 51]. Prices have risen dramatically since the late 1990s, but are

still subject to high �uctuations (changes of up to 100% within a few months are

often observed; the price changed by a factor of 20 between 2002 and 2005 [34]).

Furthermore, from a long-term perspective, reserve limitations must be considered:

while reports from 2002 claim abundant reserves (placing indium reserves on the same

level as silver) [52], U.S. geological survery studies �nd that at current consumption,

known reserves may last not much longer than a decade [35]. Other sources claim

that there are enough reserves for 25 years, assuming the annual production growth

will continue with current rates [53].

In contrast, a recent study by the BGR suggests that demand of In by 2030 will

14



3 Transparent electrode materials 3.3 Alternatives to TCOs

strongly exceed the current world production, and that a major e�ort will be neces-

sary to ramp up current mining capacities [54]; it is concluded that the world-wide

estimated reserves of 50.000 tons [55] will be su�cient to meet the estimated demand

of less than 2000 tons/a for a prolonged period of time, if supported by recycling, on-

going exploration, and utilisation of residue reserves. However, this may negatively

impact on the price, which should be kept in mind, and material constraints may

ultimately limit the usage of In in photovoltaics [36].

An issue when ITO is used as transparent top contact is that, generally, sputter

deposition of TCOs on organic materials leads to sputter-induced degradation or

damage of the topmost organic layers, and ITO may penetrate into the layers under-

neath. This lowers device performance or even prevents device operation altogether.

If ITO (or any other TCO) is to be used as transparent top contact, it may be nec-

essary to develop elaborate multi-layer systems between the active organic materials

and the top electrode to prevent sputter damage, or to include �sacri�cial layers�

that reduce impact damage from the impinging TCO. It is clear that these di�cul-

ties will lower the attractivity of ITO as top contact due to potentially complicated

and capital-intensive processing.

Altogether, while indium and ITO are valuable contributions to research and de-

velopment, it is unclear if reserves are sustainable for OPV TW production scales,

how the price will develop, and if it will be possible to successfully apply ITO (or any

other TCO) as top contact.

3.3 Alternatives to TCOs

In recent years, alternative transparent conductors have received considerable atten-

tion in OPV, e.g., carbon nanotubes (CNT) for polymer-based solar cells [56, 57],

conductive polymers [58, 59], metals [58, 60, 61], solution-processed graphene [62],

or nanowire mesh arrays [63]. It is noteworthy that several of these alternatives re-

quire wet-chemical steps that cannot be easily incorporated into vacuum-based OPV

production processes.

Several of the alternatives mentioned above are still in early basic research stages.

CNTs are a promising material class, but since their alignment is hard to control, the

ultra-thin organic layers encountered in small-molecule OPV are prone to electrical
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shorts or leakage currents. To compensate for this, CNTs can be embedded in a

conductive polymer matrix to achieve planar surfaces.

Graphene �lms, as used by Wu and co-workers, exhibit similar performance like

ITO, having high transmission and conductivity [62]. However, currently, a high-

temperature annealing step is necessary to reduce layer roughness, which is problem-

atic when considering top-illuminated devices or polymer substrates.

Conductive polymers, such as PEDOT:PSS, show promise and may become feasible

in the near future. Research and development are being performed by several chemical

corporations (AGFA, H.C. Starck, Ormecon) to increase conductivity and stability

to such levels that very thin and highly transparent �lms may serve as transparent

conductive layer. Currently, spin-coating of polymer layers on top of small-molecule

OSC remains challenging due to low wettability. However, due to the low price,

good commercial availability, applicability in OLEDs [51, 64, 65], and uncomplicated

handling, PEDOT:PSS is deemed suitable for experimental studies as electrode for

organic photovoltaics.

Metal layers, the main approach of the current work, can be thermally evaporated

in vacuum and can be deposited in the same inline-system as the organic small

molecules. From a processing point of view, this is a good basis for mass production.

Even thin metal layers can have excellent sheet resistances smaller than 1 Ω/�.

Problematic may be the price (depending on the exact composition of the layers), and

the relatively low light transmission. Especially the transmission is a fundamental

challenge that leads to the necessity of using ultra-thin layers, or to employ other

methods to decrease external re�ection. However, due to the excellent processability,

availability and electrical properties, thin metal �lms are seen as promising alternative

and are studied in more detail in this thesis.

3.4 Evaluation of thin metal layers as electrode

� Transmittance and conductivity. The thin metal layers presented in the

current work have lower light transmittance compared to TCOs, but higher con-

ductivity. The lower transmittance will obviously lead to lower photocurrents.

However, the higher conductivity may lead to higher �ll factors and lower se-

ries resistance; furthermore, the necessity of a metal grid for large-area modules
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may be eliminated, which would lower shadowing losses. The full potential of

microcavities for �eld optimisation will only become obvious when tested using

tandem solar cells with optimised material stacks.

� Processability. Metal layers can be deposited by thermal evaporation, in the

same inline-tool as the organic layers. The impact energy of metal atoms is

lower compared to sputtering processes. High deposition rates, which may be

necessary for mass production, tend to improve electrical and optical properties

of thin metal layers [66]. Due to the broad industrial basis and experience,

mining and processing of metals is well established.

� Cost. Assuming transparent metal contacts with a thickness of 25 nm, we

�nd that an area of 1m2 needs 0.025 cm3 of material. With a conservatively

estimated 50% material utilisation (prototype line sources have been reported

to have material e�ciencies 65 - 70%) and a density of e.g. Ag of 10.49 g/cm3,

0.5245 g of Ag are necessary to achieve a uniform layer. Assuming a price of

Ag of ≈ 18 $/ounce (corresponding to the price on the world market as of May

2010), a 25 nm thick layer leads to material costs of roughly 0.33 $/m2. This

favourably compares to the costs of ITO of 2.40 $/m2 and is only a small pro-

portion of total module costs, which are estimated to be 48.8 - 138.9 $/m2 [29].

� Toxicity and sustainability. This needs to be evaluated for OSC and de-

pends on the metal type. Al and Ag are relatively inexpensive and are already

commonly used in many products. Rare noble metals (Au and Pt) are too

expensive for competitive mass production [36], but may serve as valuable ma-

terials in R&D to achieve a fundamental understanding.
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4 Fundamentals

This chapter provides basics and background that are fundamental to understand and

evaluate the results of this thesis. The fundamentals of organic semiconductors are

explained in Section 4.1, focusing on inter- and intra-molecular interactions and an

overview of excitonic processes. Section 4.2 gives an overview of the various diode

equations and introduces the concept of quasi-Fermi level splitting. The basic solar

cell parameters are explained. Air mass illumination spectra and spectral mismatch

are discussed. In Section 4.3, organic solar cells are introduced, and relevant pro-

cesses and architectures of this device class are discussed.

Section 4.4 focuses on the optical constants and the importance of optical simula-

tions for device optimisation; the Lambert-Beer law does not adequately represent the

thin-�lm interference e�ects which are encountered in OSC. Finally, growth and mor-

phology of metal layers, especially below the coalescence threshold, are reviewed and

discussed in Section 4.5.

4.1 Organic semiconductors

Organic, i.e. carbon-based, semiconductors have been studied for more than a cen-

tury [67], with the �rst discovery of highly conductive polymers in 1963 by the Aus-

tralian group of Weiss and co-workers [68, 69]. The topic gained wider attention after

the later reports of conducting polymers by MacDiarmid, Heeger, and Shirakawa [70�

73]. Since then, the �eld of organic semiconductors has grown considerably and

now contains a multitude of polymers, oligomers and �small�, i.e. non-polymerised,

molecules. Devices based on such materials are fundamentally di�erent from their

inorganic counterparts in several respects. The most important distinctions are de-

scribed in this section; more details can be found in the literature [74�77].

The main di�erences compared to solid inorganic semiconductors are

19
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(a) The original 1s-orbitals are shown in red;
the blue orbitals in the molecular plane re�ect
the degenerate sp2 hybridisation. The pz or-
bitals perpendicular to the plane lead to the
formation of a π-system, which is shown in yel-
low.

pz

sp2

(b) Bonding and antibonding π orbitals:
HOMO (π) and LUMO (π∗).

Figure 4.1.1: Detailed view of the benzene C6H6 orbitals (a) and the HOMO and LUMO
orbitals (b) [78].

� the existence of conjugated π-orbital systems, which determine the intramolec-

ular electrical properties;

� weak van der Waals binding, which in�uences many physical properties of

molecular solids, and the interactions of the constituents of a molecular solid;

� the existence of strongly bound, localised Frenkel excitons, which determine

e.g. the conversion of photons to electrical charge carriers, or energy transfer

between molecules.

4.1.1 Molecular orbitals and conjugated π-systems

Organic semiconductors contain carbon atoms, which have single, double, and in

some cases triple bonds, and which form a conjugated system. The six electrons

of a single carbon atom have the con�guration 1s22s22p2, with the electrons in the

2s22p2 orbitals being the valence electrons. In conjugated molecules, three of these

electrons of each carbon atom can form a sp2 hybrid orbital system, consisting of three

degenerate orbitals, which is in the molecular plane and constitutes σ bonds between

atoms. The fourth valence electron is in the pz orbital, which is perpendicular to the

molecular plane. The pz components of adjacent carbon atoms in a molecule overlap

and form a conjugated π-electron system.
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The electrons are now free to move within the whole π-system and are no longer

constrained to single carbon atoms. Consequently, the conducting properties are im-

proved. Furthermore, the existence of this delocalised orbital stabilises the molecule.

A detailed overview of the orbitals of a benzene molecule is shown in the left part of

Fig. 4.1.1 (a). The blue orbitals in the molecular plane represent the sp2 hybrid or-

bital plane (σ bonds); the pz orbitals perpendicular to the molecular plane constitute

the π-system, which is shown in yellow.

The bonding π and antibonding π∗ orbitals are shown on the right in Fig. 4.1.1.

The highest π orbital is called highest occupied molecular orbital (HOMO). The

lowest antibonding π∗ is the lowest unoccupied molecular orbital (LUMO). Since π

bonding is considerably weaker than σ bonding, the gap between HOMO and LUMO

of unsaturated molecules is smaller compared to saturated molecules, which only have

single bonds. Typical values for HOMO-LUMO gaps of aromatic molecules are 1.5 -

3 eV [79]. Hence, optical excitation in the visible range of the spectrum is possible,

which makes these materials interesting for optoelectronic applications.

Hybridisation is not limited to sp2 orbitals: other kinds of hybridisation are possible

(e.g., tetragonal sp3 in methane), as shown in the far right of Fig. 4.1.2. However,

the focus of the current study are molecules containing alternating carbon single and

double bonds with delocalised π-systems.

2p

2s

1s

2p

2sp

1s

2p

2sp²

1s

2sp³

1s

E

Figure 4.1.2: Hybridisation of carbon atoms in molecules. From left to right: ground state;
sp, sp2 and sp3 hybridisation (after [80]).

An example is shown in Fig. 4.1.3, which illustrates the HOMO and LUMO molec-

ular lobes for a nickel phthalocyanine (NiPc) molecule. A geometry relaxation had

been performed with the software Gaussian98 [81], using a a Becke three param-

eter hybrid functional (B3LYP) with Los Alamos National Laboratory 2-double-z
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(LANL2DZ) basis set to determine geometry and energy levels. Visualisation was

done by Chem3D Ultra1. The calculations place the HOMO at -5.34 eV and the de-

generate LUMO at -3.09 eV, leading to a gap of 2.25 eV (experiments by scanning

tunneling spectroscopy of NiPc on graphite place the gap at 2.65 eV [82]). Despite

di�erences between the various metal phthalocyanines, this serves as typical example

of intramolecular orbital structure and a gap in the visible part of the spectrum.

NiPc HOMO                                    NiPc LUMO

Figure 4.1.3: HOMO (left) and LUMO (right) of nickel phthalocyanine (NiPc). Positive
lobes are colored red and negative lobes are colored blue. The images are obtained by
geometry relaxation by Gaussian98, followed by visualisation with Chem3D Ultra.

The calculated electrical HOMO-LUMO gap corresponds to ≈ 552 nm; however,

the optical gap of organic semiconductors di�ers from the electrical gap by the exciton

binding energy EB, which is often in the range of 0.3 - 0.5 eV, such that absorption

begins at 0.3 - 0.5 eV below the electrical bandgap [83].

4.1.2 Intermolecular interactions

The intramolecular covalent bonding energies are strong, typically in the order of 2 - 4

eV [80]. Electrons are largely localised on single molecules; in contrast to inorganic

semiconductors, they do not constitute an electron gas delocalised over a large vol-

ume of a molecular layer. The energy of intermolecular interactions in an aggregate

(amorphous, polycrystalline, or crystalline) of molecules is orders of magnitude lower,

1Cambridge Soft, USA
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in the range of (10−3 - 10−2) eV. Total electron densities between molecules are very

low [75]. A consequence is that a molecular solid, e.g. a crystal, leads to a certain

structure of the constituting molecules, but does not signi�cantly alter the properties

of the single molecules [74].

The interactions between neutral molecules are van der Waals type, with small

intermolecular binding energies. It is based on weak dipole forces between molecules

having fully occupied orbitals. The van der Waals force between two neutral, unpolar

molecules of polarizability αpol, having the distance r from each other, is given [74]

by

Fintermolecular = − 1

(4 π ε0)2
Aα2

pol

r7
. (4.1.1)

Here, A is a factor speci�c for a molecular system. The factor includes the shape

(usually, there is no spherical symmetry) and takes into account that the intermolec-

ular distances in a molecular system is not much larger than the size of a constituent

molecule. The proportionality to r−7 indicates the low spatial distribution of the

dipersion forces. Finally, the proportionality to α2
pol corresponds to the extension of

the π-system. This re�ects e.g. that solids consisting of molecules of higher polaris-

ability typically have higher melting points: stronger intermolecular forces between

dipoles cohere the constituents.

Table 4.1.1: Comparison of various characteristics of germanium and crystalline an-
thracene. Data from [74, 84, 85].

Property Unit Germanium Anthracene
Melting point °C 937 217
Density g/cm3 5.3 1.28
Static dielectric constant 16 3.2
Electrical bandgap Eg at 300 K eV 0.66 4.0
Electron mobility at 300 K cm2/V s 3800 ≈ 1
Hole mobility at 300 K (anisotropic) cm2/V s 1800 ≈ 1
Intrinsic charge carrier concentration cm−3 5.2 × 1013 ≈ 10−4

It follows from the small range of van der Waals forces that these organic systems

are fundamentally di�erent in many respects from inorganic materials. To illustrate

the extent of these di�erences, some important properties of a typical inorganic semi-

conductor (germanium) and a well investigated organic material (anthracene) are
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compared in Table 4.1.1.

The relatively low melting point of anthracene is advantageous for thermal pro-

cessing, e.g. deposition by vacuum evaporation. However, the mobility is orders of

magnitude lower compared to germanium. Low mobility, combined with low conduc-

tivity, is a fundamental challenge for optoelectronic photovoltaic devices [86].

4.1.3 Excitation processes and energy transfer

Among the �rst spectroscopic �ndings on organic crystals were the results from Kro-

nenberger and Pringsheim [87], which led to a model of an �oriented molecular gas� to

describe molecular solids, and the work of Frenkel on excitonic processes [88]. A de-

tailed treatment of energy transfer, using molecular crystals as exemplary model, can

be found in ref. [74]. The basic processes of excitation, recombination, and relaxation

are now explained using the Jablonski diagram, shown in Fig. 4.1.4.

Ground state:

Singlet S0

Singlet S1

Singlet S2

Intersystem crossing

Triplet T1
Fluorescence

Phosphorescence

Internal conversion

of vibronic states

Absorption

Figure 4.1.4: Jablonski diagram, illustrating excitation (long solid lines), relaxation (short
solid lines), and recombination (dashed lines) processes in organic molecules. Shown are the
transitions between singlet and triplet states (intersystem crossing, dotted line), internal
conversion of vibrational states, �uorescence S1 → S0 and phosphorescence T1 → S0.

24



4 Fundamentals 4.1 Organic semiconductors

The ground state of a molecule is a singlet state (spin multiplicity 0) designated S0.

Light absorption can lead to excited singlet vibrational ground states (e.g., S1, S2, ...),

or to higher vibrational singlet states (dotted). Vibrational states can be intramolec-

ular phonons, e.g. between carbon double bonds, with energies of ≈ 200 meV [89].

External phonons between separate molecules have lower energies, e.g. 4 - 12meV for

N-N'-dimethylperylene-3,4,9,10-dicarboximide (MePTCDI) [90]. All vibronic excited

states exhibit short lifetimes and lead to rapid internal conversion, i.e. non-radiative

vibronic transitions to states of lower energy, or geometric relaxation [91] to the lowest

excited state. This usually occurs on timescales of 10−14 - 10−12 s [74, 92].

In contrast, the electrons in the lowest S1 state have longer lifetimes in the 10−5 -

10−10 s range. Radiative decay from S1 → S0 occurs as �uorescence. From the S1

state, intersystem crossing to triplet states is possible (e.g., S1 → T1). Generally,

planar hydrocarbon molecules have low spin-orbit coupling to triplet states, so the

intersystem crossing rate is low; if heavy atoms (e.g. metals) are included, or if the

system is far from coplanar, intersystem crossing may occur [91]. Excited triplet

states have long lifetimes in the µs range [91], in some cases up to 20 s or more [74],

before recombination by phosphorescence or intercombination occurs. An exceptional

example of a non-coplanar molecule is C60 with high intersystem crossing rates of

96% [93, 94].

The di�erence between S1 and the lowest triplet state T1 has been reported to be

between a few tenths of electronvolts [91] to more than 1 eV [95, 96]; the commonly

encountered material C60 has been reported to have a small singlet-triplet splitting

of 0.15 eV [97], which is related to the high intersystem crossing. Singlet-triplet

absorption T1 ← S0 is weak (typical absorption coe�cients are in the range of 10−4 -

10−5 cm−1), so that formation of triplet excitons by photon absorption is not likely:

the transition is forbidden due to di�erent spin multiplicities.

Organic semiconductors have narrow absorption bands, with widths of often only

several 100 nm. In contrast, inorganic semiconductors have band edges that deter-

mine absorption. Silicon, as example, has a bandgap of ≈ 1.12 eV and exhibits broad

absorption for all wavelengths below the band edge of λ < 1100 nm.

Extremely high absorption coe�cients > 105 cm−1 are observed in some organic

materials due to the large wave function overlap between electronic ground and lowest

excited state [91]; this is 2-3 orders of magnitude higher compared to typical indirect
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Figure 4.1.5: Extinction coe�cient κ(λ) of ZnPc:C60 1:1 blend, determined from thin �lms.
The features from 400-450 nm originate from C60; the main absorption of ZnPc is in the
600-700 nm range, extending to 800 nm.

inorganic semiconductors like Si. However, due to the narrow bands, it is extremely

challenging for organic systems to achieve a similarly high total photon absorption.

An example of this issue is given in Fig. 4.1.5, which shows the wavelength-dependent

extinction coe�cient κ(λ) for a blend of two organic absorber materials, zinc phthalo-

cyanine (ZnPc) and fullerene C60, in a 1:1 volume mixing ratio. It is visible that there

is considerable absorption in the range of 600 - 750 nm (from the ZnPc), with another

small peak at ≈ 450 nm (from the fullerene). In the range from 450 - 600 nm and at

λ > 800 nm, the extinction is low with κ < 0.1.

4.1.4 Exciton types

Excitation of inorganic materials may lead to weakly bound electron-hole pairs, i.e.

Wannier-Mott excitons. In Wannier-Mott excitons, electron and hole are separated

by a considerable distance, and the binding energy EB is on the order of kB T ≈
26 meV, which leads to easy exciton dissociation into free charge carriers at room

temperature. This type of excitons is not observed in organic molecular crystals [74].

In contrast, organic materials contain neutral, mobile excited states with high binding

energies, denoted as Frenkel-type excitons. Here, the distance of the strongly bound
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charge carriers is on the order of only < 1 nm. EB is typically in the range of 0.3 -

0.7 eV, but has been reported to range from 0.3 - 1.4 eV [98]. The high exciton

binding energy is explained by two factors: �rstly, the attractive Coulomb interaction

potential of charge carrier pairs is extended over a larger volume, owing to the low

dielectric constant of organic materials. Secondly, as mentioned above, intermolecular

interactions are weak. This results in restrictions of the electron wavefunction and

leads to localization in a potential well, together with its corresponding hole [99, 100].

A)                               B)                             C)

aaa

-

-

-

-

Frenkel                 Charge transfer         Wannier-Mott

+

+

+

+

Figure 4.1.6: A) Frenkel-, B) Charge-Transfer-, and C) Wannier-Mott-excitons. A) and
B) represent an organic crystal, C) an inorganic crystal. The distance a is the distance
between constituents of the corresponding solid. After [74].

Charge-transfer (CT) excitons are a second possible type of excited states in or-

ganic materials; they exhibit characteristics that are in between Wannier-Mott- and

Frenkel-excitons, with the electron-hole distance being slightly larger than the lattice

(i.e., molecular) distance. CT excitons are e.g. bound electrons and holes on two

separate, neighbouring molecules [74].

The average distance in a given material that an exciton can travel before anni-

hilation by recombination occurs is de�ned as the material-speci�c exciton di�usion

length LD, given by
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LD =
√
D τ , (4.1.2)

where τ is the exciton lifetime and D the di�usion coe�cient. Depending on

material and structure, LD can vary from 5 nm [101] to more than 100 nm for crys-

tals of diindenoperylenes [102], with di�usion coe�cients D being in the order of

10−5 - 10−7m2/s [74]. Typical values of relevance for small-molecule absorber mate-

rials range from 3 nm for PTCBI [103], to 10 - 30 nm (ZnPc, CuPc, oligothiophene

derivatives) [103�106] to 40 nm (C60) [103].

While excitons can form three-carrier states with additional free electrons or holes,

or can exhibit band-like transport in some organic crystals at low temperatures [107],

dissociation of charge transfer states into free electrons and holes has the highest

relevance for the current thesis. Dissociation can be followed by either of two mech-

anisms: recombination, or hopping transport of free charge carriers.

Charge carrier transport in organic semiconductors can occur by band transport

or hopping. Bandlike transport has been observed in some high-quality organic crys-

tals [108, 109]. This can be described by the band-transport model by Bloch, in

which charge carriers move freely within a solid, in�uenced by lattice scattering

events (caused by e.g. phonons, defects, or impurities). In this case, the charge

carrier mobility µ, de�ned by

~vD = µ~E , (4.1.3)

increases with decreasing temperature T over a large temperature range [109] due

to decreasing phonon scattering. The mobility is roughly proportional to T−2, de-

pending on charge carrier type, temperature range, material, purity, etc. A similar

behaviour has been observed for organic semiconductor crystals at T < 30 K, but

changes at higher temperatures [74, 110], and the mobility is found to be temperature-

independent only in special cases [110].

In case of higher T or non-crystalline materials, band transport does no longer

correctly describe charge carrier transport. Due to weak van der Waals interactions,

molecular vibrations (soft phonons) are easily excited and play a more important

role [74]; furthemore, since charge carriers are localised on single molecules, the

neighbouring molecules are instantaneously polarised [109]: charge carrier and the
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surrounding polarised molecules form a polaron.

Hence, in most organic materials, charge transport occurs by polaron hopping from

site to site [91] if the mean free path of a charge carrier is in the order of, or smaller

than the lattice distance (i.e., ≈ 1 nm). There is a large variety of models available

in the literature to describe this process [75, 76]. The principal idea is based on

the inhomogeneous distribution of localised transport levels [74]. One example is

the Bässler model, which describes transport using a Gaussian distribution of the

transport level density of states [111]. Generally, an increasing, thermally activated

polaron hopping transport is observed, with

µ(T ) ∝ exp(−Ea/kB T ) . (4.1.4)

Here, Ea is the activation energy, which is in the range of 0.3 - 0.5 eV [79]. Typical

mobilities in organic semiconductors are in the range of 10−5 - 10 cm2/V s and also

depend on the electrical �eld and charge carrier density [79]. Recent studies by Deibel

and co-workers [112] investigated hopping transport in photoactive polymer blends,

�nding high local charge carrier mobilites within conjugated segments of polymer

chains that may di�er from macroscopically observed mobilities, which links electrical

properties to morphology. Altogether, charge carrier transport is still subject of

ongoing research and discussion.

Despite tremendous progress in the last decades, the �eld of organic semiconductors

still poses fundamental theoretical questions. At the same time, it is an opportunity

for intensive cooperation of theoretical and applied physics with organic chemistry.

For organic optoelectronic devices, an interdisciplinary approach will be vital to ul-

timately achieve viable devices performance. This can only be possible by �nding

new materials with desirable properties (materials science and organic chemistry),

combined with exploration and optimisation of device architecture (applied physics).
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4.2 Solar cells

4.2.1 pn junction and single diode equation

Diodes and simple pn junctions are illustrative as introduction towards the under-

lying basics of photovoltaic devices. The classical example is a silicon photodiode,

containing a pn homojunction between a p-doped and an n-doped region. Si is an

indirect semiconductor having a bandgap of 1.12 eV. The p-doped region might be Si

doped with e.g. phosphorus. Since P has one electron less in its outer shell than Si,

a mobile hole exists within the lattice per ionized acceptor atom. Complementary to

this, doping of Si with boron leads to mobile electrons with ionized donor impurities.

If p- and n-doped regions are brought into contact with each other, without il-

lumination or any applied external voltage V , holes and electrons di�use and then

recombine within a volume around the pn-junction, leaving ionized impurities be-

hind. This results in a space charge region where an electric �eld prevents further

recombination, since drift current compensates the di�usion current. This region is

largely depleted of charge carriers and is hence designated depletion layer. In reverse

bias, the drift component increases and causes a small reverse saturation current of

I = IS.

If an external voltage V is applied, there is a voltage-dependent drift current in

addition to the di�usion current. Positive (forward) voltage bias injects additional

p-type charge carriers into the p-doped region and additional electrons into the n-

region; the depletion zone is decreased. In this case, an increased recombination

current is observed. Reverse bias increases the depletion layer; only a very small

di�usion current is observed, which is often in the range of µA. This behaviour is

described in the classical Shockley ideal diode equation

I = IS

[
exp

( e V

n kBT

)
− 1

]
(4.2.1)

with the electron charge e = 1.602176 · 10−19 C, the Boltzmann constant kB =

1.38 · 10−23 J

K
, the temperature T , and the ideality factor n (where 1 ≤ n ≤ 2). One

�nds that at room temperature, kB T ≈ 26 meV.

It is noteworthy that at this point, no resistances or additional loss mechanisms

are considered. Equation 4.2.1 is derived with the assumption that the only processes
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giving rise to a current within the diode are drift (due to an electrical �eld), di�usion,

and thermal recombination and generation.

Under illumination, photons may be absorbed and additional charge carriers gen-

erated in the pn region. The absorbed energy lifts an electron in the semiconductor

from the valence band into the conduction band, leaving a hole in the valence band

behind. These two charge carriers constitute a Wannier-Mott exciton. They are

weakly bound (binding energy EB ≈ meV, e.g. 3.4 meV for GaAs [113]) and have

separation distances � lattice constant a. Due to the low binding energy, excitons

in inorganic semiconductors are typically instantly separated. If a photocurrent IPh
is taken into account, the ideal solar cell can be described by

I = IPh − IS

[
exp

( e V

n kBT

)
− 1

]
. (4.2.2)

For real devices, there exist several modi�ed diode equations, containing e.g. par-

allel or series resistances, or additional parameters to correctly model the I(V ) char-

acteristics of non-ideal diodes. An example is the one-diode equation, which extends

the Shockley equation by the series resistance Rs and the shunt or parallel resistance

Rp. For a solar cell, this results in

I = IPh − IS

[
exp

(e (V + I Rs)

n kBT

)
− 1

]
− V + I Rs

Rp

. (4.2.3)

Band-to-band recombination and defect recombination can be included by using a

second diode, further modifying Eqn. 4.2.3 to the two-diode equation [114]

I = IPh − IS, 1
[
exp

(e (V + I Rs)

n1 kB T

)
− 1

]
− IS, 2

[
exp

(e (V + I Rs

n2 kBT

)
− 1

]
− V + I Rs

Rp

.

(4.2.4)

There exist further extensions to attempt to accurately model real I(V ) data in

inorganic [115�117] and organic [118�120] photovoltaics in the literature. However,

a precise description of the electrical processes, including e�ects of material purity,

temperature, and in�uences of illumination spectra, remains a challenge.
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4.2.2 Quasi-Fermi level splitting

With the electron energy being εe and the Fermi energy being εF , the Fermi-Dirac

distribution function at thermal equilibrium is given as

fe(εe) =
1

exp( εe−εF
kBT

) + 1
. (4.2.5)

With the density of electrons in the interval [εe, εe + dεe] being

dne(εe) = De(εe)fe(εe)dεe , (4.2.6)

and with the electron density of states De(εe) in the conduction band εe being

De(εe) = 4π
(2m∗e
h2

)3/2
(εe − εc)1/2 , (4.2.7)

one can now integrate the density of free electrons in the conduction band. As-

suming the density of free electrons ne in the conduction band is much smaller than

the e�ective density of states NC , we can use

NC = 2
(2 πm∗e kB T

h2

)3/2
(4.2.8)

to calculate ne from Eqn. 4.2.6 by solving the integral:

ne =

∞∫
εe

De(εe)fe(εe)dεe =

∞∫
εe

4π
(2m∗e
h2

)3/2 (εe − εc)1/2

exp( εe−εF
kB T

)
dεe = NC exp

(
− εC − εF

kB T

)
.

(4.2.9)

Similarly, we can calculate the density of holes in the valence band nh and the

e�ective density of states NV and �nd

NV = 2
(2 πm∗h kB T

h2

)3/2
nh = NV exp

(
− εF − εV

kB T

)
. (4.2.10)

If the semiconductor is illuminated, the equilibrium is disturbed: light is absorbed

and converted into charge carriers, leading to higher hole and electron densities at

the same time at the pn junction. We have seen in Eqns. 4.2.9 and 4.2.10 that

εF ∝ − ln nh

NV
, while at the same time, εF ∝ ln ne

NC
. If the hole density is higher,
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the Fermi energy is lowered; if the electron density is higher, the Fermi energy is

increased. In equilibrium, the Fermi energy is the same for both bands. It follows

that, simultaneously, the Fermi level must decrease and increase. Quasi-Fermi levels

are introduced to solve this contradiction [116, 121, 122] by separately describing

electron and hole populations. Let εQF,e and εQF,h be the quasi-Fermi levels for

electrons and holes, respectively. The levels are de�ned as

εQF,e = εC − kBT ln
NC

ne
εQF,h = εV + kBT ln

NV

nh
. (4.2.11)

The gradient OεQF,e is the electrochemical force [123], consisting of the potential

energy gradient OU and the chemical energy gradient Oµ. Whenever OεQF,e 6= 0,

there is an electron current

Ie = neµeOεQF,e = neµe(OU + Oµ) (4.2.12)

with µe and µh being the electron and hole mobility, respectively. Charge carrier

transport is observed as long as there is any gradient of the electrochemical poten-

tial. The photovoltage of an illuminated photovoltaic device, called the open-circuit

voltage VOC, has a maximum de�ned by the maximum quasi-Fermi level splitting,

given by

VOC,max =
1

e
(εQF,e,max − εQF,h,max) . (4.2.13)

Using Eqn. 4.2.11, this can be re-written as

VOC,max =
1

e

(
εC − εV − kBT ln

NCNV

nenh

)
. (4.2.14)

It follows from Eqns. 4.2.13 and 4.2.14 that the maximum photovoltage depends,

among other factors, on the charge carrier concentration in the device, which in turn

is in�uenced e.g. by the incident light intensity.
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Figure 4.2.1: Typical example of the current-voltage spectrum of a solar cell under illu-
mination. Shown are the parameters open circuit voltage VOC, short circuit current density
JSC, and maximum power point MPP (de�ned by MPP current density JMPP and volt-
age VMPP). The series resistance RS dominates for higher voltages V > VOC; the parallel
resistance RP can be discerned from the saturation.

4.2.3 Basic solar cell characteristics

These main characteristics of generic photovoltaic devices can be derived from current

density-voltage J(V ) plots of solar cells under illumination. An example is schemati-

cally shown in Fig. 4.2.1, where the current density of a solar cell under illumination is

plotted vs. voltage. Such J(V ) spectra show diode-like behaviour, with high currents

in forward bias (ultimately reaching a linear regime, limited by the series resistance

RS) and saturated currents in reverse bias, dominated by the photogenerated charge

carriers. The quality of the saturation in reverse bias is generally attributed to the

parallel resistance RP , which depends on e.g. internal shorts or leakage currents.

