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|. List of Symbols

A Physical unit "Angstrem”
Molecular polarizability
Full width at half maximum (FWHM)

C Crystallite dimension
Vibronic wavefunction
D Di usion constant
Do Dopant molecule
d Distance
Ea Energetic position of the electronic state at the acceptor
Ein Kinetic energy
Es Coulomb binding energy
Epol Polarization energy
Es Total electrostatic energy
Evac Vacuum energy
e Elementary charge/electron charge
"E Fermi energy
"o Vacuum pemittivity
" Relative dielectric constant
FF Fill factor (characteristics of a solar cell)
Fo Fluorescence spectrum of a molecule
h Planck's constant
h 2=h
hk Quasi momentum
lsc Short circuit current (characteristics of a solar cell)
) lonization energy of an excited donor
Jo Incident light intensity
Kg Boltzmann constant
Kp Exciton di usion rate
kEa Ferster transfer rate
kDA Dexter transfer rate
Knr Rate of non radiative relaxation
k? Spontaneous emission rate in thermal equilibrium

K Shape factor for the Scherrer equation



Exciton di usion length

Luminous intensity of an OLED

Wavelength

Molecular mass

Matrix molecule

Speci c light emission of an OLED

Frequency

Density of free electrons

Avogadro constant

Doping density

Power conversion e ciency of the solar cell (characteristicsfa solar cell)
Luminous e ciency of an OLED

Maximum electric power obtained from the solar cell
Light intensity output of a OLED

Density of free of holes

Ohmic resistance

Serial resistance

Shunt resistance

Density of states

Density

Normalized phosphorescence spectrum of a molecule
Normalized absorption spectrum

Conductivity of the elctrons

Conductivity of the holes

Exciton lifetime

Lifetime of electrons

Temperature
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Electronic coupling integral for excitation energy transfe
Open circuit voltage (characteristics of a solar cell)
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|I. List of Abbreviations

AM Air mass

AO Atomic orbital

BHJ Bulk heterojunction

CT Charge-transfer

DA Donor-acceptor

DOS Density of states

EA Electron a nity

ESP Electrostatic potential

ETL Electron transport layer

HOMO Highest occupied molecular orbital
HTL Hole transport layer

HJC Heterojunction

IP lonization potential

IPCE Incident-photon-to-current e ciency
LMEC Ligand-metal exchange coupled states
LUMO Lowest unoccupied molecular orbital
MO Molecular orbital

MPc Metal phthalocyanine

MR-CI Multi-reference con guration interaction
MPP Maximum power point

OLED Organic light-emitting diode

PSE Photoelectron spectroscopy

PV Photovoltaic

DSC Dye-sensitized solar cell

sDSC Solid state dye-sensitized solar cell
UPS Ultraviolet photoelectron spectroscopy
XPS X-ray photoelectron spectroscopy
XRD Single crystal X-ray di raction

XRPD X-ray powder di raction

On the next page the term air mass (AM) is explained.



The air mass (AM) is a relative measure in astronomy of the pathlgh | which
light of a shining object (e.g. the sun) has to travel through tb atmosphere to
the ground. It is de ned as the ratio of the pathl and the minimum length |, at
normal incidence:

If the light reaches the earth's surface under a certain zehitangle & the air mass

can be approximated by .

M= c0s@ (11.2)
Since the solar spectrum and accordingly the power conversioniencies of solar
cells depend on the incident angle of the sunlight, these vakigary with the posi-
tion on earth where they are measured. Therefore, standard&zeolar simulators
which simulate an AM 1.5 spectrum of the sunlight are used for solaeit charac-
terizations. An AM 1.5 spectrum corresponds to the sunlight spectra measured
at an incident angle of the sunlight of 48 relative to the vertical on earth (see Eq.

(I1.1)).




11l. List of Compounds

-NPD 4,4'-bis[N-(1-naphthyl-1)-N-phenylamino]biphenyl
Alq 3 Tris-(8-hydroxyquinoline) aluminum
A-ZnPc 1,8(11),15(18),22(25)-Tetraanthracenyl zinc phthalo@nine
Ag Silver
Al Aluminum
TiO , Titanium dioxide
Bphen 4,7-diphenyl-1,10-phenanthroline
BAPD 2,3-di(N-phthalimido)-5,6-dicyano-1,4-benzoquinone
CuPc Copper phthalocyanine
Ceo Buckminster fullerene
FePc Iron phthalocyanine
F4TCNQ 2-[4-(dicyanomethylene)-2,3,5,6-tetra uoro-1-cycloéxa
-2,5-dienylidene]propanedinitrile
FTO Fluorine-doped tin oxide
ITO Indium tin oxide
LiF Lithium uoride
N-ZnPc 1,8(11),15(18),22(25)-Tetranaphthyl zinc phthalocyamie
NiPc Nickel phthalocyanine
Ph-ZnPc 1,8(11),15(18),22(25)-Tetraphenyl zinc phthalocyanine
Si Silicon
spiro-MeOTAD 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9'-spobi uorene
WO 5 Tungsten oxide
ZnPc Zinc phthalocyanine

In the following the molecular structures of these organic cgmounds are shown.
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1. Introduction

1.1. Motivation

The world's hunger for energy is growing. To provide mankinevith sustainable
and ecofriendly energy is one of the major challenges of th&'2century - similar
to the request for food by the end of the 1'9 century. As depicted in Fig. 1.1, the
projections of world energy demand by the US Energy Informatn Administration
forecasts a total growth from todays 14 TW towards 25 to 30 TW irR050. Today
industrial countries use about half the world's energy. Dewveping countries as
e.g. China and India are responsible for the largest growth. Thedemand will
nearly be equal to industrial countries in 2025.

Thus, huge e orts must be undertaken to supply the additional eergy demand
in the future. To meet a demand of 14 TW by electrical power wdd require
14,000 x 1 GW power plants This means, that every day for the next 40 years
a 1 GW power plant has to be built somewhere in the world.

The current primary energy source mix contains 85% fossil, cangiemission of

1Big stone coal power plants have usually a power output in the 1 GW range.

in 2050: 25-30 TW

energy ’j_/
L

consumption R additional
TW 20 energy demand:
(1012 W) ~ 14 TW by 2050
15
10 = S el —
5 B cveloping
countries
1970 1990 2010 2030

source: EIA Intl Energy Outlook 2007
http:/Aww.eia.doe.gov/oiaf/ieo/index.html

Figure 1.1.: Projections of world energy demand by the US Energy
Information Administration.
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greenhouse gases and being vulnerable to geopolitical conisita With respect to

the ecologic problems and the limited availability of fossilrad nuclear fuels, special
focus is on renewable energy sources to contribute signi cantto the world's

energy supply. However, in a best case the accessible capacitiewater, wind,

biomass and geothermal energy could just supply 22 TW in total (seFig. 1.2).