High RS can be observed in case of non-Ohmic electrode contacts, or electrodes with

very high sheet resistances.

From Eqn. 4.2.2, it follows for the open circuit voltage, i.e. the voltage V = VOC
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at zero current density (J = 0) that

VOC =
kBT

e
ln
(
JPhoto/JS + 1

)
. (4.2.15)

The short-circuit current density at zero voltage is de�ned as JSC = −JPhoto. In the
fourth quadrant between JSC and VOC, one �nds that J V ≤ 0, i.e. the photodiode

can be used to power external devices. The point where the absolute product of J V

is largest is de�ned as the maximum power point (MPP), which is related to the �ll

factor FF by

JMPP VMPP = JSC VOC FF . (4.2.16)

FF is in�uenced by, e.g., RS and RP [124], but can also depend on nanomorphology,

traps, recombination, charge carrier density, temperature [125], light intensity [125],

and other factors. By dividing the maximum power density that can be extracted

from the incoming power density P0, one �nds the power conversion e�ciency (PCE)

η as

η =
JMPP VMPP

P0

=
JSC VOC FF

P0

. (4.2.17)

If wavelength-resolved characteristics are desired, the external quantum e�ciency

ηEQE(λ) (EQE) is measured. EQE describes the number of electrons per number of

incident photons at wavelength λ as

ηEQE(λ) =
# extracted electrons (λ)

# incident photons (λ)
. (4.2.18)

This allows for a precise characterisation of device performance in speci�c wave-

length ranges, or to test the performance of speci�c absorber materials in a device.

4.2.4 Illumination spectra and spectral mismatch

Illumination spectra are commonly denoted as AM(x), where x = 1
cos θ

, with θ be-

ing the zenith angle of the sun. Per de�nition, for comparison of solar cells, the

internationally used standard light spectrum is the Air Mass 1.5G (AM 1.5G) illu-

mination. G stands for global and includes direct and di�use light. AM 1.5G (ASTM
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Figure 4.2.2: Excerpt of the air mass 1.5 global tilt (AM 1.5G) spectral irradiance [126].
The spectrum extends to 4000 nm, but with very low power densities.

G 173, IEC 60904-3) is de�ned as having a power density of 1000 W/m2 with the

spectral distribution of the sun, i.e. approximately the power density of the sun's

illumination incident at a solar zenith angle of 48.19° though earth's atmosphere.

AM 1.5G is a simulated spectrum, chosen to represent a reasonable average for the

48 contiguous states of the United States of America over a period of one year. The

resulting spectrum is shown in Fig. 4.2.2. Reference spectra can be obtained from

the National Renewable Energy Laboratory (USA) [127], or from ASTM Interna-

tional (USA) [126]. Various other standard spectra (e.g., AM0, the extraterrestrial

spectrum), are available from ASTM International as well.

Spectral mismatch M is an important factor for the accuracy of solar cell mea-

surements [128, 129]. The basic complication is that the power intensities of sunlight

simluators are typically measured using high-e�ciency Si reference solar cells, which

serve as calibration standard. However, spectral responses of di�erent types of test

and reference solar cells may vary strongly - a drastical example would be a device

absorbing purely in the visible range, compared to a purely infrared-absorbing solar
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Figure 4.2.3: Comparison of a Xe sunlight simulator (Steuernagel SC1200, KHS Tech-
nical Lighting, Germany; lamp: 16S-150 V.3, Solar Light Company Inc., USA) and AM
1.5G. Signi�cant deviations, especially at λ > 800 nm, are observed, which lead to spectral
mismatch.

cell. The spectral response of a generic photovoltaic device, SR(λ), is given as

SR(λ) =
e λ

h c ηEQE(λ)
(4.2.19)

and describes the sensitivity of a device for a speci�c wavelength. This means

that di�erent devices may register di�erent illumination intensities if SR(λ) varies.

Additional errors are introduced when using sun simulators that do not reproduce

exactly the AM 1.5G spectrum. Solar simulators, as well as �ash tests, commonly

use Xe halogen lamps that have signi�cantly higher intensities in the infrared, with

slightly lower intensity in parts of the visible range. Figure 4.2.3 shows the comparison

of a Xe arc lamp used at IAPP to the de�ned AM 1.5G standard spectrum to illustrate

the di�erences of a sunlight simulator.

The spectral mismatch M can be calculated with E(λ) being the spectrum of
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simulator or AM 1.5G and SR being the spectral response of reference cell or sample

by

M =

λ1∫
λ2

EAM1.5G(λ)
EAM1.5G(λ0)

SRRef(λ)
SRRef(λ0)

dλ ·
λ1∫
λ2

ESim(λ)
ESim(λ0)

SRSample(λ)

SRSample(λ0)
dλ

λ1∫
λ2

ESim(λ)
ESim(λ0)

SRRef(λ)
SRRef(λ0)

dλ ·
λ1∫
λ2

EAM1.5G(λ)
EAM1.5G(λ0)

SRSample(λ)

SRSample(λ0)
dλ

, (4.2.20)

which can then be used with Pcorrected = M · Pmeasured to determine which illumi-

nation intensity is actually valid for the sample. If the mismatch is determined to be,

for example, M = 0.8, the reference cell receives an intensity of e.g. 100 mW/cm2,

while the sample is in fact illuminated by only 80 mW/cm2. The photocurrent, which

scales approximately linearly over a wide range of light intensities, has to be corrected

accordingly.

The mismatch indirectly also in�uences �ll factor and open circuit voltage: FF

tends to decrease at higher photocurrents, while VOC increases due to higher quasi-

Fermi level splitting. A �rst estimation of the in�uence ofM on VOC can be calculated

using the one-diode-model:

∆VOC =
kBT

e

[
ln
(JSC
J0

)
− ln

(
M

JSC
J0

)]
= −kBT

e
ln(M) (4.2.21)

For a mismatch ofM = 0.8, this would lead to ∆VOC = 5.8 mV. This deviation is of

importance for mass-production �ash-testing, where product speci�cations must be

measured with high precision. Altogether, the mismatch has fundamental in�uence

on all major characteristics, so that variations of spectral response and illumination

spectra must be considered for correct device characterisation to ful�l the standard

reporting conditions.

4.3 Organic solar cells

Organic solar cells have been a subject of research since the 1950s [130]. A break-

through was achieved by Tang in 1986 with an e�cient bilayer device [131]. This

OSC contained two absorber layers, copper phthalocyanine (CuPc) and a perylene

derivative, sandwiched between a transparent ITO bottom and a re�ective silver top

electrode. The two organic materials served as donor-acceptor �at heterojunction
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that allowed for separation of photogenerated excitons. At AM2 illumination (75

mW/cm2), the OSC achieved 0.95% power conversion e�ciency. The successful ap-

plication of an organic donor-acceptor heterojunction opened the path for further

research in the following years.

OSC, which are also called excitonic solar cells [123] due to the high binding energy

EB of Frenkel excitons, di�er from their inorganic counterparts in several respects.

This section introduces light conversion in OSC and describes some of the unique

challenges that need to be considered. Di�erent methods, device architectures, and

building blocks that are commonly encountered in OSC are listed and explained.

4.3.1 Photon absorption and conversion

The process from light absorption to charge carrier extraction is divided into four

steps, which are depicted schematically in Fig. 4.3.1. Illustrated is a simple bilayer

device, corresponding to e.g. the OSC by Tang, containing a transparent ITO bottom

electrode, an intransparent re�ective Al back electrode, and an organic donor-acceptor

heterojunction.

In step A), a photon is absorbed in the donor material. A mobile excited state,

or exciton, is formed in the organic material, which can then di�use towards the

ITO electrode (where it is quenched) or towards the donor-acceptor heterojunction.

Assuming that it reaches the heterojunction without premature recombination, the

exciton can dissociate to an energetically favorable bimolecular bound charge-transfer

state, as depicted in B). Formation of a CT state at an interface is extremely fast,

in the range of 10−13 s [91, 132], which is signi�cantly shorter than competing pro-

cesses. The Coulomb attraction UC of these weakly bound electron-hole pairs can be

approximated [94] by

UC =
e2

4π ε0 ε ri
(4.3.1)

with the electron charge e, the vacuum permittivity ε0, the dielectric constant of

the organic material ε ≈ 3-4, and the separation ri ≈ 2 nm. This results in UC ≈
0.25 eV � kB T .

After successful exciton dissociation, the free electrons are then transported in

the acceptor LUMO and the holes in the donor HOMO to the external electrodes
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Figure 4.3.1: Schematical overview of the process of photon absorption and conversion in
OSC. A. Absorption of a photon leads to excitation of a Frenkel exciton. B. The Frenkel
exciton di�uses to a donor-acceptor interface. The electron moves from the LUMO of the
donor material to the LUMO of the acceptor; a charge transfer (CT) exciton is generated.
C. The CT exciton dissociates into free charge carriers, which di�use through the donor
and acceptor towards the external electrodes, where they are extracted (D.).

(C), where they are then extracted (D). Loss mechanisms here include traps or

defects within the intrinsic layers, or barriers between the organic layers and the

metal contacts.

The photon to electron conversion e�ciency ηC can thus be summarised [133] by

combining the four steps as

ηC = ηA ηED ηCT ηCC (4.3.2)

and takes into consideration absorption e�ciency ηA, exciton di�usion e�ciency

ηED, charge transfer dissociation e�ciency at the heterointerface ηCT , and �nally

the charge carrier collection e�ciency ηCC . The external quantum e�ciency (also
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called incident photon to current e�ciency, or IPCE) describes this total e�ciency,

considering all in�uences, resolved per wavelength as

ηEQE(λ) = ηA(λ) ηED(λ) ηCT(λ) ηCC(λ) . (4.3.3)

The internal quantum e�ciency (IQE) ηIQE(λ) quanti�es the product

ηIQE(λ) = ηED(λ) ηCT(λ) ηCC(λ) , (4.3.4)

where only the electrical e�ects in the device are considered. Obviously, even OSC

with very low absorption, and hence very low total PCE, can achieve extremely high

IQE of > 80%. IQE is accessible when EQE and absorption of the OSC are known

and may provide valuable insights into electrical e�ects in the device.

Due to the very short timescale of charge transfer, ηCT(λ), and even the product

ηCT(λ) ηCC(λ) can be close to 100% [132]; the main limitation to device performance

is ηED(λ) due to the limited LD, which in turn also in�uences ηA(λ) due to thickness

restrictions. Based on the fundamental properties of organic materials, the following

challenges are encountered when trying to achieve e�cient power conversion e�ciency

in OSC:

� low mobility;

� low conductivity;

� narrow absorption bands;

� thickness limitation of absorber layers;

� limited exciton di�usion before recombination;

� exciton quenching at electrodes.

The following sections describe techniques to overcome or avoid these limitations.
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4.3.2 The p-i-n concept

Doping is a key concept for inorganic solar cells. Organic materials can be doped

as well, in a controlled and reproducible way, by using dopant guest molecules, as

reviewed by Walzer and co-workers [134]. This is realised by co-evaporation of an

organic host material and an organic dopant, typically aromatic molecules with deep

LUMO values (for p-doping) or high HOMO values for n-doping. It is noteworthy

that doping can also be achieved by using smaller Lewis acids or inorganic materials,

e.g. lithium, iodine, or bromine [135�137]. However, such small dopants may di�use

in the host, which ultimately limits applicability in multi-layer systems and device

lifetime.

By controlled molecular doping of suitable host molecules, conductivities can be

improved by many orders of magnitude. This can be used to create both dedicated

hole transport layers [85, 134] and dedicated electron transport layers [134, 138].

Ohmic contacts are achieved between these layers and the electrodes of the device;

conductivities can be increased to >10−5 S/cm, which means that Ohmic losses in

100 nm thick layers are negligible [83, 139].

The p-i-n concept makes use of these advantages by embedding the donor/acceptor

heterojunction between doped transport layers. In the current work, p-i-n refers to a

layer stack where an intrinsic absorber heterojunction is embedded between a p-layer

(on the substrate side) and an n-layer (on the top electrode side). Similarly, a p-i-i

structure consists of a p-layer on the substrate, the heterojunction and an intrinsic

(undoped) electron transport layer. Other possible layouts are n-i-p and m-i-p, where

m denotes a metal layer (usually the bottom electrode).

An ideal [116] solar cell structure employing doped transport layers is shown

schematically in Fig. 4.3.2. In this example, an undoped donor-acceptor hetero-

junction is sandwiched between a p-layer (a hole transport layer to extract holes

from the donor) and an n-layer to extract electrons from the acceptor. Ideally, these

doped layers serve as semipermeable membranes: while holes may pass from donor

to hole transport layer due to suitable energetic alignment of the transport level,

excitons and electrons are re�ected so that they neither reach the electrode (where

they would be quenched), nor recombine in the transport layer. Instead, the excitons

can di�use back into the intrinsic layer and still reach the donor-acceptor interface

for dissociation.
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Figure 4.3.2: Ideal p-i-n organic solar cell. A donor/acceptor heterojunction, consisting
of two di�erent absorber materials, is embedded between a p-doped (left) and an n-doped
(right) transport layer. Due to the ideal energy level alignment, excitons are re�ected at
the transporter/absorber interfaces and di�use towards the heterojunction, where they are
dissociated. Holes can easily reach the ITO via the p-layer, and electrons the Al electrode
via the n-layer. The concept of an ideal solar cell is described by Würfel [116].

Apart from an improved electrical contact, the p-i-n architecture o�ers additional

advantages. Firstly, if a device consists of only two thin absorber layers between

the electrodes, there is a risk of shorts if the bottom electrode or substrate is not

completely smooth: any protrusion larger than 20 nm is likely to lead to shorts or

leakage currents. Additional doped layers can be employed to act as cushion between

substrate and absorber, thus lowering susceptibility to rough surfaces or defects.

Secondly, typical p- and n-layers have wide bandgaps and are optically transparent;

absorption in the visible range is low and ideally only occurs at wavelengths well be-

low 400 nm. Hence, thick layers can be used without parasitic absorption losses [138].

These layers can be employed as optical spacer layers between e.g. absorbing materi-

als and the electrodes. Spacers open the opportunity to tailor the layer thicknesses in

such a way that interference e�ects are utilised to bring the absorber layers into the
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maxima of the optical �eld in the device to optimise light absorption e�ciency ηA.

This technique is an important tool for thin-�lm (total thickness in the nm range)

devices where the absorber thickness is severely restricted by the low di�usion length

of Frenkel-type excitons.

4.3.3 Donor/acceptor interfaces and bulk heterojunctions

The constraint imposed by the limited exciton di�usion length in absorber layers can

partially be overcome by the bulk heterojunction (BHJ) architecture [140]. Here, the

two materials, donor and acceptor, are evaporated simultaneously onto the substrate

(or, in case of polymer devices, spincoated from one solution).

Like molecules tend adhere to each other due to favourable interaction energies.

An example is the system CuPc-C60, where the interaction energies are reported to

be 0.867 eV for CuPc�CuPc [141], 1.5 eV for C60�C60, [142, 143] and 0.044 eV for

CuPc�C60 [144], respectively. Due to preferential adherence of, e.g., CuPc to CuPc

and C60 to C60, a three-dimensionally interconnected network is formed, as shown

in Fig. 4.3.3 (middle). If the deposition rate is very low, it is reported that near-

ideal structures, as shown in the right of Fig. 4.3.3, can be created [145]. However,

the exact mechanisms of layer formation are still under debate, since di�usion of

CuPc on C60 layers was observed only very rarely in scanning tunneling microscopy

studies [144].

In a BHJ network, photogenerated excitons have only short pathways to the next

donor-acceptor interface for dissociation. In theory, this lowers exciton recombination

and enables the utilization of thicker absorber layers. Hence, much higher photocur-

rents can be obtained. This concept also has disadvantages, as Fig. 4.3.3 (middle)

shows: there are isolated grains of the donor material embedded within the accep-

tor material and vice versa. Excitons are still separated at the interfaces of these

grains, but separated charge carriers cannot be collected and recombine. Further-

more, in some places the donor layer can reach from anode to cathode; the acceptor

vice versa. Excitons created next to the donor-cathode and acceptor-anode layers are

quenched there and cannot be dissociated.

While BHJ are, overall, advantageous in many cases, the increased photocurrents

are often partially compensated for by lower FF due to these restraints resulting
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Figure 4.3.3: Donor-acceptor heterojunctions embedded between transport layers. Left:
Flat heterojunction, corresponding to the Tang device [131]. Middle: the commonly used
bulk heterojunction (also called blend or mixed layer). The picture illustrates realistic
conditions: inclusions of one material in the other without a connection to the electrode act
as traps. Right: ideal bulk heterojunction without isolated grains.

from the nanomorphology. Many groups in polymer and small-molecule OSC have

investigated ways of in�uencing the morphology to come closer to the ideal BHJ,

as shown in Fig. 4.3.3 (right), where no isolated clusters or shortcuts are present,

and where the excitons are nonetheless close to a donor-acceptor interface. Possible

current approaches include heating of the substrate during deposition [146, 147],

post-deposition annealing, or slow deposition ratios by OVPD [145].

4.3.4 Exciton blocking layers

Closely related to doped transport layers are exciton blocking layers (EBL) [118, 133].

They can be deposited between absorber and top electrode, or between transport layer

and top electrode, and can be part of a p-i-n or p-i-i device stack. Typically, EBL are

transparent wide-gap materials. Excitons di�using from within the absorber layers

towards the electrode are re�ected at the EBL interlayer, such that they cannot reach

the electrode (where they would be quenched), but rather remain in the absorber.
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Instead of recombining, the Frenkel excitons then have another chance to di�use

towards the donor-acceptor heterointerface. Hence, regarding excitons, the function

of an EBL is comparable to n-doped electron transport layers.

In principle, EBL can be used as additional spacer layer to optimise interference

e�ects. However, since the conductivity is low compared to doped layers, typical

EBL are limited to thicknesses below 10 nm [83]. Transport is thought to occur by

tunneling in case of undoped layers of e.g. bathophenanthroline (BPhen), or is made

possible by doping with metals, e.g. BPhen:Yb [148], or by defect states induced

by deposition of metal electrodes onto the EBL [133, 149, 150]. However, at layer

thicknesses of 10 nm, one must consider that the morphology may play a signi�cant

role - the current work shows that the EBL may interact with the top electrode in

di�erent ways [151].

4.3.5 Tandem devices

Even with BHJ, layer thicknesses are limited when loss of FF is to be avoided. The

narrow absorption bands of organic materials are a second serious constraint for single

heterojunction OSC if strong absorption over a wide spectral range is desired.

The tandem device architecture is a possibility to overcome these limitations. Tan-

dem OSC consist of two subcells stacked on top of each other. This way, the di�erent

subcells can each harvest di�erent parts of the solar spectrum if complementary ab-

sorbers are used; alternatively, the tandem OSC can absorb more e�ciently a selected,

speci�c part of the spectrum if two identical subcells are stacked on top of each other.

An arbitrary tandem OSC stack is shown in Fig. 4.3.4. Here, two �at heterojunction

OSC, each consisting of donor and acceptor, are embedded in charge carrier transport

layers and connected via a recombination contact [152]. The recombination contact

provides for e�cient recombination of holes from the top subcell 1 and electrons from

the bottom subcell 2. Ideally, this leads to no loss of photocurrent and direct addition

of the voltages of both subcells.

Previously, metal nanoclusters were used as recombination layer, e.g. 0.5 nm Ag in

between CuPc and PTCBI [132]. However, metals exhibit undesirable parasitic ab-

sorption, which leads to loss of photocurrent. The transparent, highly doped organic

layers introduced in Section 4.3.2 open the possibility of using cost-e�cient, trans-
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Figure 4.3.4: Schematics of a tandem solar cell stack. The stack consists of two subcells,
each having two absorber materials (donor and acceptor), each embedded between doped
transport layers. The recombination layer in the middle may consist of metal nanoparticles
or highly doped organic layers.

parent materials by integrating a p-n heterojunction between the subcells. E�cient

recombination has been shown between these highly doped p- and n-layers [152].

Furthermore, since wide-bandgap organic layers can have large thicknesses without

signi�cant electrical or optical losses, recombination and charge carrier transport

layers can serve as optical spacer to in�uence the �eld distribution in the stack. This

is of special importance for tandem devices, since both subcells should be placed

at stack positions with high �eld intensities [152, 153], but interference e�ects also

in�uences signi�cantly single heterojunction OSC performance [154]. Details about

optical optimisation are provided below.
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4.4 Optics

4.4.1 Permittivity and optical constants

The permittivity ε describes the interaction of an electric �eld and a dielectric medium

and depends on the polarizability of the medium in response to the �eld. In the case

of an isotropic medium with instantaneous response to an electrical �eld, the electrical

displacement �eld ~D is related to the electric �eld ~E by

~D = ε ~E . (4.4.1)

The relative permittivity εr is related to the permittivity by

ε = εr ε0 , (4.4.2)

with ε0 being the dielectric constant, as de�ned by ε0 µ0 = 1/c0. The permittiv-

ity is frequency-dependent, re�ecting the di�erent physical processes which occur at

di�erent energies. Since the response must also be causal, a phase is introduced.

Equation 4.4.1 is then modi�ed to include a complex permittivity, depending on the

frequency ω, by

D e−i ω t = ε̂(ω)E e−i ω t . (4.4.3)

The complex and imaginary parts of the permittivity can be separated and is, by

convention, written as

ε̂(ω) = ε′(ω) + i ε′′(ω) = ε1(ω) + i ε2(ω) . (4.4.4)

In dispersive media, the complex permittivity and the complex index of refraction

are linked by ε̂ = n̂2. With the index of refraction n(ω) and the extinction coe�cient

κ(ω), we have the de�nitions
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ε̂ = n̂2 (4.4.5)

n̂ = n+ i κ (4.4.6)

ε̂ = n2 − κ2 + 2 i n κ (4.4.7)

ε1 = n2 − κ2 (4.4.8)

ε2 = 2nκ . (4.4.9)

For correct determination of the optical constants n and κ, which is a prerequisite

for optical simulations of OSC, application of the Kramers-Kronig [155, 156] relation

is essential; real and imaginary part of the permittivity are linked by the two Kramers-

Kronig equations [157]:

ε1(ω) = 1 +
1

π
P

∞∫
−∞

ε2(ω
′
)

ω′ − ω
dω

′
, (4.4.10)

ε2(ω) = − 1

π
P

∞∫
−∞

ε1(ω
′
)− 1

ω′ − ω
dω

′
. (4.4.11)

P denotes the Cauchy principal value of the respective integrals. Alternatively,

instead of focusing on the frequency dependence, these variables can be formulated

as wavelength-dependent n(λ), κ(λ), etc. with c = λω.

4.4.2 Absorption

The extinction coe�cient κ(λ) is linked to the absorption coe�cient α(λ) by

α(λ) = 4 π
κ(λ)

λ
. (4.4.12)

For most organic absorber materials, κ ≈ 0.5 - 1 in the visible range; some examples

for blue (C60), green (P4-Ph4-DIP, a diindenoperylene derivative), and red (ZnPc)

absorbers are given in Fig. 4.4.1. From Eqn. 4.4.12, it follows that at λ ≈ 500 nm,

α ≈ 2.5 · 105 cm−1. The absorption coe�cient of Si is in the range of 102... 104 cm−1

in the range from 500 - 1000 nm, which illustrates that much thinner organic absorber
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Figure 4.4.1: Extinction coe�cients of absorber materials. Squares: the diindenoperylene
derivative P4-Ph4-DIP; triangles: ZnPc; circles: C60.

layers can be used for OPV while still retaining high absorption.

Silicon-based solar cells have typical device thicknesses of 150 - 250 µm. Optical

e�ects in such thick inorganic solar cells can be modeled as a simple exponential

decrease of the �eld in the device, using the Lambert-Beer absorption law

I(x) = I0 e−αx , (4.4.13)

with I(x) being the optical �eld intensity at position x in the device stack and α

being the linear absorption coe�cient. However, for thin devices with a total thickness

d in the order of the wavelength of absorbed light, this is di�erent. ηA depends

sensitively on the optical properties of the various layers comprising the multi-layer

device, the illumination wavelength and the exact layer thickness. Interference e�ects

and re�ection by a metal back contact must be considered for adequate modeling and

optimisation of OSC; here, the approximation of Eqn. 4.4.13 is insu�cient [133, 158]:

while typical layer thicknesses of Si solar cells are 105 nm, OSC are much thinner,

with the total thickness of all organic layers between the electrodes being 101-102 nm

and single layers being in the 101 nm range.

Layers with thickness ds < 1 µm ful�l the coherence condition for sunlight with
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ds < c tcoh =
λ2

∆λ
, (4.4.14)

where λ0 is the central wavelength of the source, ∆λ is the spectral width of

the source, and c is the speed of light in vacuum. In the case of sunlight, with

tcoh ≈ 10−15 s, the coherence condition is ful�lled for the thin layers used in the

current work.

4.4.3 Interference and thin-�lm optics

Figure 4.4.2 shows the optical �eld distribution in a simple OSC. The device consists

of an indium tin oxide anode, a p-type hole transport layer (HTL), a ZnPc:C60 BHJ

as absorber, an intrinsic C60 electron transport layer (ETL), a thin EBL, and an Al

cathode. We do not observe a simple uniform exponential decrease, but instead �eld

enhancement or suppression at certain positions.
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Figure 4.4.2: Optical �eld distribution in an OSC. Shown is the �eld intensity (a.u.)
distribution in the entire device in the visible range, assuming AM1.5G illumination. The
horizontal line at λ = 447 nm represents an absoption peak of C60 and is shown in more
detail in 4.4.3. The OSC is embedded between air+glass on the left side, and air on the
right side. Simulated by the software OSOLemio [159].
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In the absorbing BHJ, there is a high intensity in the wavelength range of 500-550

nm. This simple example shows that optical design is an extremely important tool to

optimise OSC. The absorbing materials can be placed in a position in the OSC stack

where the �eld intensity corresponding to the material's absorption characteristics is

high.

Field nodes are typically found close to the re�ective back contact. For device

optimisation, it is desirable to use charge carrier transport layers as spacer layers

so that the absorber is not too close to a node. The in�uence of the presence of

a re�ective metal layer on the �eld is shown in Fig. 4.4.3, where a complete OSC

is compared to the same OSC, but without metal back electrode. The materials

are the same as used above for Fig. 4.4.2. Plotted is the �eld amplitude at 447 nm,

normalised to the amplitude at the interface air/ITO. Strong interference is visible;

in the example with a metal contact (�lled circles), the BHJ is placed close to the

maximum amplitude, which corresponds to higher absorption.
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Figure 4.4.3: Optical �eld amplitude in an OSC with (circles) and without (squares) metal
back contact, simulated assuming AM 1.5G illumination. Shown is the �eld amplitude
at 447 nm wavelength (absorption peak of C60) in the entire device. The device stack is
embedded between glass (on the left) and air (on the right); both glass and air are assumed
to be thick and are treated incoherently. Simulated by the software OSOLemio [159].
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4.4.4 Transfer matrix method

A strati�ed device can be described by 2×2 matrices if the equations for the propaga-
tion of the electrical �eld are linear and the tangential component is continuous. For

this treatment, isotropic, homogeneous media with �at interfaces are assumed [160].

The transfer matrix formalism then allows to calculate the change of amplitude of

an electromagnetic �eld traversing a stack of i layers having thicknesses di and the

complex indices of refraction n̂i.

The real part n of the complex index of refraction describes the refraction; the

imaginary part, κ, describes the dampening of a wave in a medium. If ni and κi

for each material i in the stack are known, it is possible to calculate e.g. re�ectance

R(λ), transmittance T (λ), and absorption A(λ) for a complete device, and addi-

tionally for each wavelength and any position in the stack �eld amplitude Eλ(x),

absorption Nλ(x), total absorption for all wavelengths N(x), the time averaged nu-

mer of absorbed photons, and the absorbed power in layer j as function of position

Qj(x) given by

Qj(x) =
4π c ε0 κj nj

2x

∣∣∣ ~Ej(x)
∣∣∣2 . (4.4.15)

More detailed descriptions of the underlying matrix formalism are given elsewhere

in the literature [160, 161]. The approach used in the current work involves mea-

surements of transmittance and re�ectance of any given material; using these data

and custom-made software programs �Multi�t RT� [162] and �Multi�t T� [163], the

optical constants n and κ are determined. If material stack, layer thicknesses, and

optical constants are known, simulations are performed using the software programs

�Optics� [164], �OSOLemio� [159], and FilmWizardTM-32bit [165] to predict optical

properties and performance of OSC.
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4.5 Metals

Since properties and growth of metal top electrodes are a major topic of the current

thesis, this section provides an overview of metal layer growth and important pa-

rameters that govern �lm morphology. Consequences of morphology and intermixing

with other materials on optical properties are introduced.

4.5.1 Film growth

Thin metal �lms are interesting as potential transparent electrodes due to their trans-

mission in the visible range of the optical spectrum and their electrical conductivity.

However, formation of stable thin �lms that combine both excellent electrical and

optical properties is a challenging task.

< 1 ML

1-2 ML

> 2 ML

a)                           b)                             c)

Figure 4.5.1: Growth mechanisms: a) Volmer-Weber growth: nucleation and growth of
isolated clusters. b) Stranski-Krastanov growth: agglomeration of a closed layer on which
rough clusters form. c) Frank-van-der-Merwe growth: smooth layer-by-layer growth of a
closed �lm.

The di�erent mechanisms of thin �lm growth are depicted in Fig. 4.5.1. Volmer-

Weber growth is observed when substrate wetting is energetically unfavourable; clus-

ters form around nucleation sites on the substrate and grow to larger isolated islands.
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If the clusters are crystalline, they may have di�erent orientations (depending also

on the substrate), as illustrated by di�erent hatching in Fig. 4.5.1 a). While such

layers may have small nominal thicknesses, they may exhibit large roughness and

high peaks due to the highly non-uniform surface morphology.

Stranski-Krastanov growth, Fig. 4.5.1 b), is a hybrid growth mode, where grains

develop on a closed nucleation layer. This may be the case if there is excellent

surface wettability between substrate and deposited material, but if it is energetically

favourable for the material itself to agglomerate.

Frank-van-der-Merwe growth, Fig. 4.5.1 c), leads to thin closed layers, with the

thickness closely corresponding to the nominal thickness. For thin-�lm applica-

tions like OSC, where layer thicknesses are typically 1-100 nm, Frank-van-der-Merwe

growth of organic layers is essential to avoid electrical shorts or leakage currents.

Metals can exhibit all three growth mechanisms, depending on the deposition con-

ditions. Obtaining a suitable morphology with low roughness depends on a variety

of factors, some of which are listed:

� substrate material, which may be an organic layer, metal, glass, Si, or a poly-

mer [151, 166�168];

� substrate temperature (which can induce a change from closed layers to Volmer-

Weber like island morphology) [167];

� evaporation rate [66]: in some cases, higher evaporation rates (0.5Å/s compared

to 0.1Å/s) lead to signi�cantly lower roughness, indicating a shift from Volmer-

Weber growth towards Frank-van-der-Merwe growth;

� solvent treatment [166], even after deposition and �lm formation are complete;

� surfactants or stabilizing materials [169�172];

� layer thickness [37, 173];

� partial pressure of gases which might be present during evaporation [174];

� annealing [172].
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Figure 4.5.2: In�uence of metal evaporation rate on layer morphology. Sample a) (top)
was deposited in 20 min., sample b) (bottom) in 75 min. The substrate was Formvar �lm
supported by a stainless steel mesh. [66]

Estimations of the percolation threshold in the literature vary strongly for di�erent

metals, ranging from 2 - 58 nm [37, 66, 173, 175, 176]. For silver, 9 - 58 nm are cited

as percolation thickness, depending on deposition conditions [37, 66].

Especially the deposition rate seems to play a critical role, as illustrated in Fig. 4.5.2

from a study of Sennett and Scott [66]. Here, deposition rates were varied from 0.5

Å/s to 0.125 Å/s. It is clearly visible that a relatively closed smooth layer was formed

at high evaporation rate, while rough islands were found at low rate. The authors

observed similar behaviour for di�erent metals; they generally recommend using high

rates if �at, smooth layers are desired, while low rates delay coalescence and lead to

clear Volmer-Weber growth of high columns.

The evaporation rate in�uences layer morphology, and as such also conductivity

and optical properties. Variations of transmission and re�ection of up to ≈ 30% were

noted for di�erent deposition rates for Ag �lms of 20 nm nominal thickness, with the

highest absorption being observed at layer thicknesses slightly below the coalescence

thickness [66]. This may be partially explained by scattering e�ects; however, the

authors attributed this to a transition of a system of clusters of bound electrons to a

free Drude electron gas during aggregation.

Westphalen et al. [177] evaporated thin Ag �lms (nominal �lm thickness 4 nm) onto
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Figure 4.5.3: In�uence of tempering on metal clusters (transmission electron micrographs):
agglomeration to larger clusters with higher separation is observed upon tempering at 200° C
in vacuum. [177]

carbon-covered TEM (transmission electron microscope) sample grids and observed

10 - 20 nm broad, �at islands. Tempering in a vacuum oven at 200° C for 10 minutes

led to agglomeration and formation of thicker clusters with a mean diameter of 36 nm.

The e�ect is illustrated in Fig. 4.5.3. Additional optical studies revealed a blueshift

of the extinction of Ag layers on quartz substrates, which emphasizes the e�ect of

post-treatment on morphology and optical properties.

4.5.2 Drude model

The Drude model is the classical description of a free electron gas and can be used

as approximation to describe many optical properties of bulk metals or highly doped

semiconductors. The dielectric properties can be well described down to �lm thick-

nesses approchaing the mean-free path. Using the equation of motion of free electrons

in a harmonic electromagnetic �eld

q E = m ṙ + 2γ m ṙ (4.5.1)

with γ describing a damping, we can assume r as harmonic and obtain

57



4 Fundamentals 4.5 Metals

q E

m
= −ω2 r − 2 i γ ω r . (4.5.2)

This can be used to �nd expressions for the microscopical dipole moment p and

the macroscopical dipole moment Np with N being the electron density:

p = qr = − q
2E

m

1

ω2 + 2 i γ ω
Np = P = − N q2E

m

1

ω2 + 2 i γ ω
. (4.5.3)

With P = (ε− 1)(ε0E) = χε0E, we can write the susceptibility χ as

χ(ω) = −Nq
2

ε0m

1

ω2 + 2 i γ ω
(4.5.4)

and obtain the plasma frequency ωp as

ωp =

√
Nq2

ε0m
=

√
σstat
ε0τ

σstat = σ(ω = 0) . (4.5.5)

From this, it is possible to calculate n and κ if ωp is known for any given ω using

κ =

√
ω2
p − ω2

ω
n =

√
ω2 − ω2

p

ω
(4.5.6)

and, if the relaxation time τ is known, the complete real and imaginary parts of

the dielectric function can be calculated [178] as

κr = 1−
ω2
p

ω2 + τ−2
=
ω2 + τ−2 − ω2

p

ω2 + τ−2
(4.5.7)

and

κi =

[
ω2
p

ω2 + τ−2

]
1

ωτ
. (4.5.8)

The experimentally determined index of refraction n and the extinction coe�cient

κ of bulk silver [179] are plotted in Fig. 4.5.4. The inset shows the optical constants of

a typical Drude metal in the range of frequencies around ωp, calculated as described

by eqns. 4.5.7 and 4.5.8 above [178]. For the calculation, ωp = 6×10−15 rad/s and

1/τ = 3×1013 rad/s are used.
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Figure 4.5.4: Measured optical constants n and κ of bulk silver [179]; inset: calculated
real and imaginary part of the complex index of refraction n of a Drude metal around ωp
(after [178]). A good qualitative agreement is observed.

While the Drude model is adequate for thick �lms, deviations are observed at and

below the percolation thickness. Brandt and co-workers [173] systematically investi-

gated Au �lms around the coalescence threshold on Si(111)(7x). They were able to

describe continuous �lms by the Drude model, but observed nonmetallic behaviour

below the threshold, corresponding to completely isolated islands, which could only

be modeled by additional Lorentz oscillators. Similar behaviour was observed for Au

on SiO2 [176]. Sub-percolation thickness metal layers deserve a brief introduction,

which is given in Section 4.5.3.

4.5.3 Metal layers below the coalescence threshold

Clusters and aggregates below the coalescence thickness can be observed after depo-

sition on smooth, cleaned substrates, but also on metal or organic layers. Examples

are Au on Si [173] or on diindenoperylene (DIP) [167], or Ag on Formvar [66] or
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DIP [180].

The work by Dürr and co-workers [167] serves as good example of possible be-

haviour of metal on organics: 135Å Au deposited at high rates (23Å/min) onto

cooled (-120°C) DIP lead to well-de�ned interfaces. A similar sample deposited

at only 0.35Å/min onto heated DIP (70°C) exhibited almost complete intermix-

ing. Post-deposition annealing of a third sample (deposition at room temperature

at 1Å/min) to 150°C lead to di�usion of Au into DIP; a thin (15Å) DIP �lm was

observed on Au by Rutherford backscattering spectrometry. A similar e�ect was also

found by Jaeckel et al. on pentacene [168] and Olthof et al. on BPhen [151].

The correct description of the permittivity ε̂ for composites is challenging. Di�erent

models are used for di�erent material types, e.g. the Drude model for metals or the

Lorentz-oscillator model combined with the Cauchy equation for organic materials

within the visible spectrum. However, it is problematic to adequately simulate rough

layers or intermixed networks of di�erent materials which may occur depending on

the deposition conditions. This is an issue for optoelectronic devices when metals

are evaporated as electrode or recombination contact onto organic materials: metal

atoms may penetrate into the molecular layer, creating a metal atom-doped organic

layer. Another possibility is that materials grow with island-like morphology, having

voids between clusters or crystalline grains. The Maxwell-Garnett model describes

the dielectric constant ε of a matrix material having εM with j inclusions having εj
as

ε− εM
εM + (ε− εM)L

=
∑
j 6=1

pj
εj − εM

εM + (εj − εM)L
. (4.5.9)

Here, L is a coe�cient re�ecting the geometry of the inclusions; pj describes the

volume ratio of inclusions of material j to the total layer volume. Another common

model is the E�ective Medium Approach (EMA) or Bruggeman model [181] based

on Eqn. 4.5.9, which uses the e�ective dielectric function as the host medium for the

inclusion, modifying Eqn. 4.5.9 to

0 =
∑
j

pj
εj − ε

ε+ (εj − ε)L
. (4.5.10)

Typically, the Drude model is used for metal layers, the oscillator model for organic

60



4 Fundamentals 4.5 Metals

materials, and the Bruggeman approach for rough layers or where voids, inclusions,

or material di�usion are expected.

Sievers describes spherical metal particles in a non-absorbing matrix material by

determining composite optical constants n and κ [182]. He suggests treating both

materials as a combined e�ective medium if the optical constants n1 and κ1 of the

metal, n0 of the matrix, and the �lling factor f (in vol-%) are known, assuming that

the matrix material has κ0 ≈ 0. In this case, the optical constants of the metal-matrix

composite can be calculated by

n2 − k2 =
a c+ b d

c2 + d2
(4.5.11)

2nk =
b c+ a d

c2 + d2
(4.5.12)

with the coe�cients

a = (n2
1 − κ21) (1 + 2 f) + 2n2

0 (1− f) (4.5.13)

b = 2n1 κ1 (1 + 2 f) (4.5.14)

c = (n2
1 − κ21) (1− f) + 2n2

0 (2 + f) (4.5.15)

d = 2n1 κ1 (1− f) . (4.5.16)

An example of the extinction coe�cient κ of a composite of a BPhen matrix with

50 vol-% inclusions of Al or Ag is illustrated in Fig. 4.5.5 (left), with the in�uence

of the �lling factor f shown in Fig. 4.5.5 (right). The simulation represents a metal

top electrode, where a metal layer is evaporated onto an organic EBL and penetrates

into the organic layer.

Qualitative di�erences between di�erent metals are clearly visible for very high

�lling factors f . An increase of �lling factor, as shown on the right, leads to a red-

shift of the extinction coe�cient. For precise optical modeling, the penetration depth

and metal concentration pro�le in the EBL should be considered. However, correct

experimental determination or veri�cation of the optical constants, which are a pre-

requisite for transfer-matrix based OSC simulations, is problematic: several samples

with di�erent thicknesses of the same composition, i.e. the same e�ective permittiv-
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Figure 4.5.5: Left: extinction coe�cient of metal-organic composites: BPhen:Ag and
BPhen:Al, volume ratio 1:1. Right: e�ective extinction coe�cient of BPhen:Ag, depending
on the �lling factor f .

ity, are necessary to extract n and κ. Since the composition pro�le itself is di�cult to

determine, there is often no clear experimental access, and only numerical methods

can be used to match e�ective optical constants to e.g. re�ection or transmission

measurements.
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This chapter describes the experimental methods and various materials involved in

this work. In the �rst Section 5.1, thermal evaporation in vacuum is described, and

the corresponding evaporation tools are introduced. The organic materials (absorber,

HTL and ETL, capping materials), metals and substrates are listed and important

properties are given (Section 5.2). Wet chemical processes (spincoating and structur-

ing) that are encounteted when working with the polymer PEDOT:PSS, especially on

PET foil, are described in Sec. 5.3. Finally, layer and device characterisation, which

includes electrical characterisation, OSC measurement methods, and microscopy, are

introduced in Sec. 5.4.

5.1 Vacuum thermal evaporation

All materials except PEDOT:PSS (see below) are deposited by thermal evaporation

under vacuum, in one of the available three multi-source ultra-high vacuum (UHV)

tools UFO1, Lesker A, and Lesker B. The evaporation sources for organic materials

are typically Al2O3 crucibles, which are heated resistively via tungsten wires until

the evaporation temperature of the organic material is reached. Likewise, metal is

evaporated from boron nitride crucibles. Evaporation rates are tracked using using

oscillating quartz monitors that are calibrated (or �tooled�) for each material using

the density of the respective material. It has to be noted that the density of organic

materials is not always known and may be di�cult to determine, which leads to

considerable potential for experimental error in �lm thickness. Furthermore, it is

under discussion that the evaporation rate that is used for calibration may have a

signi�cant impact on calibration precision.
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5 Experimental 5.1 Vacuum thermal evaporation

Figure 5.1.1: Schematic view of co-evaporation of matrix and dopant: two separate cru-
cibles are in the same chamber, with deposition rates monitored by separate quartz monitors.

5.1.1 Molecular doping

Doping is performed by co-evaporation of a matrix or host material and a dopant or

guest material. Two quartz monitors are used to monitor the rates of both materials

simultaneously. Typical doping ratios are 2-10 wt%. It is noteworthy that for doping,

it is assumed that one dopant molecule e�ectively replaces one host molecule; hence,

the density of the resulting doped �lm is assumed to equal the density of the host

material. For high doping ratios (e.g., 20 wt%), this may lead to a considerable error

in �lm thickness, which may lead to deviations between experiment and simulations

(where �lm thickness is an important parameter). The transition from doping to bulk

heterojunctions is gradual - 20 wt% of p-doped hole transporter is still considered

doping in the context of this study (the same density is used for both materials during

evaporation), while an absorber bulk heterojunction of e.g. ZnPc:C60 with the ratio

of 1:3 is not considered doping and two separate densities are used.
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5 Experimental 5.1 Vacuum thermal evaporation

5.1.2 UFO1

UFO1 is a multichamber evaporation tool (Bestec, Germany) with a central handler

chamber and �ve separate evaporation chambers, each containing 3 - 5 crucibles for

di�erent materials. The central handler is used to move the sample to the evaporation

chambers, or to transfer to/from UHV from/to an attached glovebox. A UPS/XPS

system (Phoibos 100 [Specs, Germany]) with a base pressure of 10−10 mbar and a

storage chamber are attached.

The UFO1 has separate chambers for evaporation of absorber materials, p-type

dopants and hole transport materials, n-type dopants and electron transport ma-

terials, metals, and a test chamber for experimental (new and not yet well-known)

materials. This is to ensure that there is no cross-contamination of di�erent dopants

and transporters, and also to avoid contamination by new materials where the evap-

oration properties are not yet well understood or the purity is questionable.

The base pressure in UFO1 is in the order of 10−8 - 10−9 mbar; typical pressures

during evaporation reach up to 10−7 mbar in the organic chambers and up to 10−6

mbar in the metal chamber, when e.g. aluminium is evaporated at high rates. Sub-

strates (glass, or glass coated with prestructured ITO) of (2.5× 2.5) cm2 are mounted

in custom-built te�on sample holders for insertion and transfer in the UFO1. The

sample is usually transferred several times from chamber to chamber (as much as 5

di�erent chambers, depending on the layer stack) during fabrication. Since a glove-

box containing a sun simulator is directly attached to the UFO1, it is possible to

directly characterise samples in nitrogen atmosphere after UHV deposition without

exposure to ambient oxygen or water.

5.1.3 Lesker tools

The two separate tools Lesker A and Lesker B (K. J. Lesker Ltd., UK) are both

attached to gloveboxes. In contrast to UFO1, the Lesker tools have only one UHV

chamber each (base pressure 10−8 mbar), and the chambers each contain a multitude

of crucibles so that it is possible to �ll the chamber with di�erent materials (11

crucibles for organic materials and 3-4 crucibles for metals).

The Lesker tools can handle wafers having a size of 15× 15 cm2 (which opens the
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Figure 5.1.2: Example of wedging in the Lesker tools: the three columns on the left and
the column on the right are covered by a metal wedge between shadow mask and wafer;
deposition occurs only on the two exposed columns.

possibility to fabricate mini-modules). For standard samples, the wafer and shadow

masks are structured so that up to 36 substrates, each having an area of 2.5× 2.5

cm2, can be made in one run without breaking vacuum. Each substrate contains 4

pixels of ≈ 6.5 mm2, such that a wafer may contain 144 organic solar cells in the

standard con�guration. By moving wedges between shadow mask and crucible, one

can cover part of the wafer such that rows or columns of 6 substrates each can be

excluded or included from the deposition. This is schematically shown in Fig. 5.1.2:

only two columns are not covered by the metal wedges, which means that the 30 nm

of ZnPc reach the substrate only at the exposed part. Hence, by careful design, a

wafer may contain up to 36 di�erent device stacks with 4 pixels each. This ensures

that the samples within a run on one wafer are consistent and can be compared with

each other.

Experimental error sources include di�erences in tooling, di�erent material charges
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or batches, di�erent pressures on di�erent days (the pressure depending e.g. on the

time between wafer insertion and begin of sample processing, or the evaporation

rate), cross-contamination by other materials, or �lling status of the crucible. The

�lling status seems to be a major factor: if a crucible is freshly �lled with ma-

terial, relatively low temperatures lead to evaporation at acceptable rates, while an

almost-empty crucible needs much higher temperatures for satisfactory rates; at these

higher temperatures, it is possible that residual contaminations within the crucible

are evaporated as well and deposited on the wafer. This may result in e.g. traps,

recombination centres, or structural defects. It was found that when a crucible is

depleted during evaporation, i.e. the last remains of the material are deposited at

higher temperatures, it usually was not worth �nishing the layer from a newly �lled

crucible - �ll factor, voltage, and short-circuit current were signi�cantly lower. If any

of the samples documented in Chapters 6, 7 or 8 contains a layer that was deposited

from two crucibles, this is stated explicitly.

The vast majority of the devices of this thesis is created in the Lesker tools, so it

should be noted that the issues mentioned above may compromise comparability and

reproducibility of di�erent wafers. However, it is expected that on a single wafer,

where most deposition conditions are constant, the di�erent devices can be compared

and meaningful correlations be found.

5.1.4 Encapsulation

While the samples created at UFO1 can be characterised directly in the glovebox,

samples created in the Lesker tools are characterised at measurement setups in am-

bient conditions, or after transfer through atmosphere in the UFO1 glovebox. To

prevent degradation, the Lesker samples are hence encapsulated under nitrogen at-

mosphere in the gloveboxes attached to the Lesker evaporation chambers. As encap-

sulation material, thin �oat glass is used. The transmittance of the encapsulation

glass is shown in Fig. 5.1.3.

It is visible that the glass has low transmission in the UV range, which must be

noted for organic solar cells with transparent top contacts, since these devices are

illuminated through the top (i.e., through the encapsulation). Bottom-illuminated

devices with thick metal top contacts are encapsulated using moisture getter sheets
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Figure 5.1.3: Transmittance of encapsulation glasses used for OSC sealing (measured at
IAPP).

(Dynic Ltd., China) in a cavity of the cover glass to prevent water and oxygen con-

tamination; top-illuminated devices employ no getter.

A UV-hardened epoxy glue is used to attach the encapsulation glasses onto the

wafer. The glue is usually applied by a robot; the encapsulation glasses are attached

manually. It is important in this context that on several occasions, epoxy glue con-

taminated the solar cell pixels, or the glue was too thin, causing the encapsulation

to fail during sample handling. Encapsulation glue failure may be a signi�cant con-

tribution to device degradation due to atmospheric contamination.

5.2 Materials

All organic materials, except dopants and PEDOT:PSS, are puri�ed at least twice by

vacuum sublimation prior usage to reduce residual contaminations. For the di�erent

materials, ionization potential IP and electron a�nity EA are given, as far as they

are known. The chemical structures are shown in Figures 5.2.1, 5.2.2, and 5.2.3.
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5.2.1 Absorbers materials

ZnPc Zinc phthalocyanine is one of the standard absorber materials at the IAPP

(suppliers: TCI Europe; Alfa Aesar; Sigma Aldrich). Its main absorption is in the

red between 600 - 700 nm, with two peaks at 630 nm and 704 nm (measured at IAPP).

Due to its high thermal stability and low price, ZnPc is a versatile material for ref-

erence devices or �rst tests and has been established as standard red donor material

in the community, together with the still widely used copper phthalocyanine. Mea-

surements place the ionization potential (IP) between 5.0 eV [183] and 5.28 eV [184];

the electron a�nity (EA) was determined by inverse photoemission spectroscopy to

be 3.34 eV [184].

C60 The fullerene C60 is the second standard absorber, having the same advantages

of easy availability (suppliers: Bucky, USA; Moskau Kurtschatov Institute, Russia)

and years of working experience. It is a blue absorber, having the strongest absorp-

tion at 450 nm, with a contribution from the UV at 349 nm (measured at IAPP).

The IP is estimated to be between 6.2 eV [185] and 6.4 eV [186], with EA values

ranging from 3.9 eV [143] to 4.1 eV [186]. When the substrate is kept at room tem-

perature, C60 grows in amorphous �lms, leading to relatively smooth layers. It is

used in �at or bulk heterojunctions as acceptor and can also act as electron trans-

porter due to relatively high electron mobility of 0.02 - 0.65 cm2/(sV), as reported

by Haddock and co-workers [187]. Using the n-dopants NDN1 (see below) or AOB

(acridine orange base, [188]) in C60 leads to improved conductivity (by several orders

of magnitude [138]) and can be used to create p-i-n or n-i-p devices, or recombination

contacts in tandem OSC. By doping with n-type dopants, high conductivities of up

to 0.05 S/cm have been observed [189].

B2-Ph4-DIP 5,10,15,20-tetraphenylbisbenz[5,6]indeno[1,2,3-cd:1',2',3'-lm]perylene

is a novel green donor material, synthesized by Markus Hummert at IAPP. The

IP is at 5.33 eV (measured by UPS by Selina Olthof at IAPP); the LUMO has been

determined by cyclovoltammetry to be -3.15 eV. While its high absorption (max-

ima at 520, 558 and 603 nm, as measured at IAPP) and energetical properties lead

to high photocurrents and good device properties in combination with C60, there

is signi�cant overlap with the absorption spectrum of ZnPc. Ultimately, this is a
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Figure 5.2.1: Chemical structures of various absorber materials. a) C60; b) ZnPc; c)
B2-Ph4-DIP; d) P4-Ph4-DIP; e) Bu4-Ph4-DIP.

disadvantage for tandem devices, which merits work on additional derivatives: for

suitable subcells with complementary absorption, materials are desirable which have

absorption maxima in the wavelength range of 500 - 600 nm.

P4-Ph4-DIP 2,3,10,11-tetrapropyl-1,4,9,12-tetraphenyl-diindeno-[1,2,3-cd:1',2',3'-

lm]-perylene is a second green donor from the diindenoperylene group, synthesized

by Markus Hummert at IAPP. The IP is between 5.52 eV (measured by Selina Olthof

by UPS at IAPP) and 5.34 eV (measured by Marion Wrackmeyer by CV at IAPP).

The absorption of P4-Ph4-DIP is centered in the gap between ZnPc and C60, with

maxima at 568 nm, 525 nm, and 493 nm (measured at IAPP), making it a possible

building block for tandem devices when combined with suitable blue and red absorber

materials.

Bu4-Ph4-DIP Similar to P4-Ph4-DIP, 2,3,10,11-tetrabutyl-1,4,9,12-tetraphenyl-

diindeno[1,2,3-cd:1',2',3'-lm]perylene is another green donor from the diindenopery-

lene group, synthesized by Markus Hummert at IAPP. The IP is between 5.51 eV

(measured by Selina Olthof by UPS at IAPP) and 5.34 eV (measured by Marion

Wrackmeyer by CV at IAPP). The absorption of Bu4-Ph4-DIP has maxima at 567

nm, 524 nm, and 491 nm (measured at IAPP).
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5.2.2 Transporter and dopants

NDP2, NDP9, and NDN1 NDP2 and NDP9 are p-type dopants; NDN1 is an

n-type dopant. NDP2 shows similar properties as the commonly available p-dopant

tetra�uorotetracyanoquinodimethane (F4-TCNQ), which is described in more detail

elsewhere [184]; NDN1 is comparable to the commonly available n-dopant acridine

orange base (AOB). For a comparison of NDP2 and F4-TCNQ, Reineke et al. and

Schwartz et al. show some preliminary data obtained from OLEDs [190, 191]. Un-

published measurements of organic solar cells from the current work con�rm this

behaviour for ZnPc:C60 devices.

Figure 5.2.2: Chemical structures of various hole transport materials. a) TNATA; b)
Di-NPB; c) BPAPF.

TNATA 4,4',4�-tris(2-naphthylphenylamino)-triphenylamine, used as wide band-

gap hole transport layer. Purchased from Sensient (Wolfen, Germany). IP and EA

are 5.1 and 1.9 eV, respectively [192]; alternatively, HOMO and LUMO have been
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measured by cyclic voltammetry and absorption spectra to be 5.0 eV and 2.1 eV,

respectively [193].

Di-NPB N,N'-Diphenyl-N,N'-bis(4'-(N,N-bis(naphth-1-yl)-amino)-biphenyl-4-yl)-

benzidine, used as wide bandgap hole transport layer. Purchased from Sensient

(Wolfen, Germany). Due to the deeper HOMO of -5.4 eV [194], Di-NPB is well

suited for charge extraction from ZnPc and has a higher thermal stability than other

commonly used hole transporters.

BPAPF 9,9-Bis[4-(N,N-bis-biphenyl-4-yl-amino)phenyl]-9H-�uorene, used as wide

bandgap hole transport layer, purchased from Lumtec Corp., Taiwan. Due to the

relatively deep IP of ≈ 5.6 eV (measured by UPS at IAPP), BPAPF is the material

of choice to extract holes from diindenoperylene derivatives. The LUMO is estimated

to be -2.2 eV [195].

NTCDA 1,4,5,8-naphthalenetetacarboxylic dianhydride, purchased from TCI Eu-

rope NV (Antwerp, Belgium), is an alternative electron transport material [138, 196].

It has the advantage of high transmission in the visible range, but crystallizes during

�lm growth, which leads to extremely rough surfaces and prohibits its use in n-i-p

OSC. Nonetheless, experiments with NTCDA and thin metal �lms (15 nm) lead to

operational p-i-n devices. Doping by AOB or NDN1 leads to su�ciently high conduc-

tivity [189]. Values of HOMO and LUMO of NTCDA vary widely in the literature

(HOMO: -5.5 to -8.0 eV [138, 146, 197]; LUMO: -2.6 to -4.0 eV [146, 148]).

BPhen 4,7-diphenyl-1,10-phenanthroline (Lumtec Corp., Taiwan) is used as wide-

gap exciton blocking layer. BPhen is similar in function to the the commonly used

bathocuproine (BCP). BPhen is considered an electron transport layer after deposi-

tion of a metal layer [109, 148]. Electron transport is expected to occur from e.g. C60

through BPhen to the metal electrode by tunneling, while excitons are re�ected and

cannot reach the electrode, which avoids quenching. The HOMO is estimated to be

-6.4 eV [148, 198] and the LUMO -3.0 eV [198].
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5.2.3 Capping materials

Alq3 tris(8-hydroxy-quinolinato)-aluminium, purchased from TCI Europe NV

(Antwerp, Belgium), is used as p-transporter in organic light emitting diodes. In

the current work, Alq3 is often deposited on top of thin metal layers as organic light

incoupling / antire�ection capping layer. Alq3 has an absorption peak at ≈ 397 nm

(measured at IAPP), which is expected to lead to slight parasitic absorption for thick

capping layers. HOMO and LUMO are -5.8 and -3.1 eV, respectively [192].

Figure 5.2.3: Chemical structures of a) the exciton blocker BPhen; b) the electron trans-
porter NTCDA; and c) the capping material Alq3.

5.2.4 Electrode materials

PEDOT:PSS Poly(ethylene dioxythiophene):polystyrene sulfonate (PEDOT:PSS)

(shown in �g. 5.2.4) is a conductive polymer. Owing to intense research activity in

the last years, there are many di�erent formulations of PEDOT available; it can be

used as antistatic coating, matrix for carbon nanotube networks, or for better hole

transport between ITO and organic materials [199].

The PEDOT:PSS formulation used in the current work is Baytron PH500 (known

as CleviosPH500 since 2008) (H.C. Starck, Germany) with 5% of dimethyl sulfox-

ide (DMSO) added to the aqueous solution, having a conductivity of 500 S/cm (as

speci�ed by the manufacturer).

Metals The metals that are used in the current work are aluminium, silver, and

gold, all evaporated from crucibles. It is noteworthy that evaporation rates of Al in
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Figure 5.2.4: Chemical structures of PEDOT and PSS.

the UFO1 (see below) are typically higher than 5Å/s. In the Lesker tools, for thick

layers (100 nm), 1-2Å/s is used; for thin layers (1-10 nm), rates of 0.2 - 0.3Å/s are

used.

Ag is the main component of the transparent top electrodes used in the current

work. Typical evaporation rates in the Lesker tool for Ag are 0.2 - 0.3 Å/s; the

highest rates that can be achieved for this material are ≈ 1Å/s. The in�uence of

evaporation rate on �lm formation is controversial, but it should be kept in mind

that there might be a considerable e�ect of higher Ag rates of several Å/s on �lm

morphology and device performance.

The in�uence of the metal work function on energetical barriers at metal-organic

interfaces, and hence on the open-circuit voltage, is controversial [200]; recent results

suggest that the metal work function only plays a minor role [201, 202]. For sake

of completeness, the work functions of the most important materials are listed by

Michaelson [203] as 4.28 eV for Ag [204], 4.26 eV for Al [205] and for Au, 5.1 eV [206]

to 5.32 eV [207], respectively.

5.2.5 Substrates

The samples are deposited onto three di�erent kinds of substrates, depending on

the type of measurement or the OSC con�guration (standard, semitransparent, or

top-illuminated). The di�erent substrate transmission is illustrated in �g. 5.2.5. The

substrates used in the current work are

� Quartz glass - used in some cases for single-layer samples to determine the
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optical constants due to the high transmission.

� Glass coated with pre-structured In2O3:Sn (ITO) (Thin Film Devices, USA),

with a glass substrate thickness of 1.1 mm and an ITO thickness of 90 nm.

The ITO has a sheet resistance of approx. 30 Ω/�. This type of substrate

is used for all standard bottom-illuminated PEDOT:PSS-free devices and for

semitransparent solar cells.

� Float glass Boro�oat 33 (Schott; purchased from Prinz Optics, Germany), thick-

ness 1.1 mm. Boro�oat is used for all top-illuminated samples, except where

stated otherwise, and is also used as substrate for morphological studies (see sec-

tion 5.4.4) and for single-layer samples to determine the optical constants. The

composition is 81% SiO2, 2% Al2O3, 13% Bo2O3 and 4% Na2O/K2O. According

to the manufacturer, Boto�oat 33 has a transmission of ≈ 90% at wavelengths

from 325-2000 nm, with the re�ection being < 8%.

Figure 5.2.5: Transmittance of di�erent substrate materials: Boro�oat 33 glass (Schott),
structured ITO on glass (TFD), and an ITO-free area on the same substrate (TFD).
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5.3 Wet chemical processes

5.3.1 Spin coating of PEDOT:PSS �lms

The PEDOT:PSS formulation Baytron PH500 is used as received. The PEDOT:PSS

bottles are kept in the dark in a refrigerator to prevent premature hardening or

degradation; the manufacturer estimated a shelf lifetime of 6 months. To reduce

viscosity, the bottles are removed from the fridge 24h prior processing. For some

experiments, 10 wt% of the per�uorinated ionomer Na�on (Sigma-Aldrich, used as

received) is added to the solution, directly prior to spincoating.

Substrates are (2.5 × 2.5) cm2 �oat glass pieces or PET foil. Glass substrates are

cleaned by sonicating in Extran, deionized water, acetone, ethanol, and iso-propanol;

PET foil substrates are pre-structured with a laser printer (see below in subsec-

tion 5.3.2 and Fig. 5.3.1) and cleaned with de-ionized water and ethanol. To improve

wetting, all substrates are treated in a UV-oxygen plasma-etching system (Plasma

Cleaner /Sterilizer, Harrick, USA) before spincoating. This removes further contam-

ination and leads to increased hydrophilicity and lower contact angles of the PE-

DOT:PSS solution on the substrate, which is essential for uniform and homogeneous

�lms.

The spincoating is performed on a spin coater (BLE Delta10, Laboratory Equip-

ment GmbH, Germany) with 1400 - 1800 rpm for 30 s. Independent of the structuring

method, samples are outgassed after spincoating on a hot plate in ambient condi-

tions, at temperatures of 80°C (for PET foil) up to 140°C (for glass substrates), with

durations of typically 20 - 60minutes. Purpose of the outgassing is to remove residual

water and DMSO.

5.3.2 Structuring of PEDOT:PSS �lms

The spin coating on glass and PET substrates results in uniformly coated samples

with 80 - 100 nm PEDOT:PSS on top. For device fabrication, well-de�ned electrode

structures are necessary to be able to control and quantify the active area, and to

avoid electrical shortcuts. Three di�erent methods were tested and employed:

� Cotton bud structuring
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� Polystyrene passivation

� Laser printer patterning

Cotton bud structuring. This method is the easiest way to structure the PE-

DOT:PSS layer, under the condition that the polyer layer is freshly spincoated and

not yet dry. Solvent-resistant cotton buds with wood handles (Roth) are dipped in

de-ionized water and then used to swipe PEDOT:PSS away. This allows for creation

of simple patterns, e.g. three stripes of polymer without any interconnection, to have

three bottom electrodes on the substrate. However, it is di�cult to create stripes

with smooth, straight edges; furthermore, partially dried polymer strips may adhere

to the cotton bud. While this method is easy to start with, it is di�cult to precisely

characterise the active area of completed devices due to the irregular edge structure

of the PEDOT:PSS.

Polystyrene passivation. This method was tested for OLEDs [64] and is well-suited

for glass substrates. 10 wt% of polystyrene are dissolved in toluene; the glass beaker

containing the solution is stirred in an ultrasonic bath to create a uniform solution

without residual polystyrene clusters. The PEDOT:PSS-coated substrate is then dip-

coated with dissolved polystyrene, creating a transparent insulating layer on part of

the substrate. The top electrode is evaporated onto the passivated polystyrene-coated

part of the sample without electrical contact to the PEDOT:PSS bottom electrode.

The disadvantage of this method is the toxicity of toluene; however, due to the clear

and straight border between conducting and passivated part, well-de�ned active areas

are possible.

Laser printer patterning. This method is suitable for PET substrates; �gure 5.3.1

shows the process schematically. As �rst step, a �negative� of the desired electrode

structure is prepared by CAD-software or a suitable program. The design is then

printed in a laser printer (in the current work, a HP LaserJet 1200 is used). The black

toner is highly hydrophobic, meaning that the aqueous PEDOT:PSS solution cannot

adhere to the toner-coated areas - only the PET foil without toner is coated with a

PEDOT:PSS layer. After spincoating, the excess toner is removed by sonication in
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Figure 5.3.1: Structuring of PEDOT:PSS on PET foil. A laser printer is used to print a
�negative� of the desired structure onto freshly plasma-cleaned PET foil. The spincoated
polymer adheres only on the hydrophilic uncoated PET foil. The toner can be removed by
sonication in toluene. In the next steps, the solar cell is evaporated onto the substrate.

toluene such that only the PEDOT:PSS bottom electrode remains. This way, well-

structured electrodes can be created in any desired form. In the current work, the

standard ITO design was mimicked by four parallel stripes of PEDOT:PSS.