On the other hand, the sun's total capacity of 120,000 TW dwasfall other energy
sources. In total 36,000 TW are shining onto land. Assuming an e ciecy of 25%,
a solar cell covered area of 367 km x 367 km in the Sahara desertildaneet the

global energy demand in 2050. Just for comparison: This aregpresents only
0,3% of the Sahara which has a surface of about 9 million KmHence, the sun
could be a singular solution to all our future energy needs if wienew how to
harvest sun light in a cost-e cient way, which is not realized talay.

Far from it, solar photovoltaic energy is presently the most exgnsive of all re-
newable sources. The average cost of photovoltaic generategecgicity in middle
Europe, Japan and in the US is about 35 $/kWh. In areas with higlsolar radia-
tion, e.g. Southern California or Spain, the same PV installan can harvest more
than twice the amount of power compared to e.g. northern Geramy. In these ar-
eas photovoltaic electricity prices come close to todays cmer electricity price
level. As a consequence, in order to reach a competitive positiom general, PV
costs must be reduced further - at least by a factor of two.

One way to approach this goal could be the development of e ent organic

additional global solar energy*
energy demand supply using
ca. 14 TW 0.3 % of the
land surface
28 TW
water
ca. 2 TWP
wind
ca. 4aTW [P
biomass
ca.6 TW =
geothermal * with cells of
ca.10 TW 25 % efficiency

Figure 1.2.:  Graphical representation of the additional global energy -
mand in comparison to the energy which can be provided by wate wind,
biomass, geothermal and solar power. The volumes of the cubeare pro-
portional to the respective energy amount.
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solar cells, since the advantage of organic solar cells as coneglato inorganic
solar cells lies not in high e ciency but is founded rather on lhe expected low
production costs.

1.2. Overview of organic solar cell concepts

Since the photovoltaic e ect in organic solids was rst obseng1959 in anthracene
crystals [1], three main soild state device concepts have beenezged:

Organic solar cells based on vacuum deposited small molecul es
This device concept is based on the thermal evaporation of adst two n-
and p-conducting materials. Excitons are generated due to ¢habsorption
of light in the respective organic materials. These excitons ¥ to travel
to an interface between the n- and p-conducting layer (the p-junction)
where - due to the present energetical conditions - they are gfgd into free
electrons and holes. Finally the respective charge carriersearansported
towards their electrodes. As shown in Fig. 1.3a and Fig. 1.3b,mpjunctions
can be realized as heterojunctions or as well as interperaing networks
also called bulk heterojunctions.

For the fabrication of the rst small molecule organic solar céd, chlorophyll-
like low molecular weight dyes based on phthalocyanines anarphyrins

were used [2]. Since Tang [3] presented a 1% e cient bilayer legbjunction

solar cell based on copper phthalocyanine (CuPc) and a peryketetracar-
boxylic derivative (PTCBI) in 1986, enormous progress was mnda in re-
search. The introduction of bulk heterojunction [4, 5] and tadem device
architectures [6, 7, 8, 9] led recently to devices with poweonversion e -

ciencies close or even higher than= 6%.

The fabrication under high vacuum is the main advantage andniortunately

also the main disadvantage compared to the two other device aapts which
are described afterwards: The well de ned fabrication environent ensures
a very high reproducibility of the devices. Unfortunately, hjh vacuum tech-
nology is very expensive and complex to handle which is a disatvage
towards commercialization.

Polymer based organic solar cells

The device architectures of polymer solar cells are similar those used for
small molecule cells shown in Fig. 1.3a and 1.3b. However, thdrfaation

di ers signi cantly: Since polymers have a very high molecar weight, they
can't be thermally evaporated. In contrast to small molecule &sed organic
solar cells, heterojunction and bulk heterojunction polymecells are there-
fore solution processed.

Semiconducting polymers such as P3HT (poly(3-hexylthiophel) in com-
bination with the fullerene Cy, are used for the fabrication of organic solar
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Sunlight

a)
Glass/ITO

organic
p-conductor

organic
-conductor

Nano porous-

Sunlight

b)
Glass/ITO

30 nm

TiO, layer ‘
21010mM G SSIFTOITIO, BL
Sunlight
Figure 1.3.: (2) Device setup of a heterojunction solar cell. A p-

conducting material forms a heterojunction with an n-conduding material
in such a way, that exciton dissociation into free charge catiers is energet-
ically favorable. (b) Device setup of a bulk heterojunction solar cell. Here
the simple heterojunction is enhanced at the interface aredy an interpen-
etrating network of n- and p-conducting materials.(c) Schematic structure
of a dye-sensitized solar cell. In this cell concept, a mesopaus nanocrys-
talline TiO , Im is attached to a transparent electrode. The patrticles in
the TiO» Im are covered by a monolayer of dye. The counter electrodes
contacted through a liquid electrolyte or a p-conductor which penetrates

the pores of the TiO, network.
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cells since 1992 [10]. They have reached power conversion ermties of up
to 5% in recent reports [11, 12]. Deposition of organics by sere print-
ing, doctor blading, inkjet printing, and spray deposition ispossible because
these materials can be made soluble in contrast to the small malée based
organic solar cells. Additionally, these deposition techniquesl work at low
temperature, which allows devices to be fabricated on plastsubstrates for
exible devices. Since polymer solar cells can be fabricatechder ambi-
ent conditions, no expensive vacuum technology is needed whis another
advantage towards commercialization.

Dye-sensitized solar cells also known as Gratzel cells

Another cell concept is the dye-sensitized solar cell shown in Fiy3c. This
concept has attracted wide attention since its invention in991 by M. Gratzel
[13]. In contrast to the upper shown device concepts, dye-sens#d solar
cells are based on a mesoporous nanocrystalline Fidn which is attached
to a transparent FTO electrode. The patrticles in the TiQ Im are covered
by a monolayer of dye. The counter electrode is contacted thugh a liquid
electrolyte or an organic p-conductor which penetrates intthe pores of
the TiO, network. When a dye molecule is excited by light, it injects e
electron into the TiO,, creating a positively charged dye molecule. This
phenomenon produces the charge separation required for a fwoltaic cell.
The electrons are donated from the counter electrode via thedectrolyte to
the positively charged dye on the TiQ surface, returning the dye molecules
to their original state.

Soon laboratory scale e ciencies of over 10% were reported4]lwith this
device type. Due to the potential for low production costs, caiderable
e orts have been increasingly undertaken to enable a commaktup-scaling
of this type of organic solar cell. Till today dye-sensitized sat cells pro-
vide the highest e ciencies of all organic solar cell conceptsAnalogue to
the polymer cells, also the dye-sensitized solar cell can be fabted under
ambient conditions. Unfortunately, the TiO, needs a heat treatment during
the fabrication process which makes it di cult to realize this device concept
on exible foils. The use of liquid electrolytes is still an unsaekd problem
towards a longterm stability of these cells.