5.4 Layer and device characterisation

5.4.1 Optical and electrical characterisation

Optical characterization. Absorbance A, transmittance T and re�ectance R are

measured on a Lambda 900 UV/VIS/NIR spectrometer (Perkin Elmer) and a UV

3100 spectrometer (Shimadzu). The absorbance A is determined from incoming light

intensity I0 and transmitted intensity I as

Aλ = − log
I

I0
. (5.4.1)

In some cases, R and T are also used to calculate the index of refraction n and the

extinction coe�cient κ of speci�c materials. The optical constants are then used for
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numerical simulations of OSC stacks, or to re-calculate R, T , and A. Good agreement

of simulation and experiment suggest that the experimental errors introduced by this

method are small.

Electrical characterisation.

Figure 5.4.1: Resistance, resistivity and sheet resistance: device characteristics necessary
for electrical characterisation.

Resistivity R, measured in Ω, is de�ned as

R =
V

I
; (5.4.2)

resistance ρ, measured in Ω cm, is de�ned as

ρ = R
w t

l
, (5.4.3)

with the sample having the width w and the thickness t (as illustrated in Fig. 5.4.1).

The resistance ρ can be determined e.g. by using a four point probe. This technique

employs four separate contacts in a line, with the distance between two samples being

S. If t� S, we can approximate [208, 209]

ρ =
π

ln 2
t
V

I
≈ 4.53 t

V

I
. (5.4.4)

The sheet resistance RSq is de�ned for approximately two-dimensional, very thin

�lms, where the current �ows in the horizontal plane. It is calculated as
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RSq =
ρ

t
=

π

ln 2

V

I
≈ 4.53

V

I
. (5.4.5)

The unit of RSq is Ω; however, to better distinguish between R and RSq, the sheet

resistance is often given as Ω/sq. or as Ω/�.

It is commonly used to compare lateral resistance of thin ITO, metal or semicon-

ductor �lms where conductivity perpendicular to the surface is not an important

factor. A four-point-probe measurement stand S 302-4 (LucasLabs/Signatone, USA;

distributed by Sel-Tek Ltd., UK) is used to determine sheet resistances RSq of selected

samples. The probe is lowered manually onto the sample, but springs in the probe

head ensure similar pressure of the tips onto the sample for all measurements. Two

di�erent kinds of probe heads are used. Both types of probe heads have tungsten

carbide tips with 85 g spring pressure, with 0.0625 inch (1.5875 mm) spacing between

the tips. The SP4-62085TRY tips have 0.0016 (0.0406 mm) inch tip radius, while the

SP4-62085TBY have 0.0010 inch (0.0254 mm) tip radius.

The setup is calibrated by characterizing a NIST-traceable indium tin oxide sample

(Jandel Engineering Limited, UK; distributed by Euris GmbH, Germany): the quo-

tient of the measured RSq and the known RSq = 12.75 Ω/� of the reference sample

is used as correction factor.

It is important to note that thin metal layers are characterised using a four-point

probe system in ambient conditions. It is very likely that thin (< 20 nm) layers of Ag

and Al su�er from rapid oxidation, quickly losing conductivity upon removal from

the glovebox.

5.4.2 Current voltage characterization

OSC created at UFO1 The solar cells with PEDOT:PSS bottom electrodes, fab-

ricated at UFO1, are stored in the glovebox attached to the central handler chamber.

Electrical characterization is performed in this glovebox as well: current voltage

spectra are recorded using a source measurement unit 236 SMU (Keithley), with the

solar cells being illuminated with an approximate AM 1.5G sun simulator SOL 1200

(Hoenle AG, Germany). The light intensity is monitored by a Si reference photodiode

(Fraunhofer Institut für solare Energiesysteme [ISE], Freiburg (Germany)); spectral

mismatch is not taken into account. Typical light intensities are ≈105 mW/cm2.
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OSC created at Lesker tools Most of the large (15×15) cm2 wafers created at

the Lesker tools are characterised using a custom-built measurement roboter (hard-

ware from Novaled AG, Dresden, Germany; software custom-made). J(V) spectra are

recorded using a source measurement unit (Keithley) under an AM 1.5G sun simu-

lator (SC1200, KHS Technical Lighting, Germany; lamp: UV Solar Simulator Model

16S-150 V.3, Solar Light Co., Inc., USA; purchased from OptoPolymer, Germany),

monitored with a Hamamatsu S1337 silicon photodiode (certi�ed at ISE) with re-

spect to which intensities are given. In some cases, OSC made in the Lesker tools

were measured in the UFO1 glovebox. This is explicitly stated, where applicable.

5.4.3 External quantum e�ciency

External quantum e�ciency (EQE) is measured employing lock-in techniques (Signal

Recovery SR 7265 lock-in ampli�er), in a custom-made setup with Xe illumination

and a Newport Oriel Apex monochromator illuminator. The EQE setup is calibrated

using a Si reference photodiode (Hamamatsu S1337-33BQ) with an aperture of 2.958

mm2. The OSC samples are measured under bias illumination through a photomask

having an aperture of 2.958 mm2. Tandem devices are measured twice, under red

and green light bias, to characterise the di�erent subcells.

Spectral response of reference photodiode and an organic solar cell are measured at

the EQE setup. Using this data, the spectral mismatch can be calculated as described

in equation 4.2.20 if the spectra of AM1.5G and the sunlight simulator are known.

5.4.4 Morphological characterization

AFM Atomic force microscopy (AFM) is performed on a Digital Instruments Nano-

scope III in tapping mode with n-Si tips (µ-Masch, Germany; backside Al-coated, tip

radius ≈ 10 nm). For AFM studies, the sample size is restricted to ≈ 1 cm2. All

measurements are performed at ambient conditions. The calibration of the AFM

has been performed using calibration grids. For data processing, the freely available

software WSXM was used [210]. Roughnesses were analyzed following the de�nition
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of root mean square roughness, Rrms, given by

Rrms =

√√√√ 1

MN

M∑
m=1

N∑
n=1

(z(xm, yn)− 〈z〉)2 . (5.4.6)

For all measurements, it is taken care to characterise several spots, each having an

area of 100 µm2, on each sample, if possible with di�erent tips and on di�erent days,

to ensure reproducible results that re�ect the morphology of the complete sample.

Light microscopy To determine the active area of solar cell pixels (overlap of bot-

tom electrode, photovoltaic active materials, and top electrode), a light microscope

situated in the UFO1 lab is used.

SEM Scanning electron micrographs are recorded using a Zeiss GSM 982 Gemini

scanning electron microscope (SEM). The SEM is operated by Mrs. Ellen Kern from

the Department of Electrochemisty. During measurement, the samples are in vacuum

conditions. Typical beam accelerations are 5-20 kV. Several micrographs are recorded

at di�erent positions to ensure reprodicible results that actually represent the whole

sample.

Pro�lometer A Dek-Tak pro�lometer (Veeco) is available to measure layer thick-

nesses. This can be used to verify the densities of newly synthesized materials, and in

some cases, to check the tooling accuracy. Pro�lometer measurements are performed

by Franz Selzer, Danny Jenner, and Tobias Günther.

5.5 Optical simulations

The approach used in the current work involves measurements of transmittance and

re�ectance; using these data and custom-made software programs �Multi�t RT�[162]

and �Multi�t T�[163], the optical constants n and κ are determined [162, 211]. For

some materials, optical constants are used that have been determined by ellipsometry,

or which have been taken from the literature.
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5 Experimental 5.5 Optical simulations

If material stack, layer thicknesses, and the optical constants are known, sim-

ulations are performed using the software programs �Optics�1, �OSOLemio�2, and

FilmWizardTM-32bit3. Using these programs in combination, it is possible to simulate

re�ection R(λ), transmission T (λ), and absorption A(λ) of single layers or a com-

plete device, and additionally for each wavelength and at any position in the stack

�eld amplitude Eλ(x), absorption Nλ(x), and total absorption for all wavelengths

N(x), using the AM 1.5G spectrum as input parameter. Furthermore, OSOLemio

can calculate photocurrents assuming 100% internal quantum e�ciency.

Using input from the simulations, it is then possible to optimize layer thickness and

device stack in such a way that e.g. the absorber layers can be placed in a maximum

of optical �eld amplitude, or to lower re�ection in a wide spectral range by adding

external light incoupling layers.

1Developed by Fryderik Kozlowski at IAPP
2Developed by Mauro Furno at IAPP
3Developed by Scienti�c Computing International, Carlsbad, CA.
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This chapter provides the proof of principle that PEDOT:PSS is suitable as stand-

alone bottom electrode for small-molecule organic solar cells. In�uences of experimen-

tal parameters on PEDOT:PSS layers are reviewed in Section 6.1. Such spincoated

layers are characterised in terms of roughness and optical properties, with results de-

tailed in Section 6.2, and are then used to create solar cell devices. The devices and

their characteristics are described in Section 6.3. First operational solar cells are

obtained on PET foil and glass substrates, with e�ciencies close to 1%.

6.1 Spincoating

The process of spincoating is shown schematically in Fig. 6.1.1. The aqueous disper-

sion is applied by a pipette until the substrate, which has been plasma-treated for

increased hydrophilicity, is uniformly covered. Spinning removes excess material and

leads to a �lm with a thickness of ≈ 100 nm, depending on the spinning speed and

acceleration. Typical parameters used in the current work are 1400 rpm for 30 s.

Substrate

PEDOT:PSS dispersion

Figure 6.1.1: Spincoating of PEDOT:PSS: the aqueous polymer dispersion is applied by
pipette onto a substrate, e.g. glass or PET foil. Spinning spreads the solution such that the
whole substrate is covered. Directly after spincoating, the PEDOT:PSS layer still contains
water; after drying, outgassing or annealing, the water evaporates, leaving only PEDOT:PSS
behind. From [65].
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6 Results: PEDOT:PSS 6.1 Spincoating

The dispersion that is used in the current work, Baytron PH500, is aqueous, and

PSS is highly hygroscopic [199]. Directly after spincoating, the sample contains 90 -

95% water [65]. Since moisture leads to degradation or decomposition [212], out-

gassing on a hotplate in ambient conditions is performed to remove as much water as

possible. It has been proposed that, before outgassing, especially hygroscopic PSS ac-

cumulates at the �lm surface in ambient conditions, and that heat treatment removes

this topmost layer [213]. This leads to di�erent �lm morphology and composition.

The optimal heat treatment, i.e. the temperature and duration that yield the high-

est stability and conductivity, seem to depend on the formulation and experimental

details [65, 199, 214]. For the current work, typical parameters are heating at 130°C

for 30 min for glass substrates, or 80°C for 30 min for PET foil. Before further vac-

uum processing, the sample is stored in a N2 glovebox for additional outgassing to

minimise contamination of the UHV system.

Figure 6.1.2: Photos of PEDOT:PSS on glass (left) and PET foil (right). An inhomoge-
neous distribution of the polymer on glass is visible, with higher thicknesses at the center
and at the sides.

Photos of PEDOT:PSS samples on glass and plastic foil are shown in Fig. 6.1.2.

These samples were spun at lower speeds to achieve higher contrast for the photos.

It is visible that the homogeneity is imperfect: on glass, the polymer is thicker at

the center (where the sample is attached to the spin coater, and hence the rotational

forces are weakest) and the edges. However, for the thinner samples that are used

for device preparation, the e�ect is small and does not hinder device preparation.
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6 Results: PEDOT:PSS 6.2 Basic characterisation

6.2 Basic characterisation

PEDOT:PSS layers on glass and on plastic foil are studied using AFM to gain in-

sight into the surface roughness. Typical AFM micrographs are shown in �g. 6.2.1.

Root mean square roughnesses are determined to be Rrms ≈ 1.7 nm on glass, and

slightly higher on plastic, with Rrms ≈ 1.8 - 2.3 nm on PET foil. Altogether, there is

no principal di�erence between polymer layers on glass or PET foil substrates; the

roughness of 100 nm thick PEDOT:PSS layers is below 2 - 3 nm at all investigated

spots, indicating a smooth surface with peaks below 20 nm height.

6.61 nm

-7.39 nm

14 nm

11.87 nm

-8.13 nm

20 nm

Figure 6.2.1: AFM images of PEDOT:PSS �lms on glass and PET foil.
Top left: glass, 5×5 µm2; Rrms = 1.76 nm. Top right: glass, 1 µm2; Rrms = 1.62 nm.
Z-scale is the same for both images (14 nm).
Bottom left: PET foil, 5×5 µm2; Rrms = 2.33 nm. Bottom right: PET foil, 2×2 µm2; Rrms

= 1.84 nm. Z-scale is the same for both images (20 nm).
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Figure 6.2.2: Left: re�ectance of PEDOT:PSS with 10wt% Na�on (black squares), and of
pure PEDOT:PSS (red circles).
Right: transmittance of PEDOT:PSS with 10wt% Na�on (black squares), and pure PE-
DOT:PSS (red circles).

The work function of polymer �lms is determined by UPS 1. The work function

of untreated PEDOT:PSS is found to be 5.05 eV. This is in very good agreement

with values in the literature, which typically range from 5.0 - 5.2 eV, depending on

the formulation, residual water content, or UV treatment [215]. Since the HOMO of

typical p-transport materials or the absorber ZnPc are in the range of -5.1 to -5.2 eV,

e�cient hole extraction by PEDOT:PSS is likely.

For some experiments, 10wt% of the per�uotinated ion-exchange resin Na�on are

added to the PEDOT:PSS dispersion to modify the work function [216]. UPS mea-

surements show that the work function of outgassed PEDOT:PSS �lms spun from

Na�on-containing dispersion is changed to -5.44 eV. This may be promising for future

experiments with di�erent organic materials like BPAPF, which has a deeper HOMO

of ≈ -5.6 eV, or diindenoperylene-based absorbers, which have HOMOs in the range

of -5.3 to -5.5 eV.

Re�ectance and transmittance of untreated PEDOT:PSS and of PEDOT:PSS-

Na�on �lms are shown in Fig. 6.2.2. Transmittance is between 70 - 80% in the visible

range. Re�ectance is well below 10%, with untreated Baytron PH500 having higher

re�ection and transmission than Baytron PH500 with 10wt% Na�on.

1Experiments done at IAPP by Selina Olthof.
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6.3 Photovoltaic devices

Several OSC with PEDOT:PSS as bottom electrode are prepared in the UFO1 evap-

oration tool. Di�erent substrates and absorber combinations (�at and bulk hetero-

junctions) are used. A typical stack is shown schematically in Fig. 6.3.1, together

with a photograph of an OSC on PET with PEDOT:PSS bottom electrode. As illus-

trated in the device stack, 1 nm of the Novaled p-dopant NDP2 is included between

PEDOT:PSS and HTL to facilitate charge extraction.

Glass / PET foil

PEDOT:PSS

1 nm NDP2

Absorbing

layers

p-TNATA

ZnPc

(ZnPc:C60 1:1)

C60

7 nm BPhen

100 nm Al

Figure 6.3.1: Left: stack of p-i-i PEDOT:PSS devices (schematically).
Right: photograph of PEDOT:PSS-containing OSC on PET foil. The PEDOT:PSS stripes
are structured by using a laser printer �negative�, as described in Section 5.3.2. The four Al
stripes on the bottom are only reinforcements to facilitate electrical characterisation; the
active area is the overlap of top Al contact and PEDOT:PSS. Four clearly separate pixels
are visible. The photo was taken from below the substrate, through the PET foil.

The methods involved to create OSC on glass are illustrated schematically in

Fig. 6.3.2. PEDOT:PSS is spun from a dispersion onto the glass substrate as de-

scribed above, leading to a uniform and featureless coating. After drying on a hot

plate and outgassing, one end of the substrate is dip-coated in a beaker containing

10 wt% of polystyrene dissolved in toluene. This is done to create an insulating,

transparent layer on top of a section of the PEDOT:PSS �lm, in order to obtain a

well-de�ned device area. In the next step, the organic small molecules are evaporated

onto the sample, �nally followed by a metal (Al) top electrode and a metal reinforce-

ment on the PEDOT:PSS. The active area is de�ned by the part of the Al layer

89



6 Results: PEDOT:PSS 6.3 Photovoltaic devices

Figure 6.3.2: Structuring and fabrication of PEDOT:PSS-based OSC on glass: PE-
DOT:PSS is spun from a dispersion onto the glass substrate. After drying and outgassing,
one end of the substrate is dip-coated with 10 wt-% of polystyrene dissolved in toluene.
This results in an insulating, transparent layer on top of the PEDOT:PSS. In the next step,
the active organic small molecules are evaporated onto the sample, �nally followed by a
metal (Al) top electrode and a metal reinforcement on the PEDOT:PSS. The active area is
de�ned by the part of the Al layer that extends from the polystyrene-coated area onto the
PEDOT:PSS.

that extends from the polystyrene-coated area onto the PEDOT:PSS; charge carriers

generated in the absorbers on the polystyrene-coated area cannot be extracted by the

bottom electrode and do not contribute to the total photocurrent.

The fabricated solar cells are characterised by studying four examples, two dif-

ferent �at (FHJ) and two di�erent bulk (BHJ) heterojunction solar cells on glass

and on PET foil, respectively. The FHJ devices contain a heterojunction of intrinsic

(undoped) i-ZnPc and intrinsic i-C60. BHJ devices have an additional blend layer of

ZnPc:C60 (volume ratio 1:1) between the intrinsic absorber layers. Further di�erences

between the devices are thickness and doping ratio of the hole transport layer. All

four structures are summarised in Table 6.3.1; for easier distinction, the devices are

numbered as 1) to 4).

The J(V) characteristics of the �at heterojunction solar cells 1) and 2) are shown

in Fig. 6.3.3 a). For these devices, the HTL (p-TNATA) is very thick (100 nm). This

large thickness is chosen for �rst experiments to ensure that eventual steps or rough

areas are coated with a thick organic layer to prevent shorts with the top electrode,
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6 Results: PEDOT:PSS 6.3 Photovoltaic devices

Table 6.3.1: Overview of presented solar cell con�gurations. In all cases, 7 nm BPhen
(EBL) and 100 nm Al (back contact) are used. All doping ratios are given in mol-%.

Substrate HTL, thickness (nm) Absorber type + thickness (nm)

1) glass TNATA:NDP2 (30:1, 100) ZnPc(10)/C60(40)

2) PET TNATA:NDP2 (30:1, 100) ZnPc(10)/C60(40)

3) glass TNATA:NDP2 (16:1, 60) ZnPc(11)/ZnPc:C60(10,1:1)/C60(50)

4) PET TNATA:NDP2 (11:1, 60) ZnPc(12)/ZnPc:C60(25,1:1)/C60(40)

or leakage from the absorber layers. It is obvious that the solar cells both on glass

and on PET su�er from low �ll factor and high series resistance. This limits the

e�ciencies to 0.43% for glass and to 0.18% for PET, respectively.

After this successful proof of principle, the HTL layer is reduced in thickness to

decrease the length of the pathway for holes between donor/acceptor interface and

anode; at the same time, the p-doping of the TNATA:NDP2 layer is strongly increased

from 30:1 to 16:1 and 11:1, respectively, to improve HTL conductivity. To also
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Figure 6.3.3: J(V ) curves of solar cells with PEDOT:PSS as bottom contact.
a) left: �at heterojunction OSC with thick HTL on glass (black squares) and PET foil (red
circles).
b) right: bulk heterojunction OSC with thin HTL on glass (black squares) and PET foil
(red circles).
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improve absorption while at the same time maintaining good exciton dissociation, a

large interface in the form of a blend layer of ZnPc and C60 is introduced, supported

by optical simulations to improve the distribution of the internal optical �eld within

the solar cell stack. This leads to the BHJ-containing devices 3) and 4).

In �g. 6.3.3 b) it is seen that these changes strongly in�uence the FF, roughly

doubling it from 28% to 53% on glass and increasing from 24 - 46% on PET foil. JSC
remains almost constant on the glass samples, but more than doubles on PET foils

from 2.3mA/cm2 to 5.1mA/cm2. We attribute this mainly to the higher thickness of

the blend absorber layer (solar cell 3):10 nm blend; solar cell 4): 25 nm blend): the

thicker blend layer of 4) provides a higher dissociation interface while being in closer

proximity to the electron collecting back contact, and at the same time increases the

number of photogenerated excitons, thus leading to high JSC.

The higher p-doping ratios (11:1 and 16:1 for the BHJ, compared to 30:1 for the

FHJ) lead to better transport of holes from ZnPc to the PEDOT:PSS bottom elec-

trode 2, which we correlate with the increased �ll factor. In all cases, independent

of the HTL doping ratio, 1 nm NDP2 between PEDOT:PSS and p-TNATA should

provide an Ohmic contact between these layers.

The lower open circuit voltage of the BHJ sample on glass (0.41 V) compared to

the FHJ sample (0.48 V) is di�cult to interpret and may be due to experimental

irregularities; di�erent quasi-Fermi level splitting is unlikely since the photocurrents

are very similar. It may be possible that the BHJ develops e�ective composite HOMO

and LUMO levels that lead to energetical losses. However, high FF indicate good

extraction of charge carriers, so increased recombination e�ects compared to FHJ

devices are unlikely to be the explanation.

One would expect a correlation of VOC and the heterojunction type; for ZnPc/C60

junctions, �at or bulk, voltages of well over 0.53V were achieved in our group for sim-

ilar devices when using ITO substrates [194], and should in principle be possible for

PEDOT:PSS devices as well. The solar cells shown here exhibit no clear systematics,

especially with solar cell 2) having extremely poor performance and a voltage of only

0.34V. Possible factors for low performance may be degradation induced by residual

water in the PEDOT:PSS layer or contamination before measurement. In the case

2 Tests by Christiane Falkenberg at IAPP with the comparable system MeO-TPD:NDP2 indicate
an increase of conductivity by a factor of 5 upon increasing the p-doping ratio from 30:1 to 11:1,
and a factor of 2.5 upon increasing to 16:1 (unpublished).
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Figure 6.3.4: Simulations of the optical �eld distribution in OSC with PEDOT:PSS bottom
electrode. a) FHJ with thick HTL (100 nm), corresponding to device 1); b) additional BHJ
with thinner HTL (60 nm), corresponding to device 3). The 100 nm thick PEDOT:PSS layer
(stack position 0-100 nm) and the 100 nm Al top electrode are omitted for better visibility
of the active layers. Calculated by OSOLemio [159].

of PET foil as substrate, it is noteworthy that the foil is not sealed against water or

oxygen from air. Normal PET foil provides only very weak protection against oxygen

and water (water vapor penetration rates of 10−1 - 101 g
m2 d

are expected [217]), and

UV light may penetrate through the foil into the organic layers.

Calculations of the optical �eld distribution are illustrated in Fig. 6.3.4; the dif-

ferential photon �ux per unit propagation length is shown in Fig. 6.3.5. The 100 nm

thick PEDOT:PSS layer (stack position 0-100 nm) and the 100 nm Al top electrode

are omitted for better visibility of the active layers. It is visible that the thinner HTL

leads to better utilisation of ZnPc in the wavelength range of 700 - 800 nm. The BHJ

itself provides an additional contribution to the photocurrent. However, the second

absorption peak of ZnPc at ≈ 630 nm is not fully utilised in the BHJ devices, which

is expected to partially compensate the gain that is achieved at >700 nm. The local

maxima at 500 - 550 nm play no signi�cant role, since ZnPc and C60 exhibit only

negligible absorption in this wavelength range.

The calculated di�erential photon �ux per unit length in BHJ and FHJ device

stacks on glass with di�erent HTL thicknesses is shown in �g. 6.3.5. The PEDOT:PSS

layer (stack position 0-100 nm) and the thick Al back electrode are omitted in the
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Figure 6.3.5: Simulations of the di�erential photon �ux per unit propagation length in
OSC with PEDOT:PSS bottom electrode. Circles: FHJ with thick HTL (100 nm); squares:
additional BHJ with thinner HTL (60 nm). The 100 nm thick PEDOT:PSS layer (stack
position 0-100 nm) and the 100 nm Al top electrode are omitted for better visibility of the
active layers. The e�ect of the additional 10 nm ZnPc:C60 between the intrinsic absorber
layers is visible. Calculated by OSOLemio [159].

graph for better visibility of the active organic layers. The total photon �ux in the

intrinsic ZnPc layer is very similar in both device architectures; in the BHJ device,

the �eld intensity at 630 nm is slightly lower, but this is compensated for by the high

intensity at 700-800 nm. The contribution from the 10 nm BHJ stems mainly from

the ZnPc. C60 absorbs in both devices. Due to the di�erent �eld distributions, the

maximum absorption of the fullerene layer in the FHJ device is higher. However,

this is compensated for by the higher total C60 layer thickness in the BHJ OSC

(50 nm vs. 40 nm, respectively). Altogether, the optical simulations con�rm the

experimental data that show a slightly higher JSC for the BHJ devices. Assuming AM

1.5G illumination and 100% internal quantum e�ciency, the additional contribution

of the BHJ amounts to 2.23 mA/cm2.

The in�uence of RS and illumination in FHJ devices are investigated in more de-

tail, as illustrated in Fig. 6.3.6. Figure 6.3.6 a) shows the J(V ) neutral density �lter

measurements of a FHJ device on glass; the OSC characteristics are shown graphi-
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Figure 6.3.6: J(V ) and neutral density �lter measurements of OSC with PEDOT:PSS as
bottom contact.
a) left: neutral density �lter measurements of a FHJ OSC with thick HTL on glass. The
�lters reduce the incident illumination to intensities of 1.9-55 %. The FF tend to increase
with lower light intensities because the series resistances of HTL and bottom electrode are
the limiting factor at high JSC . Lower VOC is due to lower quasi-Fermi level splitting,
resulting from the lower photocurrents.
b) right: details of open circuit voltage, �ll factor and short circuit current, depending on
light intensity. The relationship of FF and JSC is approximately linear, with JSC increasing
and FF decreasing for higher illumination. VOC increases due to the higher photogenerated
charge carrier density, but would saturate for even higher intensities.

cally in the right part of Fig. 6.3.6. It is visible how decreasing light intensities I0
(from ≈ 55 mW/cm2 down to 1.9 mW/cm2) lead to linearly decreasing photocurrents

and exponentially decreasing photovoltages, while at the same time the FF increases.

We attribute the behaviour of FF and JSC to the series resistance of HTL and PE-

DOT:PSS. At high currents, corresponding to high light intensities, RS is a limiting

factor to FF and JSC and promotes recombination; a small current, as encountered

at lower light intensities, is far below this limitation. The decrease of �ll factor is

further promoted by higher recombination due to higher exciton and charge carrier

densities in the device.

The behaviour of VOC(I0) is explained by lower charge carrier densities at small

I0 due to lower photocurrents. The quasi-Fermi level splitting is smaller, decreasing

VOC; the logarithmic behaviour predicted in Section 4.2 is con�rmed.

EQE of the FHJ devices on glass (1)) and plastic (2)) is measured using di�erent

color �lters, as shown in Fig. 6.3.7. The EQE is higher in the fullerene absorp-
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Figure 6.3.7: EQE measurements of FHJ OSC with PEDOT:PSS as bottom contact on
glass (squares) and PET foil (circles). Higher contributions in both samples stem from the
thick C60 layers.

tion range (400-500 nm) and drops signi�cantly in the ZnPc range (600 - 800 nm).

However, more measurement points would be desirable to obtain further information

about the range from 680 - 800 nm, where additional contributions from the ZnPc are

expected. Especially the simulations shown in Fig. 6.3.4 suggest that a signi�cant

contribution from ZnPc in this range is possible. Within the range of available data,

the contribution from C60 is higher, which corresponds to the higher layer thickness

(40 nm for C60, compared to 10 nm for ZnPc).

Additional experiments are performed to test PEDOT:PSS as transparent top con-

tact. OSC stacks on glass are deposited in UHV; as re�ective bottom electrode, thick

Al is used followed by the organic layers in inverted (i-i-p) structure. The sample

is then transferred from UHV through the N2-�lled glovebox to air for spincoating.

However, the process exposes the small-molecule layers to air and moisture; the PE-

DOT:PSS dispersion is aqueous and acidic. Altogether, no operational devices are

obtained and no electrical contact is observed.
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6 Results: PEDOT:PSS 6.4 Conclusion

6.4 Conclusion

Previously, PEDOT:PSS has been tested as bottom contact for polymer OPV [59,

218]. In the current work, the �rst small-molecule organic solar cells on glass and PET

foil are shown where ITO is successfully replaced with a stand-alone all-organic anode,

PEDOT:PSS. The challenge of creating and structuring these anodes is explained:

PEDOT:PSS samples are created on glass (with a polystyrene-containing solution as

passivation layer) and plastic (by utilising laser printer toner to selectively remove

excess PEDOT:PSS) substrates.

Structured PEDOT:PSS contacts are characterised by AFM, XPS/UPS, and op-

tical spectroscopy. 100 nm thick layers are found to have Rrms<2.5 nm. The layers

exhibit 70%-80% transmission in the visible range. Work functions of 5.05 - 5.44 eV,

are measured, depending on additional modi�cations. First operational solar cells on

di�erent substrates were fabricated, with e�ciencies close to 1%, having �ll factors

of over 50%, short-circuit currents of over 5 mA/cm2, and open-circuit voltages of

up to 0.48 V (depending on the solar cell stack and substrate type).

It is encouraging that PEDOT:PSS is feasible as transparent electrode material,

but the �nal potential of PEDOT:PSS for small molecule OSC remains to be tested

in further studies. Approaches for optimisation may include

� spincoating and outgassing in nitrogen atmosphere (glovebox) to exclude water

contamination,

� structuring without involving toluene; possibly printing,

� �nding the optimal stack, taking the �eld distribution into consideration.

Due to experimental di�culties that are encountered when attempting to employ

PEDOT:PSS as top contact, a di�erent material system is tested for this purpose:

thin metal �lms, which can be readily evaporated onto organic layers without breaking

vacuum.
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7 Results: Thin metal top

contacts

This chapter represents the main focus of this thesis: OSC top contacts consisting

of thin metal �lms. To test the principal feasibility, a preliminary experiment in the

UFO1 with a 12 nm metal contact is successfully performed and described in Sec-

tion 7.1. The promising �rst results are then extended to systematic studies by using

Lesker runs with di�erent parameters. Section 7.2 summarises the results obtained

from OSC with di�erent metal thicknesses and combinations of Al and Ag. Capping

layers are introduced to optimise the optical properties.

Sections 7.3 and 7.4 show in more detail the surfactant e�ect that can be utilised

by using thin Al interlayers (down to 1 nm Al); Section 7.4 is dedicated to studying

in more detail the in�uence of light incoupling layers. Finally, this knowledge is com-

bined in Section 7.7 to fabricate e�cient semi-transparent small-molecule OSC that

far surpass previously known devices from the literature based on ZnPc and C60. Go-

ing one step further, �rst module-size semitransparent tandem devices are introduced

in Section 7.8 that reach e�ciencies of over 3.5%.

7.1 Preliminary studies

To test the feasibility of thin metal layers, a �rst sample is made in the UFO1. The

stack is shown schematically in Fig. 7.1.1. The device consists of glass coated with a

thick (80 nm) intransparent metal electrode, a p-doped HTL, the intrinsic absorber

layers (ZnPc and C60), an EBL, and the thin top contact, 12 nm Ag. This stack is

designated as �inverted� or �top-illuminated� OSC (the transparent electrode through

which the device is illuminated faces away from the substrate) with p-i-i structure.

The resulting J(V ) data in the dark and under illumination are shown in Fig. 7.1.2
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Glass

80 nm Al

1 nm NDP2

Absorbing

layers

50 nm TNATA:NDP2 (15:1)

10 nm ZnPc

25 nm ZnPc:C60 1:1

40 nm C60

7 nm BPhen

12 nm Ag

Illumination

Figure 7.1.1: Device stack of an OSC with thin Ag top electrode. This stack is designated
as inverted or top-illuminated OSC with p-i-i structure. Similar materials (p-TNATA,
ZnPc/C60, BPhen) and layer thicknesses are used in a large part of the remainder of the
current work.

(left), together with the corresponding �eld distribution (right). All major device

characteristics are below expectations: normal ZnPc/C60-based OSC on ITO can

achieve VOC > 0.5 V, JSC > 8 mA/cm2, and FF > 50%.

The low JSC = 1.31 mA/cm2 may be explained in part by the suboptimal utilisation

of C60, as shown on the right: the �eld at λ < 450 nm (absorption range of C60) is low

in the fullerene-containing layers; as a consequence, only few excitations are generated

in the C60. This is linked to the low VOC = 0.32 V, which correlates to a small quasi-

Fermi level splitting. FF = 43% hints at some recombination. It is expected that

better absorption would lead to higher photocurrents and higher photovoltage, but

would further decrease FF.

It is noteworthy that the metal layer is extremely thin with only 12 nm, and mor-

phological factors may considerably determine device performance. It is likely that

the low FF is, in part, caused by a not fully closed metal �lm with relatively low con-

ductivity. Furthermore, penetration of Ag into the BPhen may lead to recombination

centers. As described in the fundamentals of metal �lms and optics in sections 4.4

and 4.5, this is also expected to cause signi�cant changes of the optical constants n
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Figure 7.1.2: J(V ) data (left) and normalised �eld distribution (right) of inverted OSC
with 12 nm Ag, made at UFO1. The device performance is very poor in terms of current
and voltage; the FF is below expectations as well [196, 219]. Part of the low photocurrent
may be explained by the suboptimal utilisation of C60, as shown on the right: the �eld at
λ < 450 nm (absorption range of C60) is low in the fullerene-containing layers. Calculated
by OSOLemio [159].

and κ of especially the Ag layer, since deviations from the Drude model are likely.

To follow these �rst results in more detail, additional studies are performed using

the Lesker evaporation tools. This allows for reproducible and systematic variations of

parameters within a single processing run. The resulting Lesker samples are described

in the following sections.

7.2 Metal and capping layer variation

A �rst Lesker sample run (#016) is designed and performed to test a) the in�uence

of top contact layer thickness, b) possible enhancements by surfactant layers, and

c) the e�ect of an additional light incoupling (�capping�) layer. The general stack

design, used for many samples in this chapter, is shown in Fig. 7.2.1; in sample #016,

the capping layer is varied between 0-100 nm Alq3, and the metal top contact consists

of 11 nm Ag, 15 nm Ag, 3 nm Al/8 nm Ag, or 5 nm Al/10 nm Ag. The experiments

are accompanied by optical simulations performed by the program Optics (written

at IAPP by F. Kozlowski [158]).

The obtained solar cell characteristics for di�erent metal contacts and Alq3 layers
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Glass

100 nm Al

1 nm NDP2

Absorbing

layers

30 nm TNATA:NDP2

10 nm ZnPc

25 nm ZnPc:C60 1:1

40 nm C60

7 nm BPhen

Top contact (8-21 nm)

Illumination

Capping layer (0-300 nm)
Typically 10-15 nm Al+Ag

Typically 60 nm Alq3

Figure 7.2.1: Device stack of OSC with thin metal top electrodes of Al and Ag, and with
additional Alq3 capping layers. This stack is designated as inverted p-i-i structure. The
metal contact used in this section consists of 0-5 nm Al and 8-15 nm Ag; the capping layer
is 0-100 nm thick. Additional and di�erent metal �lms and capping thicknesses are used
in the following sections. The HTL thickness was further reduced compared to previous
samples since the roughness of a 100 nm Al layer is expected to be very low.

are summarised in Table 7.2.1. It can be seen that composition and layer thick-

ness of the transparent top contact have a signi�cant in�uence on the overall device

performance. Pure Ag layers have the best optical properties [196]; however, a com-

bination of Al/Ag layers gives superior FF and extracted current. We attribute this

to a better electrical contact mediated by the 5 nm Al. The thermal evaporation

of Ag sensitively depends on the evaporation conditions (evaporation rate, pressure,

and layer thickness [66]). With an Al base layer, the morphological features of the

Ag layer are less likely to inhibit an optimal contact [151].

A comparison of the resulting J(V ) curves of di�erent devices can be seen in

Fig. 7.2.2. The OSC employing di�erent metal contacts, but otherwise having the

same stack (including 50 nm Alq3 capping layer) for better comparability, are shown

in the left part of Fig. 7.2.2, and are summarised as follows.

i) 11 nm Ag as top contact: none of the OSC, independent of any other layers (e.g.

102
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Table 7.2.1: Solar cell characteristics of run #016: variation of metal contact composition
and thickness; variation of capping layer thickness.

Al thickness Ag thickness Alq3 capping JSC VOC FF η
(nm) (nm) (nm) (mA/cm2) (V) (%) (%)
5 10 0 3.37 0.41 48.4 0.69
5 10 10 3.26 0.41 52.1 0.69
5 10 50 4.92 0.42 52.6 1.06
5 10 100 3.99 0.42 52.5 0.87
0 15 50 0.34 0.44 39.2 0.06
3 8 50 5.67 0.44 43.4 1.01

capping), has electrical contact. We attribute this to the silver morphology; below a

certain thickness threshold, Ag layers can grow as islands or as disjunct 2-dimensional

networks instead of forming continuous �lms, lacking conductive pathways. It was

reported that uniform �lms were found only at thicknesses above 10 nm [37]. In

the current work, however, a more sensitive dependence of the morphology on the

deposition parameters was noted.

ii) 15 nm Ag: devices are successfully fabricated; despite an open circuit voltage

VOC similar to the Al/Ag cells (0.44 V), they su�er from extremely low short-circuit

currents with JSC < 0.5 mA/cm2 and lower FF. Even though pure Ag layers are op-

tically more favorable than Al/Ag multilayers (higher transmission), a bad electrical

contact (high series resistance RS) is observed, attributed to morphological issues.

The clear �S-kink� visible in the J(V )-curves also suggests a high barrier for charge-

extraction, which may hint at di�usion of Ag into adjacent organic layers [220].

iii) 3 nm Al / 8 nm Ag: these samples have the highest currents, up to JSC =

5.67 mA/cm2 at 106 mW/cm2 simulated sunlight. Nonetheless, the series resistance

of this relatively thin layer limits FF to < 43%. It is noteworthy that the total metal

layer thickness is small with only 11 nm, but working solar cells with e�ciencies

η > 1% are obtained. We attribute this to the Al acting as smooth mediating

layer between BPhen and Ag, promoting a closed �lm and thus better conductivity,

combined with weaker absorption compared to 15 nm thick metal �lms.

iv) 5 nm Al / 10 nm Ag: this combination leads to solar cells having FF > 52%

and high currents of JSC = 4.9 mA/cm2. This combination of material and layer
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Figure 7.2.2: Left: J(V ) data of OSC employing di�erent metal contacts and 50 nm Alq3
as capping layer. It is visible that 15 nm Ag is insu�cient for a high-quality top contact:
low FF and high series resistance are observed. The combination of 3 nm Al and 8 nm Ag
is thinner (only 11 nm total metal thickness), but provides far superior device performance.
Right: J(V ) data of OSC employing 5 nm Al / 10 nm Ag and 0, 10, 50, 100 nm Alq3
capping layers. A strong improvement of JSC is visible.

thickness seems the best compromise between morphology, electrical, and optical

properties.

In order to study the in�uence of a variation of the Alq3 capping layer, four solar

cells are made with Alq3 layer thicknesses of 0, 10, 50, and 100 nm, respectively. The

resulting J(V ) data are shown in the right part of Fig. 7.2.2. Comparing samples

with di�erent Alq3 layers and the best metal contact (5 nm Al/ 10 nm Ag), it is

observed that VOC remains almost constant, while JSC and FF (and thus η) greatly

pro�t from the capping layer (Table 7.2.1). The best e�ciencies are obtained with

a 50 nm layer of Alq3, where the photocurrent is increased by roughly 50% due to

higher ZnPc absorption.

Figure 7.2.3 shows the external quantum e�ciency. The in�uence of the Alq3 layer

thickness on the absorption in the ZnPc is obvious, with the EQE from 600-700 nm

increasing from 15% (0 nm Alq3) to around 25% (50 nm Alq3).

This correlates well with simulations where the in�uence of capping layer thickness

on the distribution of the optical �eld and on the absorption within especially the

ZnPc and ZnPc:C60 absorber layers is studied. Simulations con�rm that a capping

layer of Alq3 drastically improves light absorption within the active layers of the solar

cell. At the same time, it in�uences the light re�ection.
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Figure 7.2.3: External quantum e�ciency of solar cells having 5 nm Al / 10 nm Ag as metal
contact and di�erent Alq3 capping layer thicknesses. The e�ect of Alq3 in the absorption
range of C60 is small, but the contribution from ZnPc (600-700 nm) is drastically increased,
which leads to an improvement of JSC of almost 50 %.

Both e�ects can be explained by considering microcavity e�ects between the semi-

transparent top contact (thin metal) and the re�ecting back contact (100 nm Al). The

Alq3 capping layer can be used to tune the optical �eld in the solar cell stack in such a

way that �eld maxima correspond to the position of the absorber materials, increasing

the absorption probability of a photon entering the solar cell. This is illustrated in

Fig. 7.2.4, where the calculated re�ectance of the solar cell stack is shown to depend

on the Alq3 layer thickness. The highest re�ection occurs, as expected, in the ZnPc

and ZnPc:C60, with optimised Alq3 layers being 50-75 nm thick, while the e�ect in

the pure C60 electron transport/absorber layer is smaller, as shown experimentally in

the EQE spectra.

Even at the optimised Alq3 layer thickness, one observes signi�cant re�ection,

especially in the wavelength range of 450-550 nm and above 700 nm. Keeping in

mind that Fig. 7.2.4 shows the re�ectance of the complete solar cell stack, this total

external re�ection can be further reduced by using di�erent organic materials which

absorb around 500 nm or in the near infrared to enhance overall absorption.

In summary, ITO-free inverted BHJ OSC are presented. The possible e�ect of
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Figure 7.2.4: Simulated external re�ectance of an OSC depending on Alq3 thickness.
Simulated by Optics [158]. The calculations suggest that a capping layer thickness of ≈
50-60 nm leads to strongly lowered re�ectance both in the C60 and ZnPc absorption range,
while a thickness of e.g. 160 nm has no, or only little positive e�ect.

morphology on metal contact e�ciency is discussed. It is shown that a capping layer

of Alq3 signi�cantly improves solar cell performance, a behaviour con�rmed by optical

simulations of the external re�ection. These �rst promising results raise questions

about interactions and performance of combinations of di�erent metal �lms, materials

and thicknesses, which are studied in more detail.

7.3 Optimisation of Al/Ag metal contacts

To elucidate the full potential of metal �lms for inverted OSC, di�erent combinations

of Al and Ag having di�erent thicknesses are tested. This Section describes a Lesker

run containing 16 OSC with the same organic standard stack as shown in Fig. 7.2.1,

but having di�erent metal top contacts. All devices contain a light incoupling layer

of 60 nm Alq3, which is expected to be close to the optimum for this stack and thin

Al/Ag layers (see Section 7.2).

The obtained solar cell characteristics for di�erent metal contacts consisting of

variations of aluminium (1 - 7 nm) and silver (8 - 14 nm) in di�erent combinations
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Table 7.3.1: Solar cell characteristics of di�erent combinations and layer thicknesses of Al
and Ag. All devices contain 60 nm Alq3 capping layer. The photovoltaic properties of the
OSC containing 1 nm Al / 8 nm Ag are so weak that no meaningful FF or η is obtained. The
general trend shows that a total layer thickness > 13 nm is su�cient to obtain operational
devices with FF > 50 %.

Metal contact JSC VOC FF η
(mA/cm2) (V) (%) (%)

1 nm Al, 8 nm Ag 0.01 0.525 n/a n/a
1 nm Al, 10 nm Ag 3.26 0.503 13.5 0.22
1 nm Al, 12 nm Ag 7.42 0.520 52.2 2.01
1 nm Al, 14 nm Ag 7.90 0.519 53.9 2.21
3 nm Al, 8 nm Ag 6.14 0.515 29.5 0.93
3 nm Al, 10 nm Ag 5.95 0.516 52.1 1.71
3 nm Al, 12 nm Ag 6.49 0.512 52.6 1.49
3 nm Al, 14 nm Ag 6.57 0.514 52.5 1.92
5 nm Al, 8 nm Ag 5.47 0.509 56.2 1.56
5 nm Al, 10 nm Ag 5.68 0.512 57.9 1.68
5 nm Al, 12 nm Ag 5.49 0.508 58.1 1.62
5 nm Al, 14 nm Ag 5.61 0.506 59.1 1.68
7 nm Al, 8 nm Ag 4.55 0.503 57.6 1.43
7 nm Al, 10 nm Ag 4.73 0.508 55.7 1.34
7 nm Al, 12 nm Ag 4.74 0.516 57.5 1.40
7 nm Al, 14 nm Ag 4.92 0.504 60.6 1.39

are summarised in Table 7.3.1. All short-circuit currents given are normalised to an

incident light intensity of 100 mW/cm2.

While there are some deviations due to experimental scatter, it can be seen that

composition and layer thickness of the transparent top contact have a signi�cant

in�uence on the overall device performance and exhibit clear trends. Three main

factors can be distinguished: the thickness of Al, the thickness of Ag, and the overall

metal thickness of Al/Ag combined.

The thickness of the Al layer is varied between 1 - 7 nm. As shown in Section 7.2,

the addition of Al to the cathode alone can lead to a signi�cant improvement, presum-

ably due to surfactant e�ects that lead to more closed Ag layers and prevent cluster

formation compared to stand-alone pure Ag layers. Previous studies by LeGoues et
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al. [171] by TEM showed that less reactive metals like Ni and Cu can form metallic

precipitates within polyimide layers without reacting. Cr, in contrast, reacted with

the organic material, was bound to its surface and formed continuous layers. Noble

metals like Ag, Au, and Pt have been observed to di�use and form clusters even

on crystalline organic materials at room temperature [167] without chemical inter-

action [221]. This suggests that the Al layers can react with the BPhen and form a

smooth surface on which the Ag can then adhere in closed �at layers [151]; however,

this is contrary to Al-induced defect states in the EBL 2,9-dimethyl-4,7-diphenyl-

1,10-phenanthroline (BCP), which are proposed by Peumans et al. [103].

As can be seen from the data shown here, an increase of the Al thickness leads

to a clear decrease of the short-circuit current JSC which can be explained by higher

re�ection of Al in the range from 400 - 500 nm and 600 - 700 nm, decreasing the

photon density in the absorber and inhibiting exciton generation. This is illustrated

in the re�ectance measurements of the OSC stack without capping layers, shown in

the inset of Fig. 7.3.1. The lowest re�ectance values are obtained for a metal electrode

having only 1 nm Al and a total thickness of 15 nm.

The electrode with 3 nm Al and a total thickness of only 11 nm exhibits higher

re�ectance, showing that the main contribution towards re�ection stems from the

Al content [196]. These �ndings are supported by EQE measurements shown in

Fig. 7.3.1, where in particular the EQE in the 600 - 700 nm range drops from 35%

to almost 20% upon increasing the Al thickness. This coincides with the main ZnPc

absorption range, leading to lower photocurrents with increasing Al thickness. The

highest currents are obtained with 1 nm Al with up to 7.9 mA/cm2 (at 14 nm Ag

thickness) which drops to 6 - 6.6 mA/cm2 for 3 nm Al, 5.5 - 5.7 mA/cm2 for 5 nm Al

and reaches a minimum for 7 nm Al with 4.6 - 4.9 mA/cm2.

At the same time, thicker Al layers seem to slightly reduce the open-circuit voltage

(VOC) from 0.52 V for 1 nm Al to 0.51 V for 7 nm Al with decreasing voltage for

increasing Al thickness. It is currently not clear if this e�ect is caused by di�erent

work functions of Ag (4.26 eV) and Al (4.28 eV) (values reported by Michaelson [203]),

or possibly the di�usion of Al or Ag atoms into adjacent organic layers of BPhen and

C60 which might lead to unintentional doping. These negative e�ects of thicker Al

are partially compensated by an improvement of the �ll factor for thicker layers.

However, since an increase of FF can also be observed for increasing Ag layer
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Figure 7.3.1: EQE measurements of OSC with thin Al/Ag metal contacts and Alq3 capping
layer. Inset: re�ectance measurements of the OSC stack, without capping layer. Squares:
1 nm Al / 14 nm Ag; Circles: 3 nm Al / 8 nm Ag; Triangles: 7 nm Al / 14 nm Ag. The
data show lowered EQE and increased re�ection in especially the ZnPc range for thicker Al
layers.

thickness, this superposition of e�ects makes it di�cult to evaluate the proportions

of the contributions of both materials to FF. Generally, it can be seen that thicker Al

layers are disadvantageous to solar cell performance, mainly due to negative optical

properties.

In the current work, Ag has been used as the main conductive component for the

metal electrodes due to its advantageous optical properties. Ultra-thin Ag �lms are

very sensitive to deposition conditions, and for thin metal �lms it is assumed that

uniform �lms are found only at thicknesses above a certain coalescence threshold,

which is estimated to be in the range of 10 nm [37]. It has been found that this

coalescence threshold can vary strongly, depending on evaporation rate, substrate,

pressure etc [57, 66]. With an Al base layer, the morphological features of the Ag
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layer less likely inhibit an optimal contact because the Al seems to act as surfactant,

mediating smooth Ag morphology.

For the solar cells with 1 nm Al / 8 nm Ag, it is assumed that the amount of

silver is too small for a closed layer, despite the 1 nm Al deposition. While a small

photovoltage is observed, the measured e�ciency is in the low 10−3 % range and is

considered negligible.
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Figure 7.3.2: Current-voltage curves with simulated AM 1.5G and without illumination.
Filled symbols: under illumination; empty symbols: in the dark; squares: 1 nm Al / 14
nm Ag; circles: 3 nm Al / 8 nm Ag; triangles: 7 nm Al / 14 nm Ag. Thicker metal layers
lead to increased FF, but lowered JSC. The OSC with 3 nm Al / 8 nm Ag exhibits low
performance, which is attributed to low conductivity of a not fully closed metal layer.

Examples of selected J(V ) characteristics under illumination and in the dark are

shown in Fig. 7.3.2. Fully operational solar cells are obtained with 3 nm Al / 8 nm

Ag, having JSC = 6.1mA/cm2 and VOC = 0.52 V, which is in the same range as the

characteristics of the other solar cells, albeit having a lower FF of below 30%. The

creation of an operational solar cell suggests that well-de�ned closed layers are in

principle possible even with thicknesses of individual metal �lms below 10 nm.
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The solar cell with 7 nm Al / 14 nm Ag has the thickest metal contact of all devices

presented in this Section. Due to its lower transmission (especially caused by the 7

nm Al [196]), the photocurrent is low with 4.9mA/cm2 compared to the 6.1mA/cm2

of the device with 3 nm Al / 8 nm Ag. This is more than compensated for by the high

FF of over 60%, leading to an overall increase of e�ency to 1.39% from 0.93% for the

3 nm Al / 8 nm Ag contact, despite considerably lower quantum e�ciency. This is

expected to originate from a superior electrical contact between the organic / metal

interface and an increased number of charge carrier percolation pathways within the

metal contact. The slopes of the J(V )-curves under illumination and in the dark for

voltages > VOC suggest a lower series resistance of OSC with thicker Al.

From all OSC, the sample with 7 nm Al / 14 nm Ag has the lowest series resis-

tance and, as suggested in the saturation behaviour, the highest parallel resistance,

indicating a good electrical contact and low leakage current. In contrast, the thin

metal contact of 3 nm Al / 8 nm Ag exhibits the highest series and lowest parallel

resistance. The low FF and the visible �S-kink� hint at issues in charge extraction, a

counter-injecting diode [222], or high recombination due to charge accumulation near

one of the electrodes.

This can be caused by the Ag layer which is thick enough for electrical contact,

but still has some isolated clusters, islands, or hillocks that act as charge carrier

traps for electrons, leading to unbalanced charge carrier extraction from the whole

device and creating a counter-�eld. An �S-kink� can suggest a high barrier for charge-

extraction, which may hint at di�usion of Ag into adjacent organic layers [151, 220].

In the current case, the latter is deemed unlikely since solar cells with higher FF are

obtained for thinner and thicker Al layers as well as for Ag layers of 8 nm thickness.

It cannot be excluded that the non-continuous Ag layer allows residual oxygen to

penetrate to the Al, leading to quicker degradation or the formation of Al2O3.

The best solar cell of the current study has a combination of 1 nm Al, preserving

high transmission while at the same time acting as surface-mediating layer, and 14

nm Ag for a closed layer with only few clusters. This con�guration yields the best

compromise of JSC = 7.90 mA/cm2 and FF = 54%, leading to an overall e�ciency of

more than 2.2%. It is expected that this metal contact can be used in an optimised

solar cell stack with di�erent transport materials or absorbers to achieve considerably

higher performance.
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Figure 7.3.3: Intensity-dependent �ll factor (FF ) and open-circuit voltage (VOC).
Right scale: VOC of solar cells with 3 nm Al / 8 nm Ag (�lled circles) and 7 nm Al / 14 nm
Ag (�lled triangles) contacts. VOC increases exponentially due to higher quasi-Fermi level
splitting caused by higher charge carrier densities. The voltage saturates for intensities >
60 mW/cm2 due to limitations of the BHJ.
Left scale: FF of solar cells with 3 nm Al / 8 nm Ag (empty circles) and 7 nm Al / 14
nm Ag (empty triangles) contacts. The decrease of the OSC with the thin metal contact is
attributed to bad charge extraction and a counter�eld.

Neutral density �lter measurements are performed to further investigate the e�ects

of the metal contact for di�erent illumination intensities. The e�ect of incident light

intensity on FF and VOC is shown in Fig. 7.3.3, where the thinnest (3 nm Al / 8

nm Ag) and thickest (7 nm Al / 14 nm Ag) solar cells are chosen. VOC shows an

exponential increase for increasing illumination for both contact types, as is expected

when the quasi-Fermi-niveau splitting becomes more pronounced due to higher charge

carrier generation. At high intensities, the voltage saturates due to limitations of the

ZnPc:C60 system.

A clearly di�erent behaviour is visible for the FF. The solar cell with the thick

metal contact shows an exponential increase with a saturation-like behaviour, slightly

decreasing at high intensities owing to growing recombination caused by high charge

carrier densities. The thin metal electrode leads to a peak at 0.025 suns, followed by
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decreasing FF values. This suggests an increasing in�uence of the series resistance

at higher photogenerated currents and higher recombination due to hindered charge

carrier extraction through an insu�ciently formed percolation network.

The e�ect of organic underlayers on metal electrode performance is signi�cant [151,

167, 168, 180]. Samples on glass with combinations of 1 nm Al surfactant and varying

Ag thicknesses (0-18 nm) are created to investigate the series resistance. In this run,

no organic layers are present. All 16 samples are deposited in the same run to ensure

that e�ects which might be caused by di�erent deposition conditions are eliminated.

All samples are characterised on the day of processing by four-point probe within one

hour after leaving the N2-�lled glovebox to minimise oxidation.
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Figure 7.3.4: Sheet resistance RSq of 1 nm Al and di�erent Ag thicknesses on glass, as
measured by four-point probe technique. An exponential decrease is visible, with Rsq < 10
Ω/� for Ag thicknesses larger than 8 nm.

The determined RSq is shown in a semi-log plot in Fig. 7.3.4. Samples containing

only 1 nm Al, or 1 nm Al / 1 nm Ag, do not exhibit detectable conductivity. However,

a strong exponential decrease is visible with increasing Ag thickness dAg. For samples

with dAg > 8 nm, the sheet resistance drops to RSq < 10 Ω/�. Conductivity-wise,

the thin metal layers compare favourably with ITO, which exhibits typical RSq ≈ 30

Ω/� for ITO thicknesses of ≈ 100 nm.

In summary, ITO-free inverted organic bulk heterojunction solar cells with cathodes
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from thermally evaporated combinations of ultra-thin Al and Ag �lms are presented

in this Section. It is shown that despite better optical properties, very thin metal

cathodes are inferior to thicker layers under operation in OSC. This is proposed

to be due to isolated clusters and remaining islands that lower FF. The optimal

solar cell structure employs a combination of 1 nm Al for improved morphology of

the metal contact and 14 nm Ag for improved electrical and optical properties and

reaches promising e�ciencies of over 2.2%, which is expected to increase further by

optimisation of solar cell stack and used materials.

7.4 Morphology of thin metal �lms

To achieve a better understanding why device performance depends on the Ag thick-

ness, and how the morphology depends on layer thickness and material combination,

further studies are conducted. For this purpose, samples are created on glass and on

complete OSC stacks and studied by AFM and SEM; a Lesker run is performed to

compare if the surfactant e�ect of Al can also be observed for other noble metals like

Au, with additional OSC samples as veri�cation and support of the morphological

studies.

As foundation, four di�erent OSC are created. An OSC containing a top contact

with 1 nm Al / 14 nm Ag is a reference device to connect this Lesker run to previous

samples and to exclude experimental errors; other devices employ Au as stand-alone

top contact, or in combination with 1 nm Al surfactant. To study the role of the Al

surfactant and the in�uence of the electrode structure, the chosen electrical contacts

are I) 16 nm Ag, II) 1 nm Al / 14 nm Ag (the reference device), III) 10 nm Au, and

IV) 1 nm Al/ 10 nm Au. 16 nm Ag are chosen instead of 14 nm Ag because with the

current set of deposition parameters, 14 nm thickness is likely to be just below the

coalescence threshold [223] and are expected to yield no e�cient operational devices,

while 16 nm are su�cient for e�cient conduction in OSC.

The solar cell characteristics are summarised in Table 7.4.1; the J(V ) characteris-

tics are shown in Fig. 7.4.1 (left: under illumination; right: in the dark). All current

densities are normalised to a light intensity of 100 mW/cm2. It can be seen that

OSC II) and IV) have similar open-circuit voltages VOC of 0.522 V and 0.529 V,
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7 Results: Thin metal top contacts 7.4 Morphology of thin metal �lms

Table 7.4.1: Characteristics of OSC having di�erent metal top contacts of Al/Ag, Ag,
Al/au, and Au. The 1 nm Al interlayer leads to slightly reduced JSC, but strongly increased
FF.

Metal contact JSC VOC FF η
mA/cm2 V % %

I) 16 nm Ag 7.28 0.460 41.0 1.37
II) 1 nm Al, 14 nm Ag 7.02 0.529 56.2 2.09
III) 10 nm Au 6.88 0.510 32.2 1.13
IV) 1 nm Al, 10 nm Au 6.86 0.522 53.3 1.91
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Figure 7.4.1: J(V ) data of OSC with di�erent metal contacts (16 nm Ag, 1 nm Al / 14
nm Ag, 10 Au, and 1 nm Al / 10 nm Au) and a �xed 50 nm Alq3 capping layer.
Left: under illumination; right: in the dark. In both graphs, the addition of 1 nm Al
surfactant between BPhen and the noble metal layer leads to improved FF and RSq.

respectively, which shows that the type of metal (Au or Ag) has little in�uence on

the voltage in the presence of 1 nm Al. While the bulk work functions di�er by ≈
0.8 eV, assuming 4.3 eV for Ag and 5.1 eV for Au [203], the energetical barrier for

the charge carriers seems to be the same for both materials.

The omission of the 1 nm Al in solar cells I) and III) leads to reduced VOC (0.07

V for Ag, 0.01 V for Au), suggesting that the presence of, or chemical reactions

with, Al at the interface of metal/BPhen may modify the energetical barrier and

the energy level alignment. At the same time, remaining voids between BPhen and

the metal contact can be a prominent feature of samples without Al, if the noble

metals grow in clusters. This may lead to high local electron densities of OSC under
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operation, resulting in a counter-�eld that increases the energy barrier for electrons

to be injected from BPhen to the metal electrode [222].

JSC are in the same order of magnitude, with Ag-containing metal contacts having

higher transmission and leading to higher photocurrents. The presence of Al leads to

reduced currents for both Ag- and Au-type electrodes, owing to the optical properties

of Al [196].

The decisive in�uence on the OSC e�ciency origins from the di�erences of FF.

The addition of 1 nm Al to the stack leads to signi�cant increases of FF, from 41%

to 56% for the Ag-containing solar cells I) and II), and from 32% to 53% for the

Au-containing solar cells III) and IV). In the J(V )-curves this is re�ected in the

S-kinks visible for the contacts consisting of only Ag and Au, respectively. At the

same time, the slope of the J(V ) for increasing positive voltages suggests that the

series resistance Rs is lowered signi�cantly upon addition of 1 nm Al as interlayer.

The development of FF and Rs is attributed to a direct in�uence of the morphology,

as described below. The clusters, blind alleys and isolated islands illustrated in

the SEM and AFM micrographs below hinder e�cient extraction of photogenerated

charge carriers. This results in the buildup of a counter-�eld, represented by the

S-kink. Since the electron extraction is slowed, higher recombination of dissociated

charge carriers occurs, which ultimately limits solar cell performance.

For application in optoelectronic devices, continuous �lms are required. Previous

experiments showed that the coalescence threshold of silver evaporated under the

conditions described above at a rate of ≈ 0.3 Å/s is between 14-15 nm. Operational

OSC are obtained at 15 nm thickness [223], but low FF < 40% hints at island-like

morphology with bad charge extraction.

In contrast, solar cell electrodes with nanometer-thin Al layers between the or-

ganic materials and Ag show considerably better morphology and allow to study

the coalescence of Ag which occurs with increasing thickness. This is illustrated in

Fig. 7.4.2, where SEM micrographs of samples with 1 nm Al and di�erent Ag thick-

nesses are shown. The samples consist of complete solar cell material stacks so that

the electrodes represent realistic conditions and can be used for operational devices.

Figure 7.4.2 a) to d) shows SEM images of samples with metal layers having

increasing Ag thicknesses, deposited on complete OSC material stacks. It is clearly

visible that sample a) (1 nm Al / 8 nm Ag) contains a large amount of isolated
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Figure 7.4.2: SEM micrographs of OSC stacks with 1 nm Al and a) 8 nm, b) 10 nm, c)
12 nm, d) 14 nm Ag top contact layer. The white scale bar represents 200 nm. The circles
in a) highlight examples of isolated clusters. With increasing Ag thickness, the number of
islands decreases and a closed layer begins to form.

islands, some of which have been marked with circles. These islands are not part of a

charge-carrier percolation network, and charge extraction is hindered with this type

of contact layer. For devices employing this metal contact, it is possible to observe

a photovoltaic e�ect, but since the photocurrent is in the µA range and FF < 25%,

this type of electrical contact is insu�cient for e�ciently operational devices.

When increasing the Ag thickness, sample b) still exhibits islands, but the surface

coverage has increased and the Ag starts to form interconnected networks. 1 nm

Al / 12 nm Ag, as shown in c), are su�cient for electron percolation networks and

lead to FF > 50% with η ≈ 2% (data not shown here). Optimal OSC performance

is achieved for 1 nm Al / 14 nm Ag with JSC = 7.02 mA/cm2, VOC = 0.529 V,

FF = 56.2% and η = 2.09%. When going to thicker Ag or Al layers, the increasing
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absorption and re�ection of the metal layers lead to lower solar cell performance.

a)      1 nm Al / 8 nm Ag e)    7 nm Al / 14 nm Ag

Figure 7.4.3: SEM micrographs of solar cell stacks with a) 1 nm Al / 8 nm Ag, e) 7 nm Al
/ 14 nm Ag top contacts. The white scale bar represents 200 nm. The formation of more
charge carrier percolation pathways and the tendency towards a closed layer with increasing
contact thickness is visible.

The e�ect of layer thickness on the morphological development is shown in Fig. 7.4.4,

where the thinnest (1 nm Al / 8 nm Ag) and thickest (7 nm Al / 14 nm Ag) multi-layer

metal contacts are shown for comparison, illustrating the formation of a continuous

layer. It has to be noted, however, that 7 nm Al / 14 nm Ag lead to a lower light

transmission and limit photon absorption in the OSC, ultimately limiting device per-

formance. Even for this structure, the total metal thickness being 21 nm, one still

observes voids in the network. However, further increasing the layer thickness is

expected to reduce performance since the light transmission would be too low.