All organic systems are characterized by a high absorption coeient: To absorb
90% of the incoming light an organic dye layer has to be only @thm thick.
For the same absorption, the thickness of a crystalline silicon eds to be 200
m. To compare the development of the power conversion e cieres of organic
solar cells with existing technologies based on inorganic matds, an overview
provided by the National Renewable Energy Laboratory (NREL) is given
in Fig. 1.4.
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1.3. Overview of the thesis

The main task of this thesis was the investigation of novel molatar? and device
designs which may lead to an improvement of the power convensie ciency of
organic solar cells. This topic was tackled at various levelst was addressed by
asking

1. Basic questions such as...

what is the physical origin of the di erent performance ofmetal
phthalocyanines (MPc, M = Zn, Cu, Ni, Fe) in organic solar cells?

...what is the in uence of the molecular polarizability on he perfor-
mance of organic heterojunction solar cells?

2. Applied physical questions  such as how one could reduce the di usivity
of organic dopants within organic layers?

3. Engineering and design questions such as what about new organic
solar cell concepts?

The thesis is structured in the following way:

In Chapter 2 , basics of the physics of organic materials that are essential fo
the further discussion are reviewed. At rst, an overview of the ltaracteristics
of aromatic molecules and organic molecular crystals is give Next, the charge
carrier transport in organic solids will be described. The trasport mechanism in
organic semiconductors is of much more complex nature compdrto inorganic
systems, due to the polaronic nature of charge carriers. In coast to inorganic
systems, strongly bound Frenkel excitons are created after lighbsorption in
organic solar cells. Several mechanism by which an exciton magwvel through
an organic solid will be discussed. Finally, the basic principlesf doping organic
semiconductors will be reviewed.

In Chapter 3 , the basic physics of organic solar cells based on small molecules
will be discussed. At rst, the operational principle and thus the consecutive
fundamental steps of operating a photovoltaic device are deded. Next, the
heterojunction and bulk heterojunction device concepts Wibe introduced. The
charge carrier separation and the loss mechanism in organic sotells, based
on charge carrier recombination, will be reviewed. Equivaht circuits for solar
cells are introduced to describe the current-voltage chart@eistics in photovoltaic
devices. Finally, the directly measurable parameters of a ptuwoltaic cell are in-
troduced: The short-circuit currentl ., the open circuit voltageV,, the Il factor
FF, the power conversion e ciency , and and the incident photon-to-current

2All novel synthesized molecules were tested in heterojunction solar cells due to the easy
de ned and reproducible fabrication of this device architecture.



22

e ciency IPCE.

In Chapter 4 , organic processing technologies used in this work are revielwe
The principles of device fabrication, starting from the subsate design to the
material processing by spin-coating and/or thermal vacuum ep@ration, are
brie y reviewed and explained. The current-voltage IV ) measurement setup is
explained. Furthermore, the basics of material puri cation ultraviolet and X-ray
photo electron spectroscopy which were used within this work MWbe introduced
and discussed.

In Chapter 5 , an investigation on a metal phthalocyanine (MPc) series (M =
Zn, Cu, Ni, Fe) targeted at a fundamental understanding of the lpysical origin
of their di erent performance in organic solar cells will be gsented. For these
investigations MPc/Cg, based bilayer heterojunction (HJC) devices were built
and analyzed. The crystal structure in thin Ims of the respectve MPc's were
explored by high resolution XRPD and AFM measurements and compad to
powder data. The excited states of the respective MPc's werevestigated by
guantum mechanical calculations. The implications of the westigated e ects on
exciton di usion are discussed and related to device performagc

In Chapter 6 , the inuence of the molecular polarizability on the open
circuit voltage V, of organic heterojunction solar cells is investigated. Thei@e,
novel zinc phthalocyanine (ZnPc) derivatives were synthegd having phenyl,
naphthyl or anthracenyl groups attached to basic ZnPc cores.irfge the in uence
of on the Coulomb interaction of charges depend on the molecularrangement
of the respective molecules, the respective single crystal structs were solved
by high resolution XRD. Based on the solved structures, quantum mieanical
calculations of the charge separation mechanism were perf@ath on model
systems. The implications of the observed electronic e ects issdussed and
related to the device performance.

In Chapter 7 , the di usivity of organic dopants will be discussed. A novel
p-dopant, 2,3-di(N-phthalimido)-5,6-dicyano-1,4-benzuinone (BAPD) was
synthesized and compared to the state-of-the-art dopant;FCNQ. The e ciency
of the host-to-dopant electron transfer as well as the di usiorcharacteristics
of the p-dopants were investigated by ultraviolet photo emissh spectroscopy
(UPS) and X-ray photo emission spectroscopy (XPS). Since the functiality
of the dopants were investigated in OLED's instead of solar celffor technical
reasons, a brief introduction in the setup and working princig@ of organic light
emitting diodes will be given directly in this chapter.

In Chapter 8 , a novel organic tandem solar cell architecture combining a
solid state dye-sensitized cell with a ZnPc/g based, vacuum deposited bulk
heterojunction solar cell is introduced. Due to an e ective g&l connection of
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both subcells and to the complementary absorption of the dyessed, a power
conversion e ciency of , = (6:0 0:1)% was achieved under simulated 100
mW/cm?2 AM 1.5 illumination. This power conversion e ciency is among he
three highest achieved so far with organic solar cells inclugjrvacuum deposited
small molecules.

In Chapter 9 and Chapter 10 an english and german summary is given,
respectively.

The Appendices contain additional experimental and theoretical details Wwich
were not presented in the respective chapters due to clarityasons.






2. Physics of organic
semiconductors

Basics concerning the physics of organic semiconductors, thae a&ssential for the
further discussions, are reviewed in this chapter.

2.1. Aromatic molecules

The valence electrons of carbon atoms in molecules having\pgated -electron
systems are sphybridized: As depicted in Fig. 2.1, the characteristic spadil elec-
tron distribution leads to an overlap of thep, as well as of thesp? orbitals of
adjacent carbon atoms resulting in molecular - and -bonds, respectively. Thus,
aromatics are planar, cyclic molecules with conjugated dble bonds. During the
transition from the atom to the molecule, thep, atomic orbitals split into a bond-
ing ( ) and anti-bonding ( ) orbitals which are energetically separated within a
few eV. The energetically highest occupied bonding orbital inrganic semicon-
ductors is called_lghest accupied nolecular abital (HOMO). Congruently, the
energetically lowest unoccupied anti-bonding orbital - usuig indicated as the
orbital - is called LUMO.

The electronic excitation with the lowest energy is therefer taking place as a
electronic excitation!. Due to the energy gap in aromatic systems, these
materials could absorb or uoresce in the visible, near infraceor near UV spectral
range and are therefore predestinated for the use in photovait or light emitting
applications.