The surface-modifying e�ect of Al underlayers can be observed for Au layers as

well, as shown in the SEM images f) to i) in Fig. 7.4.4. For Au layers of only 6 nm

thickness, cracks and voids are observed between islands of Au which isolate large

areas from the percolation network. Upon addition of 1 nm Al underlayer, the surface

coverage is improved and the longer, larger cracks are replaced by small voids, as seen

in Fig. 7.4.4 g). A similar e�ect is observed for thicker layers, as shown in h) (16 nm

Au) and i) (1 nm Al / 16 nm Au). 16 nm Au are su�cient for conductive samples,

but clusters of ≈ 10 nm diameter are still visible. This changes when using an Al

interlayer: instead of single grains, larger connected areas with lower roughness are

observed. In all cases, the insertion of this interlayer between BPhen and Au leads

to completely di�erent morphologies, analogous to Ag samples.
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h)            0 Al / 16 Au

f)               0 Al / 6 Au g)               1 Al / 6 Au

j)             1 Al / 16 Au

Figure 7.4.4: SEM micrographs of solar cell stacks with f) 6 nm Au, g) 1 nm Al / 6 nm
Au, h) 16 nm Au, i) 1 nm Al / 16 nm Au top contact layer. The white scale bar represents
200 nm.

Surface morphology and root mean square roughness Rrms of samples contain-

ing Al/Ag are studied by AFM. Examples are shown in Fig. 7.4.5 (14 nm Ag) and

Fig. 7.4.6 (1 nm Al / 14 nm Ag) (note the di�erent scalebars representing 30 nm and

20 nm, respectively). Both samples are evaporated directly onto glass without un-

derlying organic layers. 14 nm Ag yield Rrms ≈ 3.6 - 5 nm, while 1 nm Al underneath

the Ag lowers Rrms to ≈ 2.3 - 2.6 nm.

This con�rms that the Ag grows in large islands and clusters even at layer thick-

nesses of > 10 nm when no surfactant is used; the interconnections between the

clusters are relatively thin, since the bulk of the deposited mass is concentrated in

the clusters. Remarkably, thinner multi-layers, e.g. the 1 Al / 12 Ag mentioned

above, tend to form smoother interpenetrating networks with better electrical prop-

erties compared to thicker (14 nm) layers of pure noble metal. The in�uence of Al
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Figure 7.4.5: AFM micrographs of 14 nm Ag evaporated on glass. The z-scalebar is 30
nm. The white scale bars represent 200 nm (left) and 2 µm (right), respectively.

Figure 7.4.6: AFMmicrographs of 1 nm Al / 14 nm Ag evaporated on glass. The z-scalebar
is 20 nm. The white scale bars represent 200 nm (left) and 2 µm (right), respectively.

surfactants on Ag layers on glass merits further studies.

It is currently not clear which mechanism leads to the smoothening e�ect in OSC.

Photoelectron spectroscopy experiments of Ag, Cu, and Au on pentacene [168] sug-

gest that pentacene �oats in subsequently deposited metal layers, always forming an

organic monolayer on top of the metal which leads to reduced surface energy. In the

current case, it is conceivable that BPhen molecules �oat within a pure Ag layer [151]

and in�uence the structure formation in such a way that island growth is energetically

favourable due to molecules covering the voids. If a thin Al layer is present, it may

react with the BPhen molecules and pin them in place, leading to a closed metal layer

which has a smaller surface compared to porous and isolated clusters. Since metal

di�usion into the underlying BPhen can also be expected [224], especially for noble
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Ag, further investigation of these competing processes might help to understand the

role of the Al surfactant.

The possible in�uence of the deposition rate on the optical properties is tested

by absorbance and transmittance measurements. For this purpose, four samples are

created. In all cases, the substrate is glass coated with 7 nm BPhen (to simulate

similar conditions like in the OSC devices). The metal layers consist of either 1 nm

Al surfactant and 14 nm Ag (samples I and II), or only 14 nm Ag without surfactant

(samples III and IV). The Ag layers of samples I and III are deposited at 0.25Å/s

(the �low rate� that is chosen for the OSC devices of this chapter), samples I and III

at a higher rate of ≈ 0.9Å/s. Due to experimental constraints, the evaporation rate

cannot be further increased.

The resulting measurements of transmittance T and absorbance A are shown in

Fig. 7.4.7 (left), as the relative di�erence of optical characteristics between high and

low deposition rate with ∆T = Thigh / Tlow and ∆A = Ahigh /Alow. The relative

change in re�ectance is shown in Fig. 7.4.7 (right).
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Figure 7.4.7: Left: relative change of transmittance T (empty symbols) and absorbance
A (�lled symbols) of samples with 1 nm Al and 14 nm Ag (squares), or 14 nm Ag (circles),
induced by a change of evaporation rate from 0.25Å/s to 0.9Å/s. Right: relative change
of re�ectance R of 1 nm Al and 14 nm Ag (squares), or 14 nm Ag (circles). In all cases, the
metal layers are deposited onto glass coated with 7 nm BPhen.

It is visible that this change in evaporation rate has a signi�cant, wavelength-

dependent in�uence on the pure 14 nm Ag �lms (without surfactant): the high
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evaporation rate (0.9Å/s) leads to decreased A and increased T at λ < 650 nm,

which then changes to increased A and decreased T for higher wavelengths. The

lower transmittance at high wavelengths corresponds to an increased re�ectance, as

seen in the right part of Fig. 7.4.7.

A similar trend was noted in the work of Sennett and Scott [66], where re�ection

at 650 nm increased by ≈ 5% when increasing the evaporation rate from 0.3Å/s to

1.5Å/s. These previous studies were done with Ag on uncoated glass and reported a

general increase of R, independent of the actual metal layer thickness, with increasing

rate. However, the only data that were available were at λ=650 nm; the present work

shows that the changes of optical characteristics are more sophisticated.

Since the �lm morphology is expected to change towards smoother layers with

increasing deposition rate [66], this is possibly the reason for the results described

above. If the higher rate leads to less isolated grains and a more interconnected net-

work, a gradual change of the dielectric properties is expected; while a smaller surface

scattering due to a smaller surface-to-volume fraction at high rates is possible [173],

at the same time the contribution of plasmonic e�ects of isolated clusters is likely to

decrease. However, it is not totally clear which e�ect is introduced by the BPhen

underlayer. As recent work shows, Ag penetrates into and intermixes with BPhen,

and a monolayer of BPhen may �oat on top of the noble metal [151].

Photoelectron spectroscopy indicates that a surfactant layer of 1 nm Al may change

this: subsequently deposited Ag layer exhibit no detectable BPhen signal, and only

little metal is found in the BPhen underlayer. This is re�ected in the optical mea-

surements of the metal contacts of 1 nm Al and 14 nm Ag, deposited at di�erent

evaporation rates: there is almost no change in the optical properties at λ>400 nm,

with ∆T , ∆R, and ∆A ≈ 1. When evaluating the changes at 300 nm<λ<400 nm,

it must be considered that the signal in this wavelength range is dominated by the

glass substrate, which has increasing absorption at shorter wavelengths.

The reduction of absorbance with higher evaporation rate may correspond to a

small change of the plasma frequency of the Ag layer. As shown in Section 4.5.3, a

higher �lling factor in a composite medium containing organic and metal components

leads to a slight redshift of the extinction coe�cient [182]. This may explain the

slightly lower A at λ ≈ 350 nm and the slightly increased A at≈ 425 nm. However, the

precise changes of intermixing of BPhen, Al, and Ag, depending on the evaporation
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rate, are not easily accessible to experimental studies. Further investigations with

much lower and higher deposition rates might provide further insights into this topic.

In conclusion, the surface morphology of thin semi-transparent metal contacts from

Al, Ag and Au for OSC is studied. The data illustrate the formation of the surface

of combinations of thin metal multi-layers on organic materials. It is shown that Ag

grows in rough surfaces in the form of single clusters which only start to coalesce

at thicknesses of 15-16 nm, which is a higher thickness than previously assumed in

the literature. The presence of 1 nm Al as surface-modifying agent between organic

materials and Ag results in a �atter, smoother morphology, resembling a continous

layer with only few voids and a much lower surface roughness. Optical studies suggest

that the deposition rate is an important parameter, but also that the surfactant may

reduce its in�uence.

SEM images show the transition of an Al/Ag multi-layer system evaporated onto

organic material from isolated islands to a fully interconnected network with increas-

ing Ag thickness. The high conductivity and light transmission make this network

useful for optoelectronic devices. OSC are shown which underline the role of an ultra-

thin Al layer as surface-modifying agent. The presence of Al leads to a slightly higher

VOC and a strongly improved FF, which increases OSC performance by over 50%,

despite lower photocurrents caused by the slightly lower transmission.

The optimal solar cell structure employs a combination of 1 nm Al for improved

morphology of the metal contact and 14 nm Ag for improved electrical and optical

properties and reaches promising e�ciencies of 2.09%, which has the potential to be

increased further by optimisation of solar cell stack and used materials. For further

studies, this thickness is used, since it represents a good compromise of electrical and

optical properties.

7.5 In�uence of the light incoupling layer

7.5.1 Optical studies of single layers

To characterise the anti-re�ection e�ect of capping layers, simple samples are created

on glass substrates and are evaluated by optical measurements of re�ectance and

transmittance, as shown in Fig. 7.5.1. Four samples are created on glass: I. 15 nm
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Ag (�lled squares); II. 15 nm Ag and 60 nm Alq3 (empty squares); III. 1 nm Al and

14 nm Ag (�lled circles); and IV. 1 nm Al, 14 nm Ag, and 60 nm Alq3 (empty circles).
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Figure 7.5.1: Optical characteristics (re�ectance R and transmittance T ) of Ag (squares),
or Al/Ag (circles). The samples have no capping layer (�lled symbols), or 60 nm Alq3
capping (open symbols). It is visible that the organic capping acts as antire�ection coating
and strongly improves light incoupling through the metal top contacts, independent of top
contact composition.

In this simple stack, similar transmittance and re�ectance are obtained for both

kinds of metal contacts. Only minor di�erences of≈ 2% in transmittance are observed

for λ > 600 nm. However, when comparing thicker layers of pure Al and Ag (e.g.,

layer thicknesses of 5-20 nm), the transmission of Al drops far below the values of

Ag [225]. In the context of the current thesis, the changes of optical properties of

metal contacts by a surfactant layer of 1 nm Al play only a minor role.

A large di�erence is introduced by addition of 60 nm Alq3 (empty symbols): the

antire�ection e�ect is visible in a reduction of re�ectance by up to 35%. The in-

crease of transmittance is slightly lower, by up to 30%. A drop of transmittance at

λ < 450 nm is noted. This is caused by absorption of the Alq3 capping layer itself,

which has an absorption maximum at 397 nm (measured at IAPP). Similar e�ects

were observed on complete OSC stacks as well [223, 225]. The strong in�uence of

capping layers that is observed in single layers and �rst solar cells [223] merits a

systematic study of OSC stacks with a large variation of capping layer thickness.
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7.5.2 OSC with di�erent capping layer thicknesses

Borofloat 33 glass substrate 

100 nm Al

30 nm p-TNATA

10 nm ZnPc

25 nm ZnPc:C60 (1:1)

40 nm C60

7 nm BPhen

1 nm Al / 14 nm Ag

0-300 nm Alq3

illumination

Capping

Top contact

EBL

Absorber

HTL

Figure 7.5.2: OSC stack with Alq3 capping layer thicknesses of 0-300 nm.

To study the e�ect of Alq3 light incoupling layers in complete OSC, the optimised

metal contact (1 nm Al and 14 nm Ag) and the standard OSC stack are used; the

solar cells are modi�ed by di�erent Alq3 capping layers. The device stack is shown

in Fig. 7.5.2 and corresponds to the materials and thicknesses (e.g., 30 nm p-TNATA

as HTL; 25 nm ZnPc:C60 (1:1) as BHJ) that are used in the previous Sections to

ensure comparability. All samples are created in one run under the same conditions

to minimise hidden parameters and ensure constant conditions during deposition of

all OSC.

Figure 7.5.3 shows a plot of JSC vs. capping layer thickness, with the measured

values as �lled squares (the dotted line is a guide to the eye). The empty circles

represent the normalised calculated JSC, as obtained from simulation. For the sim-

ulation, the JSC at 0 nm Alq3 thickness was taken as basis for the normalisation to

emphasise the relative increase by the capping layer.

Both experiment and simulation exhibit an oscillating behaviour that results from

the in�uence of di�erent capping layer thicknesses on interference within the de-
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Figure 7.5.3: Comparison of measured (left axis) and normalised simulated (right axis)
short-circuit current densities JSC. Filled squares: experiment; dotted line: guide to the
eye; empty circles: normalised simulation data, (JSC at 0 nm capping layer thickness taken
as basis for normalisation) assuming AM 1.5G illumination and 100% internal quantum e�-
ciency. The four crosshatched boxes at 0, 60, 164 and 240 nm capping layer thickness mark
four solar cell devices which are characterised in more detail, representing current/e�ciency
maxima and minima. The simulations are performed using OSOLemio [159] by Mauro
Furno.

vice, combined with an antire�ection e�ect. Four data points are marked with

chrosshatched boxes; they represent no capping layer, 60 nm capping layer (�rst

maximum), 164 nm capping layer (�rst minimum) and 240 nm (second maximum),

respectively. These four data points are now discussed in more detail to elucidate

the e�ect of Alq3 on �eld distribution and external quantum e�ciency, with the

characteristic parameters of these devices shown in Table 7.5.1.

The major and most visible in�uence of the Alq3 layer thickness is re�ected in

JSC, which ranges from 4.04 - 6.11 mA/cm2. Figure 7.5.4 illustrates a plot of current

voltage data of di�erent Alq3 layer thicknesses under illumination and in the dark

(inset). While the capping layer does not lead to any physical di�erence between

the electrodes, it is evident that the charge carrier generation, resulting from light

absorption, is strongly in�uenced and leads to an improvement of the photocurrent
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Table 7.5.1: Characteristics of OSC having di�erent light incoupling layer thicknesses.

Alq3 capping JSC VOC FF η
(nm) (mA/cm2) (V) (%) (%)
0 4.21 0.529 57.0 1.27
60 6.11 0.542 55.7 1.84
164 4.04 0.528 56.9 1.21
240 4.99 0.540 57.1 1.54

of 50% when an Alq3 layer thickness of 60 nm is chosen, compared to the sample

with no capping layer.

The relatively high FF of 55.5% - 57.3% hint at only weak recombination. The

lowest FF = 55.7% was measured for the sample having the highest short-circuit

current density JSC = 6.11 mA/cm2. It is expected that for even higher photocur-

rents, ultimately the quality of charge carrier transport pathways will limit FF and

e�ciency η through recombination mechanisms. The FF ≈ 57% are obtained for

JSC ≤ 5 mA/cm2, while for higher photocurrents FF decreases due to higher charge

carrier density which increases recombination. Again, it is stressed that this electri-

cal e�ect results only from increased charge carrier densities in the device, since the

electrode is not modi�ed in any way. The diodes in forward direction for V > VOC ex-

hibit the same behaviour independent of Alq3 capping, underlining that the electrode

performance (e.g., the series resistance RS) is not changed.

Figure 7.5.5 documents the in�uence of capping layer thickness on open circuit

voltage VOC (�lled squares) and �ll factor FF (�lled circles), Fig. 7.5.6 the e�ect on

power conversion e�ciency η and saturation S, with the saturation being de�ned

as J(-1 V)/JSC. The oscillatory behaviour observed in the short circuit current is

evident in these parameters as well.

There is a clear correlation of photocurrent JSC and VOC. VOC represents the quasi-

Fermi-level splitting, in�uenced by JSC, around the donor-acceptor interfaces [226].

VOC in BHJ of OSC is mainly described by the quasi-Fermi level splitting between the

highest occupied molecular orbital (HOMO) of the donor molecules and the lowest

unoccupied molecular orbital (LUMO) of the acceptor, with an approximation for

the maximum voltage being
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Figure 7.5.4: Current voltage curves of OSC with di�erent Alq3 layer thicknesses, under
illumination. Filled squares: 0 nm Alq3; �lled circles: 60 nm; empty triangles: 164 nm;
�lled upside-down triangles: 240 nm capping layer. Inset: current voltage curves of same
devices in the dark on a semilog scale.

VOC =
1

e

(
ELUMO,A − EHOMO,D

)
− Esep (7.5.1)

where e is the elementary charge. Esep represents an additional energy o�set which

is necessary for exciton dissociation, which is in�uenced by e.g. morphology, initial

distance of dissociated charges, energy barriers, mobility, resistance, polaronic e�ects,

etc. and is subject of intensive discussion. Empirically, Esep has been determined to

be in the range of 0.3 - 0.7 eV [83, 227�233]. In contrast to inorganic solar cells, VOC

of OSC does not necessarily correlate with the built-in voltage Vbi [116] and is often

largely independent of the work functions of external electrodes; a description of VOC

in terms of the classical diode equation has been largely unsuccesful, leading to the

development of extended models [118, 234].

To ensure reliable and reproducible data, four OSC are created for each of the

15 di�erent Alq3 layer thicknesses in one run under the same processing conditions.

All 60 devices are measured under the same conditions at the same time, having

experienced the same degradation (if any). This allows for the detection of relatively
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Figure 7.5.5: Open circuit voltage VOC (�lled squares) and �ll factor FF (�lled circles) vs.
Alq3 layer thickness.

small variations of VOC. The experimentally determined values of 0.528 V - 0.542 V

are typical for ZnPc:C60 BHJ [194]. The relationship of JSC and VOC shows increasing

voltages for increasing currents that is attributed to higher charge carrier density

within the BHJ due to higher photocurrents [116]: the strength of the quasi-Fermi

level splitting depends on the charge carrier densities and is described for an arbitrary

device by

EQF,e = EC − kB T ln
NC

ne
(7.5.2)

EQF,h = EV + kB T ln
NV

nh
(7.5.3)

with EQF,e and EQF,h being the quasi-Fermi energies for electrons and holes, EC
and EV the energies of conduction and valence band, kB the Boltzmann constant, T

the temperature, N the densities of states, and n the charge carrier densities.

Therefore, a correlation of splitting and photocurrent is expected. This is observed
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Figure 7.5.6: Power conversion e�ciency η (�lled squares) and saturation S (�lled circles)
vs. Alq3 layer thickness. The dotted lines are guides to the eye.

in terms of the connection of VOC and JSC, where Alq3 thicknesses that lead to high

JSC also lead to increased VOC.

The FF show an inverse oscillation compared to JSC and VOC. The FF of all devices

are relatively high, with values ranging from 55-58%, hinting at good charge extrac-

tion from the BHJ with low barriers. For the highest photocurrents, obtained in the

maxima, the lowest FF are observed; this correlates to charge carrier recombination

caused by the higher charge carrier density, but may also be due to imbalanced charge

carrier mobilities of HTL and C60. However, it is noteworthy that the variation in FF

is small (lower than relative 5%) compared to the variation in photocurrent (relative

50%), indicating similar charge carrier transport properties independent of the Alq3
thickness.

The e�ciency variation shown in Fig. 7.5.6 re�ects mainly the in�uence of capping

layer thickness on photocurrent: since the variations of VOC and FF are small, JSC
determines η, representing a domination of the optical properties over electrical in-

�uences. The oscillation of the saturation S in the range from ≈ 1.18-1.24 follows

the same periodicity of the other characteristics, with J(-1 V)/JSC being smallest
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for the highest currents and e�ciencies and vice versa. Generally, the saturation is

attributed to parallel resistance and leakage currents, e.g. due to morphological de-

fects. In our case, the only variation is in the capping layer, so that we do not expect

a change in parallel resistance. Hence, changes in the saturation must originate from

the optical �eld, which in turn enhances or lowers the contributions from certain

layers or materials.

While the exact mechanisms are not clear, EQE measurements (Fig. 7.5.7) and

optical simulations (Fig. 7.5.8) may indicate that excitons generated in ZnPc and in-

trinsic C60 are dissociated, and afterwards extracted, with higher e�ciency compared

to excitons from C60 in the bulk heterojunction: at 164 nm Alq3 thickness (high

saturation), the contribution of C60 in the BHJ to overall performance is relatively

strong; at 0 nm and 240 nm, the photocurrent originates mostly from ZnPc with only

low EQE below 500 nm, leading to similar saturation; the best device with 60 nm

Alq3 is dominated by ZnPc, with higher �eld amplitudes in the C60 absorption range

reaching into the pure, intrinsic C60 layer. Overall, this may hint at a slightly less

e�cient exciton dissociation from C60 in the BHJ.

The dependency of all main OSC characteristics of Alq3 thickness is explained

as follows: the capping layer acts as dielectric antire�ection layer that modi�es the

interface between metal top contact (Al/Ag) and ambient air. This leads to an

increased light transmission through the metal contact into the solar cell, depending

on the capping layer thickness and material. Consequently, the Alq3 acts as external

spacer layer which in�uences the incoming light wave within the organic stack. The

distribution of the optical �eld within the active part of the stack (ZnPc and C60) can

be in�uenced by the capping layer thickness in such a way that a high �eld intensity

can be shifted e.g. into the transparent hole transport layer (leading to low absorption

and resulting in a low photocurrent) or directly into the absorber, explaining high

photocurrents. The optical e�ects are now discussed in more detail.

Figure 7.5.7 shows measurements of EQE resolved by wavelength, in 5 nm steps.

As expected, the data show signi�cantly higher EQE in most of the visible spectrum

for 60 nm capping compared to the sample without any Alq3, corresponding to the

increased photocurrent. However, when considering only the antire�ection e�ect of

the capping layer, one should expect an increase of EQE in the absorption wave-

lengths of C60 (mainly 400 - 500 nm, peak at 450 nm, as measured from thin �lm) and
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Figure 7.5.7: External quantum e�ciency measurements of OSC with di�erent Alq3 layer
thicknesses, under illumination. Filled squares: 0 nm Alq3; �lled circles: 60 nm; empty
triangles: 164 nm; �lled upside-down triangles: 240 nm capping layer.

ZnPc (mainly 600 - 750 nm, peaks at 630 and 704 nm, as measured from thin �lm).

Instead, EQE data reveal a complex development of di�erent peak features, strongly

dependent on Alq3 thickness. For 0 nm Alq3, one observes an overlap of C60 and

ZnPc absorption. Upon addition of 60 nm Alq3, the ZnPc contribution to EQE from

600 - 750 nm is increased, alongside with an improvement from 450 - 530 nm, which is

mainly in the C60 absorption range.

When using a thicker Alq3 layer, the antire�ection e�ect remains; however, at

164 nm Alq3 nm the EQE decreases drastically in the ZnPc range (630 - 700 nm),

dropping below 20% to even lower values compared to the sample without capping

layer. It is striking that in contrast to this, EQE is increased at the C60 absorp-

tion maximum at 450 nm, despite an overall smaller photocurrent. This indicates

that for 164 nm capping layer thickness, the device stack is optimised speci�cally

for absorption at this wavelength. C60 exhibits absorption at 350 nm, for which the

encapsulation glass is still transparent. As Fig. 7.5.7 shows, the EQE at 350 nm is

lowest for 164 nm capping layer, demonstrating that the capping can not only be used
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Figure 7.5.8: Calculated absorbed photon �ux of OSC with di�erent Alq3 layer thicknesses,
assuming AM 1.5G illumination. Filled squares: 0 nm Alq3; �lled circles: 60 nm; empty
triangles: 164 nm; �lled upside-down triangles: 240 nm capping layer.

to strengthen the e�ect of absorber layers, but also to emphasise speci�c wavelength

ranges.

Higher capping layer thicknesses lead to the second e�ciency maximum, as shown

for 240 nm Alq3. Here, the ZnPc absorption is enhanced and leads to higher pho-

tocurrents, re�ected in increased EQE from 550 - 750 nm compared to 164 nm Alq3
thickness. Overall, the sharp increase especially at 630 nm leads to an increased JSC.

Compared to all other capping layer thicknesses, at 240 nm thickness the contribution

of C60 becomes extremely small, indicating a low �eld intensity at 450 nm wavelength

in the fullerene.

Figure 7.5.8 shows the spectral absorbed photon �ux in the OSC active layers as

obtained from simulations, assuming AM 1.5G illumination. Di�erences of EQE and

simulation are to be expected because the optical model does not account for electrical

e�ects (that is exciton and charge carrier dynamics, and electrical losses). Generally,

the simulation results are in good qualitative agreement with the experimental data

in Fig. 7.5.7: the increased contribution of C60 for 164 nm capping is re�ected, and
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Figure 7.5.9: Normalised �eld amplitudes in the OSC stack with 0 nm (top left), 60 nm
(top right), 164 nm (bottom left) and 240 nm (bottom right) Alq3 layer thickness. The
Alq3 layers and the Al back contacts are not shown to achieve better visibility of the �eld
in the active layers (C60, bulk heterojunction (BHJ), and intrinsic ZnPc). The horizontal
lines shown major absorption peaks of C60 (450 nm) and ZnPc (630 nm).
The arrows highlight key features, e.g. high �eld intensities in the ZnPc absorption range at
≈ 650 nm wavelength in the devices with 0, 60, and 240 nm Alq3; a second maximum in the
ZnPc range at 700-750 nm wavelength, which contributes to the device with 60 nm Alq3;
and the �eld distribution in the BHJ of the OSC with 164 nm, which explains contributions
from the C60 absorber.

the increase in absorbed photon �ux at 500 nm for 60 nm Alq3 is evident, which is the

main di�erence between the �rst (60 nm Alq3) and second (240 nm Alq3) e�ciency

maxima.

The normalised optical �eld distributions of OSC with 0, 60, 164, and 240 nm Alq3
capping layer thickness are illustrated in Fig. 7.5.9. In all cases, the capping layers

and bottom electrodes (100 nm Al) were omitted in the contour plots for simplicity.

Arrows show key features, e.g. �eld maxima in absorbing layers. Many features of
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the EQE measurements are re�ected in these plots: the overall �eld distribution for

0 nm Alq3 is reasonable for ZnPc absorption (600-700 nm) in BHJ and intrinsic ZnPc

layers. The high amplitude at 570 nm is also visible in the EQE. However, due to high

external re�ection, overall device performance is low. For 60 nm Alq3, we observe a

widely spread relatively high �eld in BHJ and ZnPc. Parts of the second maximum

at 730 nm reach into the active layers, leading to a corresponding shoulder in the

EQE. Small contributions are expected from the low amplitude in the 350 nm range

in the C60 and BHJ layers. At 164 nm Alq3, the �eld amplitude at 600 - 700 nm in

the active layers is weak; however, a small maximum at 450 nm in the BHJ leads to

relatively high EQE due to absorption of C60 in this layer. Finally, 240 nm Alq3 lead

to only small photocurrents from C60, while a small maximum in the ZnPc range

explains the high EQE in Fig. 7.5.7.
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Figure 7.5.10: Normalised �eld amplitude in an OSC with 240 nm Alq3 capping layer in
the complete device stack. The absorbing materials (C60, bulk heterojunction (BHJ), and
intrinsic ZnPc) are marked to show their positions.

The normalised optical �eld amplitude of a complete stack, including 240 nm Alq3
and a thick bottom Al back contact, is shown in Fig. 7.5.10. An oscillating behaviour

of �eld minima and maxima in the wavelength ranges of ≈ 450-600 nm is observed

throughout the stack, with a periodicity of ≈ 150 nm. In this parameter range, no
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periodicity is detected from 600 - 750 nm, which underlines the importance of device

design for materials with narrow absorption bands.

The di�erential photon rate pro�les (Fig. 7.5.11) show the total number of absorbed

photons per unit time, unit surface, and unit propagation length, depending on the

position in the stack. It is shown that the absorption of hole transporter, exciton

blocker, and capping layer is negligible, whereas the transparent metal contact leads

to parasitic absorption. Comparing the di�erent capping layer thicknesses and taking

no capping as reference, the addition of 60 nm Alq3 improves absorption in every layer,

as inferred from EQE. 164 nm Alq3 actually lead to improved absorption in the C60,

but due to the decrease in the ZnPc-containing layers, the overall current density is

lowered. 240 nm improve photon harvesting in the intrinsic ZnPc layer, comparable

to the e�ect of 60 nm Alq3 - but due to a lower e�ect in the pure C60, this device is

inferior in total power conversion e�ciency compared to the optimal thickness of 60

nm. Overall, from the comparison of experiments and simulations, it is obvious that
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7 Results: Thin metal top contacts 7.6 NTCDA as alternative ETL

the Alq3 capping layer can strongly in�uence the optical properties of OSCs, and by

careful determination of the thickness of the organic capping layer, wavelength- and

layer-selective absorption enhancement is possible.

In summary, ITO-free inverted organic bulk heterojunction solar cells based on a

ZnPc:C60 heterojunction with di�erent capping layer thicknesses are presented. The

e�ect of an Alq3 capping layer on photocurrent, e�ciency, saturation, open circuit

voltage, and �ll factor is characterised. Selective absorption of di�erent materials in

the stack at selective wavelength ranges is discussed, using EQE and current voltage

measurements. Combined with numerical calculations, it is shown that the observed

variations are mainly due to optical e�ects within the solar cell stack itself. A capping

layer of Alq3 does not only have the potential to improve solar cell e�ciency by

≈ 50%, but can also be used to tailor the �eld distribution in the stack or increase

the e�ciency of speci�c absorber layers, which is a major issue in the design of stacked

tandem cells.

7.6 NTCDA as alternative ETL

NTCDA has been identi�ed as alternative to C60 as electron transport material for

p-i-n OSC by Falkenberg et al. [138, 189]. It was noted that NTCDA tends to

crystallise, which leads to large grains and high surface roughness. It was hence not

expected that top-illuminated devices could be created with ultra-thin metal �lms.

To test the principal feasibility, AFM and SEM studies are carried out to evalu-

ate the layer morphology. For this purpose, samples are created on glass, contain-

ing 70 nm C60 to prepare a smooth surface, utilising the amorphous growth of the

fullerene. Subsequently, NTCDA is evaporated onto the fullerene with di�erent nom-

inal layer thicknesses (22 and 50 nm, respectively), to study the growth mechanism

and surface roughness. Two identical samples with metal top contacts (1 nm Al and

14 nm Ag) are created in the same run under identical conditions to evaluate the

metal layer morphology and conductivity on the ETL.

All samples are then characterised by SEM and AFM, followed by four-point probe

studies of the samples with metal top layers. The results are shown in �gs. 7.6.1

(AFM) and 7.6.2 (SEM).

The micrographs show that even thin NTCDA layers on C60 with a nominal thick-
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100.00

0.00

1.0µm1.0µm

NTCDA(50)/Al(1)/Ag(14)NTCDA(22)/Al(1)/Ag(14)

Figure 7.6.1: Left: 22 nm NTCDA; right: 50 nm NTCDA. The ETL is deposited onto glass
coated with C60 (70 nm). Metal top layers of Al and Ag are evaporated onto the ETL. The
z-scale bar is 100 nm, with 0 nm corresponding to the fullerene underlayer; the x-/y-scale
bars are 1µm.

ness of 22 nm form large grains, having over 200 nm width and over 500 nm length

(Volmer-Weber growth), with peaks protruding up to 40 nm above the fullerene un-

derlayer. Between the crystallites, there are large voids with uncoated C60, leading to

surface roughnesses Rrms = 12.55 nm (22 nm NTCDA) and Rrms = 15.62 nm (50 nm

NTCDA).

When a higher ETL thickness of 50 nm is used, single peaks of > 80 nm above

the fullerene appear. At the same time, the grains coalesce. The C60 background is

still visible in the SEM micrographs in Fig. 7.6.2 (bottom left), which may indicate

self-shadowing and voids under NTCDA crystals.

The thin metal top contact employs 1 nm Al as surfactant and 14 nm Ag, since

this con�guration exhibited good performance in previous p-i-i devices. The metal

completely covers the organic underlayers, forming a closed �lm on the NTCDA

and C60. AFM analysis shows that the roughness of the 50 nm NTCDA-containing

sample decreases to 11.84 nm upon evaporation of metal, which may be attributed

to the metal partially �lling some of the remaining crevasses between the grains,

obstructing the fullerene from view. The sample containing 22 nm NTCDA has a

higher roughness of 14.42 nm, which corresponds to the voids which are still clearly

visible in Fig. 7.6.2 (top right).

Surprisingly, despite the high roughness, both samples exhibit sheet resistances
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C60(70)/NTCDA(22)

C60(70)/NTCDA(50)

C60(70)/NTCDA(22)/metal

C60(70)/NTCDA(50)/metal

Figure 7.6.2: Scanning electron micrographs of glass coated with 70 C60 and 22 nm NTCDA
(top left), 50 nm NTCDA (bottom left), 22 nm NTCDA, 1 nm Al, and 14 nm Ag (top right),
or 50 nm NTCDA, 1 nm Al, and 14 nm Ag (bottom right). The white bars represent 500 nm
(50.000x magni�cation). The ETL forms crystalline grains with high roughness, resembling
Volmer-Weber growth. Higher NTCDA nominal thickesses, e.g. 50 nm instead of 22 nm,
leads to more closed layers, with the crystallites coalescing. Surprisingly, the thin metal
forms closed layers with good conductivity.

RSq ≈ 30Ω/�, which is in the range of commercially available ITO. Hence, solar

cells are created to test the feasibility of NTCDA as ETL in top-illuminated p-i-n

OSC. The devices contain 30 nm p-TNATA as HTL, 10 nm ZnPc and 25 nm ZnPc:C60

(1:1) as BHJ, 10 nm C60 on the BHJ, and then as ETL either 30 nm fullerene, or 30

nm n-NTCDA. After an additional EBL (7 nm BPhen), followed by the metal layers

(1 nm Al / 14 nm Ag) and 60 nm Alq3. The OSC are presented in Fig. 7.6.3; the

device characteristics are listed in Table 7.6.1.

The intrinsic ETL C60 (which at the same time serves as absorber material) exhibits

signi�cant absorption at ≈ 450 nm, but photogenerated excitons cannot be separated

if the distance from the location of generation to the ZnPc:C60 interface is much larger
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Figure 7.6.3: OSC with n-NTCDA (triangles) or with C60 (squares) as ETL.

Table 7.6.1: Overview of presented solar cell characteristics, having either 30 nm C60 or
30 nm NTCDA as ETL. In all cases, 7 nm BPhen is used as additional EBL.

ETL JSC VOC Fill factor E�ciency η
(material) (mA/cm2) (V) (%) (%)
n-C60 5.89 0.54 60.5 1.92

n-NTCDA 6.68 0.55 57.3 2.12

than the exciton di�usion length and are lost. Hence, the exciton di�usion length is

a limiting factor for the C60 ETL layer thickness: if thicker ETL layers are desired

(e.g., for optical optimisation of tandem devices), considerable parasitic absorption

is to be expected. This issue can be improved by employing NTCDA as ETL, which

has no absorption in the visible part of the optical spectrum.

The reference device with 40 nm C60 has good VOC = 0.54V and FF = 60.5%,

with a photocurrent of JSC = 5.89mA/cm2. A device with 30 nm n-NTCDA, which

is not optimised, exhibits a superior photocurrent of 6.68 mA/cm2. This is re�ected

in the slightly higher open circuit voltage of 0.55V (which may be explained by a

higher quasi-Fermi level splitting) and the lower FF = 57.3%. The loss in FF is

partially attributed to the higher charge carrier density, which may lead to higher
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7 Results: Thin metal top contacts 7.7 Semitransparent OSC

recombination, and to imperfections in device morphology, caused by e.g. the high

NTCDA roughness.

The e�ciency of the NTCDA-containing OSC is slightly higher with 2.12% com-

pared to the C60 device (η = 1.92%). It is expected that this may be increased by

optical optimisation, which becomes even more important when transparent, wide-

gap materials are used on both sides of the absorber layers.

In summary, the potential of wide-gap materials for top-illuminated OSC is demon-

strated by showing that NTCDA is in principle a suitable ETL, even for devices with

extremely thin metal top contacts.

7.7 Semitransparent OSC

Building-integrated photovoltaics (BIPV) have already reached a market of 1.7 bn $

in 2009, and may rise to 5.7 bn $ in 2013 [235]. While BIPV are expected to be

only a very small (< 5%) volume of the total PV market, there is signi�cant poten-

tial for building-integrated, so-called �power windows� that are transparent, but also

generate electricity. Companies and research groups which promote thin-�lm and

dye-sensitised solar cells are actively looking into this topic. However, the number of

studies in the �eld of OSC is relatively small [219, 236�238].

In previous publications, power conversion e�ciencies of semitransparent small-

molecule OSC were limited to values well below 0.7%. This could not be surpassed,

even when employing tandem devices [236], or when adding infrared (zinc naphthalo-

cyanine) and ultraviolet (pyrollidinofullerene) absorber materials to the stack [237].

Despite these di�culties, the economic potential merits further studies. This Section

describes utilisation of surfactant and light incoupling layers in an attempt to create

transparent OSC. The results presented here are obtained in cooperation with C.

Uhrich, W.-M. Gnehr, and S. Sonntag from Heliatek GmbH 1. Materials are provided

by Heliatek GmbH, sample planning is done in cooperation, and sample preparation

is performed at IAPP.

Several concepts are combined to achieve e�cient devices. A high photocurrent

is ensured by utilising a bulk heterojunction [239], sandwiched by doped organic

layers for optimised energy level alignment [85, 134, 240]. Supported by simula-

1Heliatek GmbH, Liebigstraÿe 26, 01187 Dresden.

141



7 Results: Thin metal top contacts 7.7 Semitransparent OSC

Absorbing

layers

n
  
 -

i 
  
 -

p
Glass

90 nm ITO

10 nm C60:NDN1 (4 wt%)

15 nm C60

Illumination

35 nm ZnPc:C60 (1:1 vol%)

20 nm Di-NPB:NDP9 (10 wt%)

1 nm NDP9
1 nm Al

14 nm Ag

0-10 nm C60 + 0-40 nm Alq3

A. 40 nm Alq3 + 10 nm C60

B. 10 nm C60

C. No capping

Figure 7.7.1: Device stack of semitransparent OSC with n-i-p-structure.

tions, the material stack is chosen to provide an optimum �eld distribution within

the device. The top electrode consists of an ultra-thin metal multilayer, employing

1 nm Al as surfactant for superior morphology. We further show that additional

organic antire�ection layers are in particular useful for semitransparent cells and

greatly increase the transmittance if suitably designed. As characterisation methods,

current-voltage measurements, external quantum e�ciency (EQE), internal quantum

e�ciency (IQE), and the external re�ectance and transmittance are used.

The device stack, a n-i-p-structure, is shown schematically in Fig. 7.7.1. For good

electron injection and hole blocking behaviour, 10 nm of fullerene C60 doped with

4 wt% of the n-type dopant NDN1 are deposited, followed by 15 nm C60. As main

absorber layer, a BHJ of 35 nm ZnPc:C60 (volume ratio 1:1) is used. 20 nm of Di-

NPB doped with 10 wt% of the p-type dopant NDP9 serves for hole extraction and

transport. An additional layer of 1 nm NDP9 is used for improved charge carrier

transport to the top electrode, which consists of 1 nm Al and 14 nm Ag to ensure
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7 Results: Thin metal top contacts 7.7 Semitransparent OSC

Table 7.7.1: Characteristics of OSC having di�erent light incoupling layer con�gurations.

Alq3 n-C60 JSC VOC FF η
(nm) (nm) (mA/cm2) (V) (%) (%)

A. 40 10 6.91 0.53 58.0 2.12
B. - 10 7.25 0.54 58.2 2.29
C. - - 7.35 0.53 57.3 2.23

a good compromise of transmission and conductivity. Finally, an antire�ection layer

of 0 - 10 nm of 2 wt% n-doped C60 is deposited onto some of the samples, in some

cases followed by 40 nm Alq3. Typical solar cell areas are around 6.32mm2 (measured

using a light microscope).

The solar cells presented in this Section contain identical material stacks, except

that there is either a combination of 10 nm n-doped C60 followed by 40 nm Alq3 (A.)

evaporated onto the top contact, or a capping layer of 10 nm n-doped C60 (B.), or

no capping layer (denoted as C.). Examples of the OSC characteristics obtained for

di�erent capping layer thicknesses are summarised in Table 7.7.1. The corresponding

J(V ) graphs with and without illumination are shown in Fig. 7.7.2.

All solar cells exhibit open circuit voltages VOC ≈ 0.53V, which is typical for

ZnPc:C60 heterojunction devices [241]. High �ll factors FF of > 57 % hint at low

recombination and only small leakage currents. As seen in Fig. 7.7.2, all samples

exhibit good rectifying behaviour, suggesting high parallel resistances. FF and the

slope in forward direction are attributed to low series resistance RS. Both high VOC

and FF are attributed to excellent electrical contact due to the doped transport layers:

hole extraction is provided by p-DiNPB, while the n-C60 leads to e�cient electron

transport. Hence, the two transport layers act as semipermeable membranes that

prevent exciton quenching at the electrodes [85, 134]; due to their high conductivity,

they do not lead to high series resistance.

For the three samples, clear di�erences in the short circuit current densities JSC
are observed: sample A. exhibits JSC = 6.91mA/cm2, leading to an e�ciency η =

2.12%. If only 10 nm n-C60 are present (no Alq3, sample B.), the current increases

to 7.25mA/cm2, raising η to 2.23%. A further increase of JSC to 7.35mA/cm2 (η

= 2.29%) is observed when no capping layer is present (sample C.). These changes

in photocurrent and e�ciency are attributed to the optical properties of the OSC
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Figure 7.7.2: Current voltage characteristics of semitransparent organic solar cells with
di�erent capping layers, normalised to 100 mA/cm2 (full symbols) or in the dark (empty
symbols). Squares: 40 nm Alq3 / 10 nm n-C60; circles: 10 nm n-C60; triangles: no capping.

stacks, which are modi�ed by the capping layer.

To understand this phenomenon, three e�ects have to be considered: Firstly, the

capping layer acts as dielectric antire�ection coating, modifying the interface between

metal top contact (Al/Ag) and ambient air. This leads to an increased light transmis-

sion through the metal contact into, or out of, the solar cell. Secondly, the external

capping layers are used to in�uence the optical �eld amplitude within the solar cell

stack itself, especially by controlling the �eld in the light absorption layers (ZnPc:C60

and intrinsic C60). The third e�ect is parasitic absorption of the capping layer it-

self. At wavelengths of around 400-500 nm, considerable absorption is to be expected

since the n-C60 absorbs in this part of the spectrum. Only at higher wavelengths,

the absorption of ZnPc becomes the predominant feature of the OSC and the relative

contribution of C60 is expected to be negligible (e.g. in the 600-800 nm range).

The experimental data demonstrate the rather subtle interplay of the various ef-

fects: measurements of transmittance and re�ectance for all devices are shown in

Fig. 7.7.3, with the corresponding EQE and IQE displayed in Fig. 7.7.4. The OSC
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parent organic solar cells with di�erent capping layers. Squares: 40 nm Alq3 / 10 nm n-C60;
circles: 10 nm n-C60; triangles: no capping.

without any capping layer exhibits a transmittance of T ≈ 30% in the wavelength

range of 400-550 nm, which then drops to below 20% in the 600-750 nm range, the

wavelength range in which ZnPc absorbs. Upon addition of a capping layer, it is

notable that the re�ectance of device B. is lowered in most of the VIS spectrum,

increasing the overall transmission. Within experimental error, the transmittance is

not a�ected in the range of 400-450 nm, due to the parasitic absorption of the C60

capping layer.

For the additional 40 nm Alq3 introduced in sample A., the re�ection is further

decreased and transmission increased. The only exception is seen at λ < 450 nm,

where interference e�ects within the solar cell stack lead to increased absorption in

the C60 absorber/electron transporter layers next to the ZnPc:C60 blend. The loss in

transmittance of device A. at 400 nm is explained by additional parasitic absorption

of the Alq3 capping layer, which has an absorption maximum at 397 nm. However, in

the visible range from 400 - 800 nm, the overall transmittance of A. has an average

of 36.5%, which is a signi�cant increase compared to the average transmittance of
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Figure 7.7.4: EQE (�lled symbols) and IQE (empty symbols) of semitransparent organic
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23.8% of the OSC C. without capping layer.

This is supported by the EQE and IQE data in Fig. 7.7.4: devices B. (10 nm C60

capping) and C. (no capping) have similar EQE and IQE, with EQE of C. being

just slightly larger (corresponding to the photocurrent). However, the IQE exhibit

di�erences at λ < 550 nm. This is attributed to parasitic absorption in the capping

which does not contribute to the photocurrent due to quenching of the photogenerated

excitons at the semitransparent metal top electrode. Device A. further modi�es

the photon �ux within the absorber stack, shifting the �eld density away from the

blend layer towards the C60-layer within the device. This leads to overall lower

absorption in the ZnPc range, increases harvesting in the C60 absorber layer next to

the blend, and at the same time decreases parasitic absorption in the C60 capping

layer. Correspondingly, EQE is increased at λ < 450 nm, with IQE being similar to

device C. (no capping) with only minor losses to parasitic absorption.

The lower absorption, caused by a weaker �eld intensity in the ZnPc:C60 blend,
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Figure 7.7.5: Photograph of a semitransparent OSC on the IAPP logo. The red squares
mark two of the four active pixels on the substrate, each having an area of ≈ 6.32 mm2.

leads to lower photocurrents JSC in the presence of multi-layer capping. As a conse-

quence, this also lowers the power conversion e�ciency of devicesA. and B. Nonethe-

less, the relative loss in photocurrent introduced by the capping (≈ 5 %) is very small

compared to the relative increase in transmittance (depending on the wavelength, up

to 85 % relative increase), which makes capping layers a useful concept in semitrans-

parent solar cells for power window applications.

An actual photo of the resulting devices is seen in Fig. 7.7.5 to illustrate the trans-

parency in the visible range achieved in a sample containing Alq3 and C60 capping.

In this picture, an encapsulated OSC sample with four active solar cells is lying on

top of a business card with the IAPP logo. The red squares mark the active areas

of two of the OSC, with their areas being ≈ 6.32 mm2 each. The four Al stripes

leading from the active areas to the bottom are 100 nm thick supports of the ITO

ground contact. The thin metal top contact is reinforced by a thick 100 nm Al layer

leading to the top. Both thick Al �lms facilitate device characterisation, but do not

contribute to the active area in any way.

In summary, this Section presents semitransparent organic solar cells with much

higher e�ciencies than previously reported in the literature. The devices use the

n-i-p architecture and ultra-thin metal layers as semitransparent top electrode. The
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e�ects of di�erent capping layers (C60 and Alq3) are discussed using current voltage,

EQE, IQE, and optical measurements. It is shown that a capping layer increases

the transmittance signi�cantly to over 50%, but leads to slightly lower photocurrents

(≈ 5%) due to wavelength-speci�c parasitic absorption and modi�cation of the optical

�eld within the device. The OSC exhibit power conversion e�ciencies of 2.1-2.2 %

with transmittances exceeding 30-50 % in the visible part of the spectrum; the most

transparent device has an average transmittance in the visible range of 36.5%.

7.8 Semitransparent tandem OSC

After these encouraging results, we pursue this topic and implement the advanced

design concepts from Section 7.7 in a semitransparent tandem OSC, in a cooperation

of Christian Uhrich and Stefan Sonntag from Heliatek GmbH with the IAPP. The

tandem stack is shown schematically in Fig. 7.8.1.

Glass
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i

BHJ
p
n
i
BHJ
p

Thin metal
capping

Absorber

Recombination
Contact

Absorber

2nd subcell
(green)
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Figure 7.8.1: Stack of semitransparent tandem OSC. The double n-i-p structure contains
two subcells with BHJ absorber layers. The absorption spectrum ranges from the blue (C60)
to green (alternative donor material provided by Heliatek GmbH) to the red (alternative
donor material provided by BASF) part of the spectrum. The device contains a top contact
of 1 nm Al / 21 nm Ag, and a capping layer of 90 nm Alq3.

148



7 Results: Thin metal top contacts 7.8 Semitransparent tandem OSC

For the preparation of this device, proprietary green donor and red donor materials,

provided by Heliatek GmbH and BASF, respectively, are employed in connection with

the standard acceptor C60 in two BHJ. Since previous experiments suggested that

these materials pro�t from heating, the substrate is heated during evaporation. The

�rst subcell, which absorbs in the red, is exposed to 85°C substrate temperature, and

the second subcell to 75°C.

The two subcells are embedded in a double n-i-p structure, where the n-p hetero-

junction between both subcells serves as charge carrier recombination contact. As

top electrode, a combination of 1 nm Al and 21 nm Ag is chosen. While the high

Ag thickness is expected to promote undesirable re�ection, good electrical contact is

deemed highly important for this experiment. A capping layer of 90 nm Alq3 is de-

posited onto the metal contact to increase light transmission and decrease re�ection

from the metal top contact, as described above in Section 7.7.
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Figure 7.8.2: Transmittance (left) and J(V ) characteristics (right) of the semitransparent
tandem OSC. The devices have an average transmittance of 24%. The high e�ciency of
4.7% is determined under an SC1200 sunlight simulator and is not corrected for spectral
mismatch.

The transmittance of this device is shown in the left of Fig. 7.8.2. With the current

absorber con�guration, energy is harvested from a wide part of the visible spectrum;

the transmittance peaks in the near infra-red in the range of 750 - 800 nm. The

average transmittance in the visible range (400 - 800 nm) is T = 24%, which is lower

compared to the ZnPc:C60-containing devices described above.
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7 Results: Thin metal top contacts 7.8 Semitransparent tandem OSC

The transmittance is similar to the average transmittance of (26±3)% in the range

of 450 - 750 nm, reported by Bailey-Salzman and co-workers [236], who achieved

η = (0.62±0.06)% with CuPc and 3,4,9,10-perylenetetracarboxylic bis-benzimidazole

(PTCBI) in a �at heterojunction device. However, while having slightly lower T , the

tandem OSC shown in the current work shows e�cient photoconversion, with high

VOC=1.54V and JSC=5.2mA/cm2. The high FF =61% hints at low recombination

and good transport; altogether, an e�ciency η=4.9% is achieved under 100 mW/cm2

simulated sunlight.

To go one step further, the same stack is used to fabricate OSC with module-sized

active areas of 122 - 400mm2, with several blocks of this size connected in series. The

complete modules consist of four di�erent con�gurations: 9 lines of 121.81mm2, 6

lines of 216.04mm2, 5 lines of 308.32mm2, or 4 lines of 401.12mm2.

Figure 7.8.3: Photograph of semitransparent tandem OSC, illustrating the four di�erent
module con�gurations with active areas of 122 - 400 mm2 on the 225 cm2 wafer.

While there are losses in FF and JSC, the modules exhibit promising e�ciencies of

η ≈ 3.5% under 100 mW/cm2 simulated sunlight. Fill factors of 53% (401.12mm2)

to 60% (216.04mm2) are achieved, with JSC ≈ 4.6mA/cm2 and VOC ≈ 1.5V per

module line, independent of line size. The resulting 225 cm2 wafer, containing four

large-area OSC module con�gurations, is shown in the photo in Fig. 7.8.3.
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8 Results: Diindenoperylene

derivatives as green donors

This chapter describes material properties and devices with novel green donor materi-

als, focusing on the indenoperylene derivatives B2-PH4-DIP, P4-Ph4-DIP, and Bu4-

Ph4-DIP. After an introduction in Section 8.1, these materials are used in single OSC

with �at and bulk heterojunctions in Sections 8.2 (B2-PH4-DIP), 8.3 (P4-Ph4-DIP),

and 8.4 (Bu4-Ph4-DIP). First results with �at heterojunctions are promising, show-

ing high VOC and FF; bulk heterojunctions and hybrid devices su�er from lower FF,

but higher photocurrents can be achieved. It is shown that the donor-acceptor mix-

ing ratio and the substrate temperature are important parameters that have a major

impact on device characteristics.

8.1 Preparatory work

Due to the gap between ZnPc and C60, it is desirable for tandem OSC (TOSC) to

�nd alternative donor materials such that a broad spectral range can be utilised

by combining complementary absorbers in di�erent subcells. The family of diin-

denoperylenes exhibits absorption in the range of 500-600 nm, so that such materials

are possible candiates for this role. The focus of the current thesis is on 2,3,10,11-

tetrapropyl-1,4,9,12-tetraphenyl-diindeno[1,2,3-cd:1',2',3'-lm]perylene, called �P4-Ph4-

DIP�, but similar derivatives are tested as well. All such materials are synthesised

at IAPP by Dr. Markus Hummert and puri�ed at least twice by vacuum gradient

sublimation by Annette Petrich.

First studies included determination of HOMO and LUMO and the optical con-

stants. Some of the results are shown in Fig. 8.1.1. The ionisation potentials of

several diindenoperylene-based materials are shown in the left and are between 5.3 -
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Figure 8.1.1: Left: photoelectron spectroscopy measurements of di�erent diindenoperylene
derivatives. Shown is the region of HOMO cuto� (abbreviated HC) at low energies for each
material; the high binding energy cuto� (HBEC) is not shown. IPs are determined to be
between 5.33 - 5.52 eV. This roughly corresponds to CV measurements by M. Wrackmeyer,
which place the HOMO of P4-Ph4-DIP at -5.34 eV. Right: optical constants n and κ of
P4-Ph4-DIP, determined from transmission and re�ection measurements. Two absorption
peaks between 500 - 600 nm are visible.

5.5 eV 1. These values are roughly equivalent to the HOMO values of the commonly

used ZnPc (-5.1 eV) and also to the hole transport material BPAPF (-5.6 eV).

Measurements by cyclovoltammetry (CV) (not shown) determined the HOMO of

P4-Ph4-DIP as -5.34 and the LUMO as -3.16 eV 2. Taking a value of -4.0 eV for

the LUMO of C60 and -5.5 eV for the HOMO of P4-Ph4-DIP, we �nd ELUMO,C60 −
EHOMO,P4−Ph4−DIP ≈ 1.5 eV. Assuming an energy loss of ≈ 0.5 eV, this means that

an open circuit voltage of 1 V might be achieved.

The right part of Fig. 8.1.1 shows the optical constants n and κ of P4-Ph4-DIP.

The extinction coe�cient re�ects the two absorption peaks between 500 nm and 600

nm, which are between those of C60 (450 nm) and ZnPc (630 nm).

Figure 8.1.2 shows the absorptance (calculated using transmission and re�ection

measurements of 50 nm thin �lms) of B2-PH4-DIP, P4-Ph4-DIP, and Bu4-Ph4-DIP.

It is visible that the substitution of B2-PH4-DIP's benzene rings by propyl and butyl

chains leads to a signi�cant blueshift of the absorption, whereas the di�erence of

1measured, evaluated, and interpreted by Selina Olthof at IAPP; a helium discharge lamp (21.22 eV
excitation energy) is used to determine the ionisation potentials.

2measured, evaluated, and interpreted by Marion Wrackmeyer at IAPP.
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Figure 8.1.2: Absorptance of 50 nm thin �lms of the three di�erent indenoperylene-based
materials B2-Ph4-DIP, Bu4-Ph4-DIP, and P4-Ph4-DIP.

chain length has no discernible in�uence.

The only di�erence between P4-Ph4-DIP and Bu4-Ph4-DIP is the replacement of

the propyl substituents at the 2,3,10,11 positions by butyl endgroups. The in�uence

of this substitution on the frontier orbital energies is small; measurements by CV

and UPS �nd di�erences in the range of 10 meV between di�erent materials. Density

and evaporation temperature are similar as well, with Tevap ≈ 310°C for butyl and

Tevap ≈ 330°C for propyl; ρ = 1.11 g/cm3 for butyl and 1.04 g/cm3 for propyl.

The main di�erence of B2-PH4-DIP from these materials is the di�erent HOMO

energy (-5.33 eV) and the redshift of the absorption peaks. Consequently, this Chap-

ter pursues the question to what extend the di�erent substituents in�uence device

performance and characteristics if similar stack con�gurations are tested.

8.2 B2-PH4-DIP

The absorption of B2-Ph4-DIP shows a signi�cant overlap with the absorption spec-

trum of ZnPc. Consequently, it is disadvantageous to combine these two donor mate-

rials in a tandem device. Since the original purpose of this material class is utilisation

in tandem devices, this section only describes the principle test of BHJ, FHJ, and
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8 Results: Diindenoperylene derivatives as green donors 8.2 B2-PH4-DIP

hybrid (blend layer and an additional intrinsic B2-Ph4-DIP layer) B2-Ph4-DIP in

top-illuminated OSC.

The stack, shown in Fig. 8.2.1 described as i-i-p, contains p-Di-NPB instead of p-

TNATA since the HOMO of B2-Ph4-DIP is so deep that utilisation of TNATA would

lead to a transport barrier. 1 nm Al and 14 nm Ag are chosen as transparent top

contact in an attempt to obtain a good compromise of transmission and conductivity.

The OSC contain BPhen as exciton blocker instead of an n-doped electron transport

layer. As reference, a device is made that contains no B2-Ph4-DIP as donor material,

but only C60.

Glass

100 nm Al

Absorbing

layers

6 nm BPhen

Illumination

30 nm C60

0/40 nm B2-PH4-DIP:C60 (2:3)

0/5/10 nm B2-PH4-DIP

30 nm Di-NPB:NDP9 (5 wt%)

1 nm NDP9

1 nm Al / 14 nm Ag

60 nm Alq3

Exciton blocking layer

Hole transport layer

Metal top contact

Figure 8.2.1: Device stack of the FHJ, BHJ and hybrid (blend layer and an additional
intrinsic B2-Ph4-DIP layer) OSC. The stack is of i-i-p-type.

The characteristics of the six solar cell con�gurations (0, 5 or 10 nm intrinsic

perylene absorber, with or without 40 nm blend) are shown in Table 8.2.1.

The reference device I exhibits a very low photocurrent, with generation of charge

carriers in the fullerene layer. This explains the low photocurrent of 1.48 mA/cm2,

which results only from a single, 30 nm thick layer. Exciton dissociation occurs at the
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8 Results: Diindenoperylene derivatives as green donors 8.2 B2-PH4-DIP

Table 8.2.1: Solar cell characteristics of OSC with B2-Ph4-DIP with FHJ, BHJ, and hybrid
absorber structures.

# BHJ thickness i-B2-Ph4-DIP thickness JSC VOC FF η
(nm) (nm) (mA/cm2) (V) (%) (%)

I 0 0 1.48 0.48 56.9 0.41
II 0 5 2.59 0.78 64.9 1.31
III 0 10 3.18 0.81 65.2 1.68
IV 40 0 7.48 0.82 41.0 2.51
V 40 5 7.40 0.88 38.5 2.52
VI 40 10 6.53 0.88 37.5 2.14

interface from C60 to Di-NPB; holes can be directly transported through the p-HTL

to the thin metal top contact, and electrons through the fullerene to the thick metal

bottom contact.

Upon addition of intrinsic B2-Ph4-DIP, excitons are generated in the donor and

acceptor layers. The absorption overlap of both materials is relatively small, with a

gap between both absorption spectra at ≈ 500 nm. When 5 nm B2-Ph4-DIP are used

(device II), JSC increases by over 1mA/cm2 to 2.59mA/cm2. Since the HOMO of the

perylene derivative is deeper compared to, e.g., ZnPc, the energy gap between HOMO

of the donor and LUMO of the acceptor increases. This leads to an open circuit

voltage of 0.78 eV, superior to the values which are normally found for ZnPc:C60

OSC, which are typically in the range of 0.5 - 0.55V [196, 241]. The high FF of

65% hints at e�cient exciton separation at the heterojunction and relatively low

recombination.

If 10 nm of the donor material are used (device III), the change in FF is small.

VOC increases slightly, which may be due to an increased quasi-Fermi level splitting

caused by the higher photocurrent. However, the increase of photocurrent caused by

the 5 nm thicker donor layer is below 0.6 mA/cm2. This may indicate that a layer

thickness of 10 nm is already relatively close to the exciton di�usion length of the

perylene derivative; it is concluded that a BHJ must be utilised when higher currents

are to be achieved.

If a blend of fullerene and B2-Ph4-DIP is used instead of a FHJ in device IV, the

average distance from exciton generation to the nearest heterointerface is strongly
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8 Results: Diindenoperylene derivatives as green donors 8.2 B2-PH4-DIP

decreased. A thick 40 nm blend layer (volume ratio donor:acceptor 2:3) leads to

a strongly increased photocurrent of 7.48 mA/cm2. Based on the combined layer

thicknesses, this OSC contains 16 nm B2-Ph4-DIP in the blend and 54 nm C60 (of

which 24 nm are in the BHJ). The high current suggests that the exciton di�usion

length is a limiting factor in the FHJ devices: the combined absorber thickness of

IV is 1.75 times the absorber thickness of OSC III (54 nm C60 and 16 nm Bu4-Ph4-

DIP compared to 30 nm C60 and 10 nm Bu4-Ph4-DIP), but the short-circuit current

density is 2.35 times as high.

However, as the lowered �ll factor of 41% and the J(V) curves (shown in Fig. 8.2.2)

suggest, the BHJ has disadvantages: the devices IV-VI su�er from worse saturation

(higher �eld-dependent current) and have a higher series resistance. This is attributed

to increased recombination of charge carriers trapped in isolated clusters in the BHJ,

e.g., B2-Ph4-DIP that has no connection to the p-Di-NPB layer, or C60 that is not

connected via BPhen to the ground electrode.
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Figure 8.2.2: Device stack of the FHJ, BHJ and hybrid (blend layer and an additional
intrinsic B2-Ph4-DIP layer) OSC. The stack is of i-i-p-type. Left: detail of the fourth
quadrant; the di�erent photocurrents are distinguishable. Right: at high voltages and
current densities, di�erences in series resistance are observed.

This problem becomes more pronounced in the hybrid devices, e.g., when additional

10 nm B2-Ph4-DIP are added (device VI): the �ll factor drops to 37.5%, with the

photocurrent decreasing to 6.53 mA/cm2. It is conceivable that the intrinsic B2-Ph4-

DIP layer acts as �semi-parasitic� absorber: part of the incoming light is absorbed
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8 Results: Diindenoperylene derivatives as green donors 8.3 P4-Ph4-DIP

in the intrinsic layer instead of the BHJ, and excitons are generated. However, due

to the limited di�usion length, the photogenerated excitons are less likely to reach a

heterointerface compared to excitons generated in the perylene within the blend layer.

Consequently, not only are excitons lost, which lowers the possible photocurrent, but

the increased recombination also lowers the �ll factor.

In summary, OSC with fullerene acceptor and an alternative donor are successfully

created, and it is shown that in principle, this material is suitable for top-illuminated

devices with thin metal top contacts. The structure may be optimised by optical

simulations, and heating or di�erent BHJ mixing ratios may lead to further improve-

ments of device e�ciency. However, due to the overlap of ZnPc and B2-Ph4-DIP

absorption spectra, these two materials are not considered to be optimal for tandem

devices. In order to �nd better building blocks for this type of application, other

perylene derivatives with more suitable absorption characteristics are tested in the

following sections.

8.3 P4-Ph4-DIP

8.3.1 Single solar cells

A �rst Lesker run is performed to test the compatibility of P4-Ph4-DIP in connection

with C60 as acceptor, and the hole extraction when used with a standard HTL like

BPAPF. The complete n-i-p stack is shown schematically in Fig. 8.3.1.

In these devices, BPAPF (HOMO -5.6 eV) is again chosen as HTL because the

HOMO levels of other HTLs (TNATA, Di-NPB) are in the range of -5.0 to -5.4

eV, which would likely result in extraction barriers. A high p-doping of 20 wt% is

performed for good hole extraction. 10 nm p-doped ZnPc and Au are used to achieve

an Ohmic contact; the Au layer is only 4 nm thick due to processing conditions, but

as the results document, this did not lower device performance.

As absorber, the OSC have a) only C60 (control device), b) C60 and an intrinsic

P4-Ph4-DIP layer as FHJ, or c) an additional BHJ between C60 and P4-Ph4-DIP (in

this context, called hybrid structure). Selected examples of OSC devices are shown

in Table 8.3.1 and Fig. 8.3.3.

It is visible that all P4-Ph4-DIP-containing devices have extremely high open cir-
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(0-10) nm P4-Ph4-DIP:C60 (1:1)

(0-69) nm P4-Ph4-DIP

40 nm BPAPF:NDP9 (20 wt%)

10 nm ZnPc:NDP9 (10 wt%)

4 nm Au

100 nm Al

Figure 8.3.1: Stack of P4-Ph4-DIP n-i-p devices. One OSC contains only C60 as absorber
(no P4-Ph4-DIP) to act as reference. The other devices are either FHJ with P4-Ph4-DIP,
or hybrid devices with a BHJ of P4-Ph4-DIP:C60 and an additional intrinsic P4-Ph4-DIP
layer.

cuit voltages of close to 1 V. If we assume for the fullerene that ELUMO,C60 ≈ -4 eV

(which is the average of the values reported in the literature [143, 186]), and the

HOMO energy of the perylene EHOMO,P4−Ph4−DIP ≈ -5.5 eV, as described in Sec-

tion 5.2 and shown in Fig. 8.1.1, there is an energy di�erence of

ELUMO,Acceptor − EHOMO,Donor ≈ 1.5 eV . (8.3.1)

This indicates that if HOMO and LUMO values of P4-Ph4-DIP are determined

correctly, the highest possible VOC, max would be ≈ 1.5 V if there were no losses.

Experimentally, VOC ≈ 1 V is observed, indicating that ≈ 0.5 V are lost.