2.2. Molecular crystals

Similar to atoms, molecules could also form single crystals, palyystals or glasses.
These structures are called organic solids. The solid state chatextstics of organic
crystals are mainly determined by the -electrons [15]: The overlap of -orbitals

of two molecules in organic crystals allows the exchange oé@trons and therefore
charge carrier transport. The low symmetry of organic molece$ often leads
to crystal structures with low symmetry. This goes along with ananisotropy

of macroscopic properties such as the optical absorption or theharge carrier
mobility, which is characteristic for many organic systems. Melkular crystals

1The notation describes the excitation of an electron from the into the orbital.
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di er signi cantly from conventional solids, such as covalent o ionic crystals,

in their optical, electrical and mechanical properties [16 It has been shown,
that within many organic crystals, e.g. phthalocyanine crystis, the individual

molecules are clearly separated [17, 18, 19]. In the regioretvizeen the molecules,
the electron density is very low. Thus, the crystal structure is sually formed

by Van-der-Waals forces. These so called dispersion forces (Londorces) are
based on the electrical interaction between uctuating mulpole moments of the
molecules. For non-polar neutral molecules the empirical heard-Jones potential
is often used to describe these dispersion forces:

A
Vi = —

B -
riz r6 ’

(2.1)

Here r is the distance between the moleculesA and B are material specic
constants, describing repulsive and attractive molecular foes, respectively. Due
to the weak intermolecular Van-der-Waals interaction, whee binding energy is
much lower than covalent or ionic bonds, most organic solids havow melting

and boiling points, as well as a small dielectric constant and aw charge carrier
mobility.

These characteristic properties in uence the performance tfe respective ma-
terials in organic optoelectronic devices. Since anthracens one of the most
investigated organic semiconductors and silicon is the prongnt inorganic equiv-
alent, these materials were chosen to demonstrate the di erese of the most
important physical characteristics of organic and an inorgao semiconductors.
The comparison is shown in Table 2.1.

p,-orbital

sp,-orbitals

Figure 2.1. sp?-hybridization of the valence electrons of two carbon
atoms lead to molecular - and -bondings.
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Properties Silicon | Anthracene
Molecular weight [g/mol] 28.08 178.22
Melting point [ C] 1414 217
Density [g/cm?] 2.32 1.28
Relative dielectric constant 11,7 3,2
Electron mobility at 300 K [cm?/Vs] | 1400 1
Hole mobility at 300 K [cn?/Vs] 450 1

Table 2.1.: Physical characteristics of anthracene and silicd20]. The electron
and hole mobilities are usually anisotropic in organic as wedls in in-
organic crystals. Thus, the shown values are only valid in one dition
(see [20]).

2.3. Charge carrier transport in organic solids

For the description of inorganic semiconductors usually the ‘dnd-theory" devel-
oped 1926 by Felix Bloch is used. The theory is based on the traasbn sym-
metry of the crystal. The lattice periodicity (expressed by theperiodic potential
V(¥+ R;,) = V(¥) with the counter n and the lattice vector R,,) enforce, that the
solutions of the single-electron Schredinger equation

2, 2
H® (= S +V(E (9= ER () (22)

comply with the Bloch condition [21]
(F+ Ry) = ®Rn) () (2.3)

Herem is the free electron mass antk the quasi momentum.

The strong overlap of the respective atomic orbitals (AO) witin inorganic semi-
conducting crystals usually lead to broad bands. The movement charge carriers
within these bands can be described by Bloch waves. In contrashet molecular
orbitals (MO) in organic semiconductors overlap only weaklyvide suprg. This
results in an only slightly increased width of the respective M@'which could form
only narrow bands. Thus, charge carriers in organic semicondars are more lo-
calized and interact therefore strongly with the present elénic and nuclear
subsystems. This phenomena are too complex to be described by mpayticle
methods, and are often dealt by phenomenological approaches.
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a) b)
A A
E E
LUMO e v
\ = Epol -
Charge carrier is localized Formation of a
due to the polarization polaron band due
of the surrounding lattice to a linear
. combination of
Molecular Overlap of MO!s in ) !
orbitals organic crystals guasi-localized states

lead to band formation

Figure 2.2.. (a) The overlap of molecular orbitals (MO's) in organic semk
conductors lead to a formation of bands with a widthW. (b) If the LUMO

of a molecule is occupied by an electron, the charge interaststrongly with
the adjacent electronic and nuclear subsystems. Thus, theystem could
relax energetically by the polarization energyEq. An overlap of the MO's
of these localized- or polaronic-states could lead to the feonation of po-
laron bands. It is obvious that in uence of holes, occupyingthe HOMO of
a molecule, are described similarly.

2.3.1. Hopping or band transport in organic semiconductors ?

In organic semiconductors, the charge carriers can be e eaiy localized on a sin-
gle molecule due to their weak electronic coupling. Becaudetleir limited spatial
extent, the carriers polarize the surrounding lattice whichielaxes to accommodate
the extra charge. The carriers are hence accompanied by atie¢ deformation,
resulting in a new entity called polaron [16]. Because polarsiin organic crystals
are localized only on a few molecules, they are called small goins. As depicted
in Fig. 2.2, the formation of localized states in organic senooductors is deter-
mined by the ratio of the polarization energyE,q to the bandwidth W: If W is
signi cantly smaller than the polarization energyE,

W  Epa (Condition for polaron generation); (2.4)

charge carriers will localize and form polarons and holonsgespectively. Disor-
dered molecular solids exhibit usually an inhomogeneous egerdistribution of
their localized transport states (see Fig. 2.3). Therefore, éhcharge carrier trans-
port between adjacent molecules is thermally activated anithe mobility increases
with increasing temperature [22]. This kind of thermally advated charge carrier
transport is called hopping transport. Sometimes the ensembdé localized states
within a certain energy range is called band. It is stated her¢hat the term band
in this context has nothing to do with energy bands in an ideatrystal.

In contrast also band-like conduction can occur in organic seaanductors: In
well organized organic crystals, Bloch states can be createddlinear combination
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E E
localized states
h — )
—_ - - 4 —_ An ensemble of
- /L / 9 localized states
- L /\/‘— -_— could form a band
- —_— v
X >

Figure 2.3.:  Schematic picture describing the hopping transport. Some-
times the ensemble of localized states within a certain engly range is also
called band. The transport within these bands is thermally activated and
has nothing to do with energy bands in an ideal crystal.

of the localized states which could form a polaron badd Thus, polarons can be
treated as quasi-particles carrying the charge and occupgmloch states, i.e. are
characterized byk and E (K). Similar to inorganics, the conductivity in very pure
and highly ordered organic solids is limited by scattering paesses with phonons
[23]. In contrast to the hopping transport, the conductivity i increasing with
decreasing temperature due to a reduction of the respective #eaing probability.

It can be summarized, that in well organized organic crystalde charge trans-
port is based on polaron bands, while the hopping transport prails in polycrys-
talline and amorphous materials.

2.4. Exciton transport in organic solids

In organic solar cells, molecules are electronically excitellie to the absorption
of light. This excited state is called exciton [16]. To be diss@ted into charge
carriers, the excitons have to travel towards an interface wiin the solar cell. It
has been found, that the motion of excitons in organic solar lk®is described best
by a hopping based di usion processes, characterized by a di usidength Lp
[15]. There exist several mechanism by which an exciton couldatel through an
organic solid:

1. Trivial energy transfer process
At intermolecular distances larger than 1004, this transfer process is of
importantance. Here, photons are emitted by molecules due toorescence

2Due to the electron-phonon interaction and the associated higher e ective mass, as weis due
to the increased localization of charge carriers, the width of the polaron bad is signi cantly
smaller in comparison to the bandwidth without polarization e ects.
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or phosphorescence. In course, the energy of this photon can be@bed by
other molecule. This process is long range and may be importan certain
cases such as laser structures with high nesse optical cavities.

. Forster transfer

This energy transfer process is based on the dipole-dipole irgetion be-
tween two molecules. In the case where the dephasing timeis long com-
pared to the time of cycling between the photon emitting and Ipoton ac-
cepting molecules, i.e.J h, where J is the spectral overlap integral,
the energy oscillates back and forth coherently at a frequend=h. In case
of a coherent dipole-dipole interaction)) is proportional to R 3. Thus, the
rate k5, of the energy transfer is [15]

jJ] 1

K, J?’ =% (2.5)
In the case of large molecules or molecular aggregates the ltegpng time
is usually too short for coherent transfer because the electrarexcitation is
strongly coupled to a dense system of vibrational states. Here, theghasing
time is approximately h= E where E is the vibrational bandwidth.
Hence, only whenjJj > E coherent transfer occurs. In the incoherent
regime (Jj < E), the transfer rate is [15, 24, 25]

Z
113% ¢ 1 Ro |
SRea rapao() alt)db = ae

where 4 is the normalized spectrum of the photon absorbing moleculEp
is the uorescence spectrum of the photon emitting molecul@, is the index
of refraction of the surrounding mediumg is the speed of light and p is the
lifetime of the exited state of the photon emitting molecule.The integral
in Eq. (2.6) can be represented by the material characteristigrster radius
Ro. The transfer rate k5, is averaged over all possible relative orientations
of the molecular dipoles which describes an isotropic system. Aftthe ex-
citation of the photon emitting molecule, the electronic egitation energy
can be partly converted into excited vibrational states ands thus no longer
available for the dipole-dipole interaction. This is re eted experimentally
by a dierence in the uorescence and absorption spectrum desbed by
Eq. (2.6). In order to have an e ective Ferster transfer procss, the uo-
rescence and absorption spectrum of the respective moleculessthaverlap
substantially. Furthermore, since the process occurs via digotoupling, the
transitions must be dipole allowed. In organic light emittingdiodes where
the emissive layer is doped with an uorescent guest species, enetgns-
fer from the host to the guest material occurs mainly through ta Ferster
mechanism.

F _
kDA_

(2.6)

3The R 2 dependence is equivalent to the classical interaction of two static dipoles.
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3. Dexter transfer
In contrast to the Ferster transfer, dipole-forbidden energyransfer between
two molecules takes place either through higher multipolenteractions or
by electron exchange. In the case of triplet excitons, electroexchange
dominates the transfer rate. The transfer rate was calculateldy Dexter as
[15] , 2
KDy = o 2. Po(E) a(E)dE € D) g (2.7)

where pa is the exchange interaction energylL is the intermediate
Brbital radius of the involved molecules andJ is the overlap integral

Po(E) A(E) dE of the respective normalized phosphorescenieg(E) and
absorption spectra A(E) of the two interacting molecules. Due to the expo-
nential dependence, a strong decay of the Dexter transfer withe distance
is given.

2.5. Doping fundamentals

Controlled doping of inorganic semiconductors was a key stegr today's electronic
device technology. The realization of n- and p-conducting seconductors was
crucial for the realization of stable pn-junctions, the basic tilding block of all
electronic devices.

The basic principles of doping in organic semiconductors aravslar to those
in inorganic materials: Mobile carriers are generated by exiag electrons from
donors into a conduction band or by capturing electrons witlacceptors and thus
creating holes in a valence band. In organics, one has to addstituents, which
either donate electrons to the lowest unoccupied molecularbatals (LUMO, n-
type doping) or remove electrons from the highest occupied teoular orbitals
(HOMO) to generate holes (p-type doping) (see Fig. 2.4). Thesemstituents can
be of inorganic nature such as the acceptors tungsten oxide (\Wr lithium uo-
ride (LiF) as well as of organic nature represented by small amdactive molecules
such as the acceptor FTCNQ. Acceptors are negatively charged if occupied and
neutral if empty, while donors are electrically neutral if ecupied and are posi-
tively charged if empty. The p-doping process of an organic seanductor may
be described in two fundamental steps:

1. The initial charge transfer of an electron from a matrix macule My to a
p-dopant Dy, leading to the formation of a intermediate local charge trasfer
(CT) state M,D, .

2. Dissociation of the CT-state into a quasi-unbound state by oveoming the
attractive Coulomb interaction. This means, that the hole (lolon) has to
jump further onto the next matrix molecule M, leaving behind the charged
dopant D, [26].
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Figure 2.4.:  Mechanism of molecular p- and n-type doping. (a) p-type
doping: Initial charge transfer of an electron from a matrix molecule My to
a p-dgpant Dp. (b) Formation of a intermediate local charge transfer (CT)
state M, D, . (c) n-type doping: Initial charge transfer of an electron from
a n-dopant D, to a matrix molegule M4. (d) Formation of a intermediate
local charge transfer (CT) state M, Dg . Due to the Coulomb interaction,
the energy levels of the transport states of the matrix moleale are shifted
in (b) and (d), depending on the distance to the remaining chaged dopant.

Thus, the positive charge (holon) can move through the organlayer by hopping
and the density of M, determines the densityp(T) of holons in equilibrium in the
layer. Doping of My with D, is e cient if the density p(T) of holons is thermally
independent and increase linearly with the densitiN, of the dopant. In this case
the limit of shallow acceptors is reached. However, it has beshown [27, 28], that
doping of organic semiconductors lead usually to the capéT) N, and that
the density holonsp(T) is thermally activated. Thus, the model of deep acceptors
seems to be appropriate to describe the doping e ect in organisolecular layers.
It is obvious that n-type doping may be described similarly.



3. Fundamentals of organic solar
cells

In this chapter the basic physics of organic solar cells based onahmolecules
will be discussed. Furthermore, device properties will be evated concentrating
on the short-circuit current | ¢, the open circuit voltageV,. the Il factor FF, and
the power conversion e cieny p.

3.1. Basic operational principle of polymer and
vacuum deposited small molecule based organic
solar cells.

In a classical inorganic solar cells, charge carriers - an elestrand a hole - are
generated by the absorbed sunlight. These two oppositely chadyearriers are only
weakly bound due to an e cient electrostatical screening basedn the rather high
dielectric constants"; in inorganic semiconductors. The electrostatic potential
drop at the interface between a p- and an n-doped semiconductayer (the pn-
junction), leads to their separation and transportation to the respective contacts.