Altogether, with the combination of P4-Ph4-DIP and C60, a large part of the

excited energy can be utilised. Hole transport through P4-Ph4-DIP is excellent. In

principle, unbalanced charge carrier transport could lead to increased recombination

and lowered �ll factor. However, the extremely high FF of over 76% (for 12 nm
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8 Results: Diindenoperylene derivatives as green donors 8.3 P4-Ph4-DIP

Table 8.3.1: Solar cell characteristics of run #227: OSC with P4-Ph4-DIP FHJ and hybrid
absorber structures. Strong in�uences of intrinsic absorber thickness and the presence of a
BHJ on photocurrent and �ll factor are visible.

BHJ thickness i-P4-Ph4-DIP thickness JSC VOC FF η
(nm) (nm) (mA/cm2) (V) (%) (%)
0 0 1.87 0.67 63.4 0.79
0 9 2.85 0.98 75.7 2.12
0 27 2.49 0.99 73.7 1.82
0 45 1.78 0.99 66.8 1.17
0 63 1.29 0.98 59.8 0.75
5 0 3.16 0.97 67.5 2.07
5 6 3.71 1.00 64.9 2.40
10 0 3.89 0.97 48.3 1.82
10 6 4.23 0.99 48.8 2.05

P4-Ph4-DIP) indicate that this is unlikely to be a major issue in these devices: even

a P4-Ph4-DIP thickness of over 60 nm in FHJ devices yields �ll factors that are

superior to typical ZnPc:C60 devices (which rarely exhibit FF > 60 %).

The limiting factor in FHJ OSC is the photocurrent, which peaks at a P4-Ph4-DIP

thickness of ≈ 12-18 nm, as can be seen in the left part of Fig. 8.3.2. The peak of FF

occurs in the same thickness range (76.16% at 12 nm). The low JSC in combination

with the extremely high FF suggest a small exciton di�usion length LD: while free

charge carriers after exciton dissociation can be transported to the electrodes with

relatively low bimolecular, non-geminate recombination losses, JSC drops with higher

P4-Ph4-DIP thickness.

This is tentatively explained by a contribution of only a thin P4-Ph4-DIP layer to

the actual photocurrent, with geminate recombination in volumes that are too far

away from the heterojunction. As consequence, at high thicknesses, the volume of

the absorber from which the excitons can be separated is only a fraction close to the

C60; in the volume further away, there is geminate recombination. Thicknesses larger

than ≈ 20 nm act mainly as ine�cient hole transport layer (with inferior performance

as HTL compared to p-doped materials) with low conductivity. This in indicated by

the slope of the FHJ J(V) curves in Fig. 8.3.3 (right): the series resistance increases

with higher P4-Ph4-DIP thickness.
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Figure 8.3.2: JSC (left) and FF (right) of n-i-p OSC with intrinsic P4-Ph4-DIP absorber.
The devices have either 0 nm P4-Ph4-DIP (in this case, the only photovoltaic active material
is C60), or 3-69 nm P4-Ph4-DIP. Both JSC (left) and FF exhibit highest values in the range
of 9-18 nm absorber thickness (JSC,max = 2.88 mA/cm2 at 18 nm, FFmax = 76.16% at 12
nm), which then decrease with higher P4-Ph4-DIP thickness.

In reverse bias, the devices show excellent saturation with J(−1 V)/J(1 V) drop-

ping to values < 1.05 for absorber thicknesses > 21 nm. The saturation, which is

often associated with the parallel resistance, can be bad when leakage currents (i.e.,

electrical shorts) are present. The probability of leakage may e.g. be reduced by thick,

amorphous layers that smooth or cover protrusions or high surface roughness of un-

derlying layers. In the current case, electrical shorts are deemed unlikely since the

C60 underlayers are expected to form amorphous �lms that are su�cient to cover the

roughness of the ITO substrate. Electron and hole mobility studies of P4-Ph4-DIP

are interesting topics for future experiments to study the in�uence of this material

on charge carrier transport in more detail.

In addition to the FHJ devices, Fig. 8.3.3 also shows J(V ) data of hybrid and BHJ

solar cells. They contain either a BHJ (5 or 10 nm), or a BHJ and an additional, 6

nm thick intrinsic P4-Ph4-DIP layer. In all cases, the BHJ leads to a signi�cant drop

of FF, down to 48.8% for 10 nm BHJ; the saturation drops to 1.08-1.12 (5 nm BHJ),

or to 1.22-1.29% (10 nm BHJ). The photocurrents are increased by over 50%, which

partially compensates for the loss of FF. However, the device characteristics hint at

degradation of the electrical behaviour, i.e. increased recombination in the absorber

layers. Since this correlates to the BHJ layer thickness, isolated clusters of P4-Ph4-
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Figure 8.3.3: JSC of n-i-p OSC with P4-Ph4-DIP as green donor material. The devices
have either a BHJ with 5 or 10 nm P4-Ph4-DIP:C60 with or without an additional 6 nm
intrinsic P4-Ph4-DIP (left), or they contain no BHJ and only 9-63 nm P4-Ph4-DIP.

DIP in C60, or vice versa, may o�er an explanation: excitons are photogenerated and

e�ciently dissociated at a heterointerface, but separated charge carriers are trapped

in blind alleys and cannot be extracted. Future studies by AFM or X-ray di�raction

might help understand the morphological features of such BHJ to validate this.

EQE studies are performed to investigate the relative contributions of the two

absorber materials to total device performance, and to study the in�uence of the

layer thickness of the perylene derivative. The lower contribution of thick P4-Ph4-

DIP layers to the photocurrent of FHJ devices is con�rmed by the EQE measurements

in Fig. 8.3.4: the EQE in the absorption range of P4-Ph4-DIP between 500-600 nm

peaks at roughly 12-18 nm absorber thickness and then decreases steadily. The double

peak structure that is also featured in the extinction coe�cient is clearly visible.

The contribution of C60, which is mainly at λ < 400 nm, is highest for very thin P4-

Ph4-DIP layers, decreases to a minimum at ≈ 36 nm P4-Ph4-DIP thickness, and then

increases again. Since morphological changes in the device are not to be expected, we

attribute this to the optical �eld distribution in the OSC, with the diindenoperylene

acting as spacer layer. For higher P4-Ph4-DIP thicknesses, the C60 layer position

moves away from the re�ective back electrode towards a �eld maximum. However, as

the total decrease of η, FF, and JSC demonstrate, this cannot compensate the losses

caused by the thicker P4-Ph4-DIP.
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Figure 8.3.4: EQE of n-i-p OSC with intrinsic P4-Ph4-DIP absorber. The devices have
either 0 nm P4-Ph4-DIP (in this case, the only photovoltaic acive material is C60), or 3-
69 nm P4-Ph4-DIP. EQE of P4-Ph4-DIP peaks at 12-18 nm absorber thickness and then
steadily decreases. The EQE of C60 increases at higher P4-Ph4-DIP thickness, which is
attributed to optical e�ects caused by a shift of the C60 position in the stack towards a
higher �eld intensity.

The hybrid devices exhibit higher photocurrents, combined with lower FF. The

corresponding EQE are shown in Fig. 8.3.5. Higher e�ciencies can be obtained by

using an additional BHJ. However, FF may su�er due to isolated grains of P4-Ph4-

DIP in C60 and vice versa, where excitons are dissociated, but the charge carriers

recombine afterwards. Furthermore, the EQE support the notion that only a limited

thickness of P4-Ph4-DIP contributes: upon addition of i-P4-Ph4-DIP to the BHJ-

containing devices, EQE increases, but only at P4-Ph4-DIP thicknesses of up to 6 nm.

At higher thicknesses, EQE, η, FF and JSC decrease. Highest η is observed at ≈ 6 nm

i-P4-Ph4-DIP added to the BHJ.

Peak EQE of over 40% are obtained at 570 nm wavelength for hybrid devices with

10 nm BHJ and an additional intrinsic P4-Ph4-DIP layer of 6 nm thickness. It is

observed for both hybrid devices that there is no signi�cant increase of EQE when
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Figure 8.3.5: EQE of n-i-p OSC with hybrid absorber systems, containing both i-P4-Ph4-
DIP and P4-Ph4-DIP:C60 (1:1 vol%). Left: 10 nm BHJ with 0 - 15 nm intrinsic P4-Ph4-DIP;
right: 5 nm BHJ with 0 - 15 nm intrinsic P4-Ph4-DIP.

the intrinsic layers are made thicker than 6 nm: in case of the 10 nm BHJ, EQE

decreases for intrinsic layers of > 6 nm thickness, while the devices with 5 nm BHJ

show no further large change. Again, this may hint at low exciton di�usion length

of the diindenoperylene derivative. The overall lower FF of these hybrid devices (<

50% for 10 nm BHJ) suggest considerable recombination, which likely occurs in the

BHJ since the rest of the stack con�guration has proven that very high FF are indeed

possible with this donor-acceptor system.

In conclusion, the FHJ and hybrid devices demonstrate that P4-Ph4-DIP may

be suitable as building block for tandem OSC; high FF and open circuit voltage

indicate good transport properties when combined with C60 and p-doped BPAPF.

Further tests are necessary to determine if the photocurrent can be increased by

utilising higher BHJ thicknesses without too large losses of FF.

8.3.2 Heated BHJ devices with P4-Ph4-DIP

Due to the low photocurrents of even thick FHJ devices, it is likely that BHJ must

be employed to reach acceptable e�ciencies. Previous work by Pfuetzner and co-

workers showed that heating of ZnPc:C60 BHJ devices leads to increased FF and

photocurrents [147]. This e�ect was attributed to a change in morphology of the

BHJ induced by the heating, towards higher phase separation of donor and acceptor.
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It was explained by aggregation of ZnPc to ZnPc and C60 to C60, leading to a more

closed network without isolated clusters. Thermal annealing was also found to be

advantageous for polymer-based solar cells, where increased EQE could be observed

by Chirvase and co-workers [242].

To test if similar e�ects can be obtained with the diindenoperlyene derivative as

donor, samples are created that are either deposited while the substrate is at room

temperature, or while the substrate is heated to 90°C. The stack is shown in Fig. 8.3.6.

Absorbing

layers

n
  
  
-

i 
  
  
-

p

Glass

90 nm ITO

5 nm C60:NDN1 (2 wt%)

25 nm C60

Illumination

30 nm P4-Ph4-DIP:C60 (x:y)

0/6 nm P4-Ph4-DIP

5 nm BPAPF

40 nm BPAPF:NDP9 (10 wt%)

10 nm Au

100 nm Al

Figure 8.3.6: Stack of n-i-p OSC with P4-Ph4-DIP:C60 BHJ. The mixing ratios are 1:3,
1:1, or 3:1 volume ratio. The BHJ are either deposited while the substrate is kept at at
room temperature, or while the substrate is heated to 90°C. The subsequent layers are
evaporated onto heated and unheated BHJ at the same time to ensure comparability, while
the substrate is at room temperature.

Since there is concern that dopant di�usion may occur if doped layers are heated,

the sample is processed as follows: the n-C60 and i-C60 layers are deposited on half

of the substrate, the substrate is heated to 90°C, and the BHJ is deposited onto

the fullerene. After the substrate is cooled to room temperature, n-C60 and i-C60 are

evaporated onto the other half, followed by the BHJ. This is followed by deposition of

an additional 6 nm layer of P4-Ph4-DIP to test hybrid structures in the same run. The

remaining layers (HTL and metal back electrode) are deposited at room temperature
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in the same run on the complete substrate at the same time to ensure comparable

samples. In this run, the p-doping ratio is decreased to facilitate processing, and

an intrinsic BPAPF layer is added between green donor and p-BPAPF. A 10 nm

thick gold layer is used between p-BPAPF and the Al back electrode to ensure good

electrical contact, mediated by the high work function of Au.

Table 8.3.2: Solar cell characteristics of OSC with P4-Ph4-DIP:C60 BHJ and hybrid ab-
sorber structures, having di�erent mixing ratios and di�erent substrate temperatures (either
room temperature, or 90°C).

substrate P4-Ph4-DIP:C60 i-P4-Ph4-DIP JSC VOC FF η
temperature mixing ratio thickness

(°C) (nm) (mA/cm2) (V) (%) (%)
r.t. 1:3 0 4.93 1.01 62.9 3.14
r.t. 1:1 0 4.87 0.99 54.7 2.64
r.t. 3:1 0 4.08 0.99 59.9 2.41
r.t. 1:3 6 5.37 1.05 57.0 3.22
r.t. 1:1 6 5.02 1.01 47.8 2.41
r.t. 3:1 6 3.74 0.98 56.1 2.08
90 1:3 0 4.55 1.00 70.9 3.21
90 1:1 0 4.61 0.99 56.1 2.57
90 3:1 0 3.59 0.99 60.9 2.15
90 1:3 6 5.23 1.01 65.8 3.48
90 1:1 6 4.68 1.00 50.4 2.36
90 3:1 6 3.38 0.99 60.7 2.02

The BHJ is deposited in three di�erent mixing ratios of P4-Ph4-DIP to C60: either

3:1, 1:1, or 1:3 volume ratio, determined by monitoring the layer thicknesses and

controlling the evaporation rates. EQE measurements may then help to correlate

substrate heating and absorber ratio to charge carrier generation and device perfor-

mance to speci�c materials due to the clear distinction of the absorption spectra; this

way, the contributions of speci�c materials can be evaluated.

The resulting device characteristics of the 12 di�erent devices are listed in detail in

Table 8.3.2; the J(V) data are shown in Fig. 8.3.7, split into BHJ and hybrid devices

for an easier overview.

Some of the solar cells (those with 1:3 mixing ratio) show promising device per-
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Figure 8.3.7: J(V) spectra of n-i-p OSC containing P4-Ph4-DIP. Left: BHJ absorber
system; right: BHJ and an additional 6 nm thick i-P4-Ph4-DIP layer. Device variations
include absorber mixing ratio and substrate heating: either the substrate is held at 90°C
during BHJ deposition, denoted as �hot�, or at room temperature.

formance with overall power conversion e�ciencies of η > 3%, but a large variation

of all major OSC characteristics is noted. The device characteristics suggest that

the in�uence of heating, mixing ratio, or an additional 6 nm donor layer on VOC are

small. A slight voltage increase is noted with increasing photocurrent, which may be

caused by stronger quasi-Fermi level splitting, but is not decisive. Strong variations

of JSC, FF, and η are observed. An analysis of these parameters must be separated

into three categories: the in�uence of heating, mixing ratio, and hybrid structure.

� Substrate heating leads in all cases to a lower photocurrent and an improved

�ll factor. Generally, heating is expected to support separation of donor and

acceptor [147]. Hence, the increase achieved by heating might be due to a

better charge carrier percolation network with less isolated traps, such that

recombination is lowered.

This is observed in all cases in the form of higher �ll factors of the heated

samples; also, the saturation is improved in in all heated samples, as visible in

Fig. 8.3.7. However, the absolute and relative increase of FF is highest for the

1:3 mixing ratio, and the e�ect seems to be weakest when a large amount of

the perylene derivative is present. This may suggest that the interaction energy
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between C60 molecules (estimated in the literature to be about 1.5 eV [142, 143],

much higher compared to e.g. CuPc-CuPc [141] or CuPc-C60 [144]) is higher

than that of P4-Ph4-DIP and C60, such that reorganisation is energetically

favourable [147] and the nanomorphology changes upon heating.

In the 1:3 sample, the C60 molecules may di�use on the surface during �lm

formation, adhere to each other and are not hindered by the small diindenop-

erylene concentration. In the 3:1 sample, the large amount of perylene blocks

the fullerene and limits its di�usion; however, due to the high P4-Ph4-DIP con-

centration, an acceptable interconnected network is easily obtained. In the 1:1

sample, the C60 cannot di�use as easily compared to the 1:3 mixing ratio, and

due to the similar volume ratios, the network contains more residual clusters.

This might explain the low FF and the only mediocre improvement that is

achieved by substrate heating.

The loss of JSC of the heated 3:1 sample is highest, which may be explained by

the limited exciton di�usion length that becomes important in case of large P4-

Ph4-DIP volumes without a nearby heterointerface. The in�uence of heating

should be studied in more detail, e.g., by AFM or X-ray di�raction, to gather

more information about the precise meachanisms and verify the tentative ex-

planation given above.

� The mixing ratio shows that independently of the substrate temperature,

higher fullerene ratios lead to higher photocurrents (and consequently higher

overall power conversion e�ciency). As mentioned above, this may be at-

tributed to a low exciton di�usion length in the P4-Ph4-DIP: an interface to

the fullerene must be close or geminate recombination occurs.

� Additional i-P4-Ph4-DIP layers tend to increase JSC and lower FF if the

C60 volume ratio is at least equal to the perylene; the 3:1 samples su�er if an

additional intrinsic layer is added, with all OSC parameters decreasing. An

overall increase of power conversion e�ciency is only noted for the 1:3 samples.

We attribute this to three e�ects: �rstly, due to the limited exciton di�usion

length, recombination may slightly increase, which lowers the �ll factor; sec-

ondly, the semi-parasitic absorption (see also Section 8.2) - light is absorbed
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in the intrinsic layer instead of the BHJ, where the excitons would have been

utilised more e�ciently; and �nally, in samples that already contain signi�cant

amounts of P4-Ph4-DIP (i.e., the OSC with 3:1 and 1:1 mixing ratios), more of

the incoming illumination is already absorbed in the BHJ before reaching the

intrinsic layer, which limits any positive contribution that might come from the

hybrid structure.

To further check these tentative explanations, EQE spectra are used. Figure 8.3.8

shows the complete EQE from 350 - 650 nm (there is no signi�cant contribution from

either donor or acceptor at λ>650 nm); a more detailed view of the EQE of the hybrid

devices in P4-Ph4-DIP main absorption range (500 - 600 nm) is given in Fig. 8.3.9.

For clarity, the interpretation of this data is split into two separate wavelength ranges,

corresponding to the two di�erent absorber materials.
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Figure 8.3.8: EQE spectra of n-i-p OSC containing P4-Ph4-DIP. Left: BHJ absorber
system; right: BHJ and an additional 6 nm thick i-P4-Ph4-DIP layer. Device variations
include absorber mixing ratio and substrate heating (either the substrate is held at 90°C
during BHJ deposition, denoted as �hot� [�lled symbols], or at room temperature [empty
symbols]).

It is visible that within experimental scatter, there is no large di�erence between

heated (�lled symbols) and unheated (empty symbols) samples in the absorption

range of C60 (λ<460 nm), except a very small decrease observed for all heated 1:1

and 3:1 samples at λ ≈ 350 nm. This is valid for pure BHJ as well as hybrid struc-

tures. In all cases, the contribution of the fullerene to EQE depends strongly on the
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mixing ratio; hence, photons absorbed in the C60 layer are e�ciently separated and

extracted, and the dependence of EQE on total C60 volume is clearly visible, whereas

the in�uence of heating is small.

In contrast to that, the EQE in the diindenoperylene derivative absorption range

shows di�erent behaviour. All heated devices exhibit signi�cantly lower ηEQE com-

pared to the unheated OSC, consistent with the J(V) data shown above. We can

conclude that the loss in photocurrent upon heating stems mainly from the P4-Ph4-

DIP.

Remarkably, the peak EQE of 38% of the unheated 1:1 and 3:1 BHJ samples

at 530 nm and 570 nm is the same; the higher P4-Ph4-DIP ratio does not lead to

higher conversion e�ciencies. This supports the notion that the higher JSC of the

unheated 1:1 originates directly from the higher fullerene ratio in the sample. The

heated samples show a small drop in case of the 1:1, and a large drop in case of the

3:1 mixing ratios. If large perylene derivative clusters form in the heated samples,

then the 3:1 mixing ratio may indeed lead to such well-separated phases that exciton

transport properties in the donor become a limiting factor.

In the sample with the high fullerene volume (1:3), the in�uence of heating is

smaller, as is the EQE in the green (530 - 560 nm) spectral range; photocurrent and

EQE of the device are dominated by the C60. In contrast to the other mixing ra-

tios, heating leads to a slight improvement of EQE in the range from 450 - 530 nm,

suggesting that, if the perylene derivative volume ratio is small enough, the phase

separation may have a positive impact: the number of isolated clusters in the BHJ is

slightly reduced, corresponding to a strong increase of FF.

In the hybrid devices, the same general trends are observed like in the BHJ devices

in the C60 absorption range. The only exception is a slightly lower EQE, visible e.g.

in the peak at 350 nm and the minimum at 400 nm, which can be seen in all hybrid

device, independent of composition or temperature. This may be caused by a slight

shift of the optical �eld intensity, away from the i-C60 towards the BHJ. However,

the e�ect is only minute and should not be overvalued.

Large changes are observed at higher wavelengths. For better visibility, EQE in the

P4-Ph4-DIP absorption range is shown in detail in Fig. 8.3.9. In all cases, independent

of mixing ratio or substrate heating, ηEQE is higher for λ> 475 nm, as expected from

the additional 6 nm absorber in the device.
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Figure 8.3.9: Details of the EQE in the P4-Ph4-DIP main absorption range, with the
substrate being heated (�lled symbols), or held at room temperature (empty symbols) during
deposition.

The heated 1:1 devices, which have the highest EQE of up to 43%, exhibit a small

(1-2%) drop in the range from 500 - 600 nm compared to the BHJ evaporated at

room temperature; a much more pronounced drop (by 5%) is observed at 3:1 mixing

ratio. We attribute this behaviour to the donor-acceptor phase separation, which is

detrimental to ηED at these mixing ratios.

However, like in the BHJ-only devices, the e�ect of heating on the 1:3 samples is

more di�erentiated. The EQE of the heated sample is slightly increased at 450 nm < λ

≤ 525 nm and drops below the unheated sample only at λ > 525 nm. This e�ect, also

seen in the BHJ-only 1:3 samples, partially compensates the loss of photocurrent that

is encountered in all heated samples, and limits this loss to only 0.14mA/cm2. The

concurrent strong increase of FF by 8.8% makes the combination of 1:3 BHJ mixing

ratio, an additional i-P4-Ph4-DIP layer, and substrate heating the most e�cient

device.

In summary, this section demonstrates that small variations of sample parameters

(heating, donor:acceptor volume ratio) can trigger a multitude of di�erent e�ects

and can increase or decrease device performance. Generally, heating lowers JSC and

170



8 Results: Diindenoperylene derivatives as green donors 8.4 Bu4-Ph4-DIP

increases FF, but the relative changes depend strongly on the mixing ratio. EQE

shows that in all cases, the e�ect of heating in the C60 is small compared to changes in

the P4-Ph4-DIP. Addition of an intrinsic P4-Ph4-DIP layer may increase or decrease

overall OSC power conversion e�ciency.

Tentative explanations are given, focusing on exciton transport and phase sepa-

ration. However, it is clear that further studies are needed for veri�cation. Atomic

force microscopy and X-ray di�raction could illustrate the e�ects on morphology;

an estimate of the P4-Ph4-DIP domain size in heated and unheated samples, cys-

tal structure, and the exciton di�usion length of this material might contribute to

further understanding. The potential of heated, thick hybrid structures with high

photocurrent and FF for tandem devices merits further investigation.

8.4 Bu4-Ph4-DIP

Due to the encouraging results with P4-Ph4-DIP, the experiment is repeated with

the same stack, only replacing the green donor with the similar diindenoperylene

derivative Bu4-Ph4-DIP. The di�erence between both materials is that the propyl

chains of P4-Ph4-DIP are replaced by longer butyl substituents.

Generally, the same trends of device characteristics are observed, as shown in the

summary in Table 8.4.1: heating leads to increased FF (by over 10% for the 1:3

hybrid device), but in most samples decreases the photocurrent. The most e�cient

device is again the OSC containing the 1:3 mixing ratio and 6 nm i-Bu4-Ph4-DIP,

with the substrate heated to 90°C during evaporation of the BHJ.

It is also visible that the photocurrents and �ll factors are in all cases lower com-

pared to P4-Ph4-DIP. Lowest FF = 37% is obtained for the 1:1 hybrid devices, there

being almost no di�erence induced by heating; lowest JSC = 2.45 mA/cm2 for the 3:1

heated hybrid OSC. While the general performance of the Bu4-Ph4-DIP devices is

lower, similar systematics are observed like in the OSC employing P4-Ph4-DIP, and

similar processes are expected to occur.

A di�erence between the J(V) characteristics of both derivatives is seen in Fig. 8.4.1

(right): the hybrid devices with 3:1 mixing ratio, both heated and unheated, exhibit

so-called �S-kinks� in the range of 0.7 - 1.0V, which are re�ected in the exceedingly

low �ll factors of these devices. Less pronounced kinks are also visible at ≈ 0.9V in
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Table 8.4.1: Solar cell characteristics of OSC with Bu4-Ph4-DIP:C60 BHJ and hybrid
absorber structures, having di�erent mixing ratios and di�erent substrate temperatures
(either room temperature, or 90°C).

substrate Bu4-Ph4-DIP:C60 i-Bu4-Ph4-DIP JSC VOC FF η
temperature mixing ratio thickness

(°C) (nm) (mA/cm2) (V) (%) (%)
r.t. 1:3 0 3.62 0.91 49.2 1.63
r.t. 1:1 0 4.08 0.99 44.8 1.80
r.t. 3:1 0 2.99 0.96 50.4 1.45
r.t. 1:3 6 4.03 1.01 44.9 1.82
r.t. 1:1 6 3.84 1.03 37.2 1.55
r.t. 3:1 6 2.78 0.97 42.8 1.16
90 1:3 0 3.68 0.97 57.0 2.03
90 1:1 0 3.72 0.99 46.8 1.71
90 3:1 0 2.70 0.97 53.8 1.40
90 1:3 6 3.91 0.98 55.2 2.11
90 1:1 6 3.91 1.02 37.4 1.50
90 3:1 6 2.45 0.97 48.1 1.14

the 1:1 devices.

While the origin of such J(V) features is still under discussion, and the kinks may

have a variety of reasons, they are often attributed to a counter-�eld or energy barrier

in the device [147, 225], which promotes recombination and hinders extraction. The

presence of such a barrier in the OSC containing Bu4-Ph4-DIP may explain the low

photocurrents of especially the 3:1 devices.

Heating has been observed to improve device saturation, lower the S-kink and

improve �ll factor [147, 243]. This behaviour is observed in all Bu4-Ph4-DIP OSC

when comparing the J(V) data and is attributed to temperature-induced phase sep-

aration of the heated BHJ. Better pathways provide an improved charge transport

with a lower �eld dependence, hence the better saturation; however, large perylene

domains may lead to losses of exciton di�usion e�ciency [243], which results in lower

photocurrent.

Since especially the hybrid devices have low FF, a barrier at the interface from

Bu4-Ph4-DIP to BPAPF cannot be excluded. Previous work has suggested that the
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Figure 8.4.1: J(V) spectra of n-i-p OSC containing Bu4-Ph4-DIP. Left: BHJ absorber
system; right: BHJ and an additional 6 nm thick i-Bu4-Ph4-DIP layer. Device variations
include absorber mixing ratio and substrate heating (either the substrate is held at 90°C
during BHJ deposition, denoted as �hot�, or at room temperature.)

doping concentration may play an important role3, so higher p-doping of the HTL

might improve FF and η.

In summary, OSC with Bu4-Ph4-DIP as green donor exhibit similar systematics,

but di�er in details when compared to OSC with P4-Ph4-DIP. Further studies by

AFM and X-ray di�raction are expected to reveal in more detail the change of mor-

phology upon heating; di�erent doping may improve the bad charge carrier extraction

in hybrid devices. The diindenoperlyene derivatives are a promising material class to

study in detail the in�uence of di�erent substituents on OSC performance when used

as donor.

3experiments on FHJ devices by A. Petrich at IAPP; data unpublished
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The two main foci of the current thesis are transparent electrode materials and al-

ternative green donors for small molecule organic solar cells. In this chapter, the

achievements of both topics are brie�y reviewed and directions for future work sug-

gested.

It is proven in this work that the standard device con�guration, which contains

a transparent ITO bottom electrode and a re�ective Ag or Al top electrode, is not

the only possibility. Alternatives are tested, and the experiments document that the

conductive polymer PEDOT:PSS is feasible as stand-alone replacement for ITO in

p-i-i devices. For future experiments, there are novel Gen4 materials available (Agfa)

that reach even higher conductivities than the formulation that is used in this work;

it would be interesting to test the full potential of PEDOT:PSS as bottom electrodes

with thin, highly transparent and conductive layers based on these new materials.

Attempts to use this PEDOT:PSS formulation as top electrode yield no operational

solar cells. Instead, another solution for this challenge is found in the form of thin

metal layers, which represent the main focus of the current work.

It is shown that Ag and Au �lms with thicknesses in the 10 - 20 nm range can be

used as top contact and lead to acceptable device e�ciencies of η = 1.1 - 1.4% when

employing the standard absorber materials ZnPc and C60. By adding nanometer-

thick Al interlayers in between organic and noble metal layers, the performance can

be improved as consequence of changed morphological features: the interlayer reduces

interdi�usion of organic molecules and metal layers, and promotes favourable growth

of interconnected metal networks.

The optimised metal layers are combined with organic capping layers to improve

light incoupling into the solar cell and utilise interference e�ects. Optical measure-

ments document the in�uence of Alq3 capping layers on single layers of metal (Al and

175



9 Conclusion and Outlook

Ag) on glass and reveal increased transmittance in a large part of the visible spec-

trum. Optical simulations and detailed capping layer thickness variations allow for a

detailed characterisation and understanding of the performance increase that can be

obtained in top-illuminated OSC; it is shown how speci�c absorber layers or wave-

length ranges can be in�uenced, depending on the choice of capping layer thickness,

and that utilisation of interference e�ects is decisive to reach higher photocurrents.

When these concepts are combined, device e�ciencies of over 2.5% are achieved.

Furthermore, application in semitransparent devices is possible: with standard ab-

sorber materials and an n-i-p structure, 2.1% power conversion e�ciency at 36%

average visible transmittance are achieved in a cooperation with Heliatek GmbH. By

using novel absober materials, tandem devices with η = 4.9% at 24% transmittance

can be realised, and �rst modules are presented.

The promising devices that are presented in this thesis indicate that metal contacts

are an interesting topic that merit further experiments. The conductivities that are

obtained even at very low thicknesses are excellent and can surpass that of ITO

by an order of magnitude; for further device improvement, higher transmittance

should be the main objective. This may be achieved by, e.g., thinner metal layers,

if suitable transparent surfactants can be found. One conceivable possibility is the

utilisation of calcium, which is highly reactive and quickly gains in transmission

upon oxygen uptake. An ultra-thin (1 - 2 nm), transparent Ca interlayer may have

superior transmission than the Al surfactant while providing the same smoothening

e�ect. Further, di�erent approaches include very high metal deposition rates (which

cannot currently be realised due to experimental constraints) to achieve favourable

morphology, or metal shunting lines to support a slightly less conductive, but more

transparent thin metal layer.

The semitransparent tandem devices shown in this thesis employ state of the art

techniques and exhibit performances far superior to what is encountered in the litera-

ture. For further improvements, fundamentally new device concepts will be necessary.

Strong infrared absorbers may be a key to achieving higher visible light transmission

without losses of power conversion e�ciency, but such materials are currently not

available.

The demand for non-proprietary green donor materials for application in tandem

OSC is clear. This thesis introduces �rst experiments on three diindenoperylene
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derivatives, synthesised at IAPP, that are potential candidates. Their absorption

characteristics �t well into the gap between C60 (blue) and ZnPc (red), and utilisation

as donor in combination with the standard acceptor C60 is possible.

While the devices employing such materials that are shown in this thesis still ex-

hibit shortcomings, their performance compares favourably to optimised ZnPc-C60

containing standard devices. The extremely high FF of over 76% and VOC over 1V

are very encouraging. Many samples react positively to substrate heating, exhibiting

higher �ll factors than their identical, unheated counterparts. This susceptibility to

heating may open the possibility to utilise thicker BHJ to improve the photocurrents,

with only minor losses of �ll factor; current data show that the open circuit voltage

remains virtually unchanged by heating and does not depend on the deposition con-

ditions.

Work on these materials is just at the beginning, and more detailed studies of layer

morphology may be the key to understand the infuence of substrate temperature

on device performance. It will be exciting to systematically characterise a series of

such diindenoperylene derivatives with di�erent end groups (further substitutents are

currently being prepared) to investigate the structure-property relationships of this

class of molecules. Finally, tandem devices are planned to harvest photons from a

broad part of the solar spectrum, which will be a necessity for OPV to ultimately

reach maturity.
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