In organic semiconductors, things are somewhat di erent. Herd¢he screening
of opposite charges is much weaker since the dielectric constdpin organics is
much lower. Therefore, optical excitations in an organic sdl rapidly relax due
to strong dielectric polarization e ects and form excitons wh binding energies
Eg ranging from 0.1 eV to 2 eV [29]. These binding energies are lBugompared
to inorganic semiconductors as for example GaAs where &g of 4 meV was
measured [30]. Thus, the conversion of light into current in anrganic solar cell
may be visualized (see Fig. 3.1) as taking place in four consagatfundamental
steps:

1. Absorption of light leading to the generation of strongly bond Frenkel ex-
citons,

2. dissociation of the optically activated excitons into spatilly separated but
still bound positive and negative charges (polaron-holon pageneration),

3. selective transport of the polarons and holons through theulk of the device
to the respective collecting electrodes,

4. extraction of the charge carries at the electrodes.
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As the strong interaction of the photo induced Frenkel excitosis more di cult
to be overcome as compared to excitations in inorganic systentise structure of
organic solar cells has to be di erent compared to inorganicedtices.

3.2. The concept of a donor-acceptor (DA)
interface

The rst organic solar cells were based on one active layer madéasingle ma-
terial embedded between two metal electrodes of di erent wk functions. By the

absorption of light, strongly bound Frenkel excitons were ceded. These have to
be split in order to nally generate a photo current. The bindng energyEg can

be overcome by ...

.. a high intrinsic electric eld,
.. a high thermal energyks T,
... dissociation at the metal contacts.

Unfortunately, these processes have a rather low e ciency: Undexmbient con-
ditions, the temperature is not high enough, and the sample tbkness is usually
much thicker than the exciton diusion length L. Furthermore, the present

| °
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Figure 3.1.. Operational principle of organic solar cells: (a) Creation
of a Frenkel-exciton after light absorption. (b) Exciton di uses towards a
DA-interface where it dissociates into a polaron pair. (c) Diusion of the
charge carriers towards their respective contact electrods where they can
be extracted.
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built-in elds are far to weak to split the strongly bound Frenkel excitons. The
consequence: Excitons are mostly not dissociated, but recombimstead.

The introduction of donor-acceptor (DA) interfaces by implenenting a second
layer was a quantum leap in terms of power conversion e ciencgf organic solar
cells [3]. In these bilayer or heterojunction solar cells (seegF 1.3a or Fig. 3.1),
the light is usually absorbed mainly in the so-called donor matel which is made
out of hole conducting small molecules. The photo generateddrkel exciton
can now di use within the donor towards the interface to the seand material,
the acceptor, which is usually strongly electronegative. A pminent example for
an electron acceptor material is the buckminster fullereneCgo). If the energy
di erence between the ionization potentiallPp of the electron donating material
and the electron a nity EA, of the electron accepting material is larger than
the exciton binding energyEg, exciton dissociation is energetically favorable (see
Fig. 3.2):

IP, EAA Eg < 0 (Condition for exciton dissociation): (3.1)

DA-interface

Electron acceptor

EA Electron donor
e.g. ZnPc

vac

LUMO,

HOMO,——

-

HOMO,

»
>

X

Figure 3.2.:  Schematic picture describing the exciton dissociation at a
DA-interface: (1) HOMO p and LUMOp level of an uncharged not excited
donor molecule. (2) An excited donor molecule is ionized by @& energy
IP5. (3) The electron is transfered ultrafast to the LUMO of an electron

acceptor within a sub picosecond timescale by gaining the eargy EA . (4)

Due to the Coulomb interaction between the electron on the aceptor and

the remaining hole on the ionized donor, an additional energ barrier Eg

has to be overcome for a spacial separation of the charge c#érs. Thus,

exciton dissociation is energetically favorable ifilP 5-EAA-Eg < 0.
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IP, is the ionization potential of the excited donorEA 4 the electron a nity of
the acceptor andEg the binding energy of the excitons in the donor (in absolute
values, respectively). The charge transfer over such a DA-intade occurs very
fast and very e cient [31]. With time resolved experiments, usig femtosecond
laser pulses, it was shown, that the dissociation process at the DAenface takes
place within a timeperiode< 100 fs. During the exciton dissociation the hole stays
on the donor molecule while the electron is transferred on thecceptor molecule
(see Fig. 3.2). Thus, the charge carriers are spatially separdte Even though
residing on two separate molecules, which lead to a clearly lowd recombination
rate (lifetime: micro to milliseconds) as compared to the Freéel excitons (life-
time: nanoseconds), the positive and negative charges are s@ibulomb bound.
Therefore, a further step is necessary for the nal charge pairissociation.

3.3. Charge carrier separation in organic
heterojunction and bulk heterojunction solar
cells

To overcome the Coulomb attraction between the spatially sepated but still
bound polaron-holon pair an electric built-in eld is needd. This dependence be-
comes manifest in the strongly eld dependent photocurrent afrganic solar cells:
If the internal eld, which is mainly determined by the in ue nce of the di erent
work functions of the metal electrodes, is too low, the so-cal geminate recombi-
nation of the charge carrier pair is very probable [32]. Thestm "geminate” is used
to indicate, that an electron recombines with exactly the sam hole it was sepa-
rated from before. If the eld supported charge carrier sepatin is successful,
polarons and holons can be transported towards their respeaicontacts, in order
to generate a photocurrent. The limiting factor in the heteojunction concept is
layer thickness of the absorbing material: For a full absorptio of the incident
light, the layer thickness of the absorbing material has to benithe order of the
absorption length which is 100 nm. This is much more than the di usion length
Lp of the excitons [33, 34, 35, 36]. Thus, the potential of the hetojunction solar
cell is di cult to exploit.

A further development of the heterojunction device concepwas the so-called
bulk heterojunction solar cell [37]. This device concept agunts for the low ex-
citon di usion length Lp in disordered organic semiconductors, as well as for the
required thickness for a su cient light absorption. This appraach features a dis-
tributed junction between donor and acceptor material: As dacted in Fig. 1.3b,
both components interpenetrate each other, so that the intéace between them is
not planar any more but spatially distributed. It is implemented by spincoating
a polymer/fullerene blend or by co-evaporation of conjugat molecules. Bulk
heterojunctions have the advantage of being able to dissoaagéxcitons very e -
ciently over the whole extent of the solar cell because the geatd excitons have
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to overcome only a very short distance to the next DA-interfaceTherefore, po-
laron pairs can be generated anywhere in the Im. The disadvéege of the bulk
heterojunction concept is the somewhat more di cult separabn of the charge
carriers due to the increased disorder. Thus, the percolatiom tthe contacts is
not always given in these disordered material mixtures and isitherefore more
likely that charge carriers are trapped and recombine. Howek, the positive ef-
fects outweigh the negative. Today's most e cient organic salr cells are based
on the bulk heterojunction concept [4, 5].

3.4. Use of the terms "donor" and "acceptor”

At this point it is worthwhile to note, that in contrast to inor ganics the term
"donor" and the term "acceptor" is used manifold in relation © organic solar
cells. Thus, a donor can describe a molecule(material)

1. ...which emits a photon via relaxation from an excited stat,

2. ...which transfers an electron to another molecule over anterface in a
donor-acceptor (DA) system,

3. ...which acts as an organic n-dopant (similar to the inorgac dopants) and
donates an electron into the LUMO of an organic semiconductor.

The respective issues of organic acceptors can be summarizededgntly.

3.5. Loss mechanism in organic solar cells

A prerequisite for a highly e cient conversion of photons intoelectrical current
in an organic solar cell is an e cient dissociation of Frenkel esitons as well as an
e cient extraction of charge carriers in an external circut. As discussed in chap-
ter 3.3, the problem of ine cient exciton dissociation could f solved due to the
introduction of so-called bulk heterojunctions. However, chige carries can still
be lost due to geminate and/or non-geminate recombination asell as by trap-
ping on their way to the contact electrodes (see Fig. 3.3). Far high performance
solar, all loss mechanism have to be minimized. Recombinatiomogesses can
be distinguished in radiative recombination (uorescence anghosphorescence),
and non-radiative recombination by phonon creation. Sincéhe recombination
probability of charge carriers is mainly a material depende property, the re-
combination problem has to be rather solved by an advanced necllar design
and/or processing than by device engineering. In the followgn the respective
recombination processes are discussed.

Recombination is a reaction of an electron with a hole, in wblh the electron
and the hole are annihilated [38]. In a radiative recombin&in process, a photon
is emitted carrying momentum and energy. In non-radiative@combination, one
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or more phonons are created or absorbed, often mediated by satin the band
gap caused by impurities. In each case the primary step is based dre tfact,
that electrons and holes nd each other. Thus, the annihilabn process can be
described by a rater, which is proportional to the densityn(T) and p(T) of the
respective charge carriers:

re n(T)p(T): (3.2)

3.5.1. Non-radiative recombination

The energy of a recombining Frenkel exciton could end up inbrations of atoms
in the case of non-radiative recombination processes. These wations are quan-
tised and could have energies in the order of 10 meV. This is mushaller than

the binding energyEg of an exciton, which is typically in the order of 0.1 eV
to 2 eV [29]. Thus, many phonons must be generated simultaneoustytake up

the energy of an exciton. Therefore, non-radiative recomiation is only predom-
inant, if mediated by states in the energy gap of the organic seconductor, since
otherwise this process has a comparably small probability. The gap-states allow
the recombination process to proceed stepwise with a smaller noien of phonons
simultaneously generated. This shows the importance of avaidj any imperfec-
tions, such as impurities and lattice defects, which give rise t&tates in the gap.
However, at the metal contacts of an organic solar cell, statesthin the energy

gap cannot be avoided. Metals have a continuum of states bel@amd above the
Fermi energy, which aligns with the Fermi energy of the adjant organic semi-
conductor. As a consequence, these states could lie within theeegy gap of the
organic semiconductor and thus the non-radiative recombitian probability at
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Dissociation Extraction
. . Geminate lon-geminat
ecombinatic . . o
- ecombinatio ecombinatio

Figure 3.3.:  Schematic picture showing the di erent steps towards photo
current generation (green) in organic solar cells. For a hig performance
solar, the loss mechanism (red) have to be minimized for allteps.

<«
—>

Polaron pai
generation




3.5 Loss mechanism in organic solar cells 39

— Bphen (3,5 eV/6,8 eV)

Figure 3.4.: Schematic picture showing the device setup and the re-
spective transport levels of a typical ZnPc/Cgp heterojunction solar cell.
As depicted, a thin (3 nm to 6 nm) Bphen layer is evaporated betveen
the electron conducting Gso and the Ag-electrode. Bphen is a amorphous,
wide band gap exciton blocking material which also e ectivdy suppresses
the penetration of Ag patrticles into the Cgp. Due to the energetic positions
of the respective transport level the electrons have to tunel through this
material in order to reach the Ag-electrode.

the interface is very large. One way to avoid excessive intecarecombination at
the contacts could be the reduction of the contact area. As deped in Fig. 3.4,
a more elegant and more e ective elimination of interface cembination can be
achieved, if electrons and/or holes could be kept at a distaadrom the metal
contact interface. Thus, electron and/or hole blocking lays are used in real or-
ganic solar cells, in order to shield the photoactive area of awdee from the metal
electrodes.

3.5.2. Radiative recombination

Radiative recombination cannot be avoided without losing tl ability to absorb
light. Therefore, similar to inorganics this is the process wth ultimately limits

the performance of an organic solar cell. The rate of radiagvrecombination
can be described by integration over all photon energies ocdag in transitions
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between the edge of the LUMO and HOMO [39]
z

2 n (h!)? .
k, = h! h [ d(h!) ; 3.3
r ( )h3cz exp h! (ELUMk(;T E oMo ) 1 ( ) ( )

where is the dihedral angle, n is the index of refraction and (h! ) is the absorp-
tion coe cient. If the band gap is smaller than the photon enegy by severalkg T,
which is the case for long wavelength absorbing dyes used in argasolar cells,
the -1 in the denominator can be neglected and a very simple agbn results:

Eiumo  Enowmo
ke T '

where k? is the spontaneous emission rate in equilibrium with the 300 K sur
roundings, resulting from Eg. (3.3). In doing so, the absorptiocoe cient (h!)
is assumed to have the same value under solar irradiation as in tdark, an as-
sumption well justi ed at least for non-concentrated solar irraiation. Eq. (3.4)
indicates, that the radiative recombination increases withaincreasing band gap
of the semiconductor,closing the gap ta! .

ki = kP exp (3.4)

3.6. Equivalent circuits for solar cells

Since a self-contained theory describing the current-voltaglependence in organic
solar cells is still missing, one has to use equations describinggorally inorganic
devices. Despite the fact, that the photo current in organic saf cells is generated
in a signi cantly di erent way compared to inorganic cells, the inorganic equations
describe the current-voltage characteristics in the organiells surprisingly good:

The current-voltage characteristic of an ideal solar cell cane described as the
sum of the dark current of a diode [21]

|

eV
(V)= lga exp T 1 (3.5
and the photo current, contributing
(V)= lpn: (3.6)

Here, | 55 is the diode saturation current and is the diode ideality factor. The
ideality factor is derived to 1 by semiconductor theory. Howear, it has been found
empirically, that real diodes deviate from the ideal diodeelation ( = 1). Thus,

the ideality factor has been introduced. In silicon based di@$ was found to
vary between 2 for low currents and 1 for high currents. AddingpEg. (3.5) and
Eq. (3.6) leads to

Y,
o1, (3.7)

ke T

(V)= lsa €XP
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Eq. (3.7) is the standard solar cell equation. It leads to the egvalent circuit

of an ideal solar cell sketched in Fig. 3.5. This consists of an &aliode and a
current source in parallel. The simplest extension to a real ded, operation in

a stationary state, consists in introducing losses via a series rearste Rg and a
parallel resistanceR, (Fig. 3.6). Rs represents contact resistances such as ohmic
losses in the front and rear contact.R, includes any current bypassing the DA-
interface as well as shunt currents through shorts. Based on E®.7) this leads
to

eV, V,
I(V)= lpn+ lsa €XP ka’r 1 + FT:,: (3.8)
ReplacingV, = V IR, the last relation becomes
Iph I
—> <—

S v |V

Figure 3.5.. Ideal solar cell consisting of a current sourcé p shunted by a diode.

|
L -—

| |
—
R,

S R [v. |v

p

Figure 3.6.. Schematic circuit of a real solar cell including an additioral
shunt resistor R, as well as a series resistoRs.
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|

e(V IRy) 1+ V IRs.
ke T Rp
The IV curve is substantially modi ed by these two resistors, since the vaige
V(Rs) = IR drops over the serial resistance, whereas the shunt adds the entr
Ip =V IR)=R, to the output current. The operation modeV (I = 0) = Vo
de nes the open circuit voltage of a solar cellV(I = ls) = 0 the short circuit
current.

[(V)= lph+ lsa €XP (3.9)

3.7. Photovoltaic parameters

The directly measurable parameters of a photovoltaic cell arthe short-circuit
current | ¢, the open circuit voltageV,, the Il factor FF, the power conversion
e ciency |, and and the incident photon to current e ciency IPCE. In Fig. 3.7
typical IV curves with and without illumination are shown. The dark cune shows
a typical diode characteristic. Under illumination thelV curve is shifted towards
negative currents because of the photo generated current (de@. (3.7)).

Open circuit voltage Vo
The voltage at which no current ows through a solar cell is cé&d open

A
e
c
)
e
| S
o
O
»
Voltage
Figure 3.7.: IV curves with and without illumination of a typical pho-

tovoltaic device. lgc is the short-circuit current, Vyc is the open circuit
voltage, MPP is the maximum power point and Ppnax is the maximum
power output of the solar cell.



3.7 Photovoltaic parameters 43

circuit voltage V,.. Several studies have demonstrated a strong dependence
of Vo on the energy di erence E between the HOMO-LUMO o set at the
DA-interface of an organic solar cell (see Fig. 3.8) [40, 41, 42However,
the experimental values foV,. can di er from those inferred from E for
some material systems. This disparity can be the result of speciaéetronic
properties of the donor and acceptor at the DA-interface. Tha} a thorough
understanding of molecular material properties that in uere V, is impor-
tant to develop new OPV materials that lead to a highV,. (see chapter 6).

Short-circuit current I sc

For V = 0 only the short-circuit current I ows through the solar cell which
is purely based on photo generated charge carriers. Thus, for mo@hromatic
exposure the spectral dependence of the charge carrier getieracan be
measured.

Eill f actor (FF)
The maximum electric powerPnox Of a photovoltaic cell is determined by
the maximum power point in the IV -Curve. Therefore, the |l factor is

de ned as
Pmax
FF = : 3.10
I SCVOC ( )
a) b)

LUMO,

Blocking layer

Acceptor
DE

Donor

ITO HOMO,

Acceptor

HOMO,

Figure 3.8.: (a) Layer setup of an organic heterojunction solar cell. (b)
Energy level alignment at the DA-interface: The V. of an organic solar
cell is dependent on the energy di erence E between the HOMO-LUMO
o set of the donor and acceptor material, respectively.
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Thus, FF is given by the ratio of gray and red areas in Fig. 3.7. FFis an
indicator of the quality of a photovoltaic cell. The Il factor is signi cantly
determined by the serial electrical resistance of the cell andharefore by
the mobilities of charge carriers in the organic layers of ¢éhcell. Typical
values for FF are 0.75 to 0.85 in inorganic solar cells and 0.5% 0.7 for
good organic solar cells.

Incident-p_hoton-to-c_urrent e_ ciency (IPCE)

The incident-photon-to-current e ciency is de ned as the ratio of the num-
ber of incident photonsNpheon @and the number of photo induced charge
carriers Ncnharge Which can be extracted out of the solar cell. It is smaller
than the internal quantum e ciency which represents the conersion of ab-
sorbed photons into charge carriers within the cell. The reasdor this is,
that the IPCE takes into account the losses by re ection, scatteng and
recombination. In contrast to the internal quantum e ciency, which can
achieve values up to almost 100 %, the external quantum yielcc be di-
rectly determined from the short-circuit current | and the incident light
intensity Jo [43]:

Ncharge Isc hc
IPCE = = = —; 3.11
Nphoton JO q ( )

where g is the single electron chargeg is the speed of light, is the wave-
length of the incident light and h is the Planck constant.

Power conversion e ciency D
The e ciency , is the maximum electrical powerPya per light input P, .

— Pmax — ISCVOC
PP Jo

FF (3.12)

For an e cient device a large Il factor, a large short-circuit current and
a large open circuit voltage is needed. It is not su cient to ofimize only
one of these parameters for e cient photovoltaic cells. Sincthe electrical
response of the solar cell on the incident light is strongly depéent on its
spectrum, standardized solar simulators which simulate an AM 1.5 eptrum
are used for device characterizations.



4. Experimental Methods

In this chapter organic processing technologies which were dsduring this the-

sis are reviewed. Furthermore, the basics of ultraviolet and ¥y photoelectron

spectroscopy are described. The ultraviolet photoelectron sgeoscopy was used
to investigate the energetic positions of the Fermi energy and HOMO levels
within a variety of materials during this work. The crystal structure and molec-
ular packing of several organic compounds were explored by Xyrphotoelectron
spectroscopy.

4.1. Material puri cation

The puri cation of organic materials, used in device fabricaon, is extremely im-
portant to ensure device performance and lifetime [44]. Foxample, it has been
observed that doping anthracene with an impurity content asow as 10 ‘g/mol
(99.99999% purity) signi cantly reduces the low-temperatte hole mobility in crys-
tals [45]. However, this level of purity is still not comparald to Si or other inor-
ganic semiconductors.

Thus, newly synthesized materials have to pass in a rst step chenaicpuri -
cations such as recrystallization, distillation, extractionand adsorption. These
puri cation techniques provide purities up to 99.9% [46, 4]7 This level of purity
means that in 1000 molecules, on average one impurity moleewill be found, pos-
sibly modifying the electrical and optical properties in an ndesirable way. Thus,
this level of purity is unfortunately insu cient for optoele ctronic applications.

In a second step the source materials were therefore further pad by gradient
sublimation [44]. Briey, the material is condensed into a quéz tube under a
vacuum of 8 10 °mbar. Along the length of the tube a temperature gradient
is established. The temperature gradient leads to a spacial segon between
the compounds. Visual examination of the puri cation productsoften allows
to decide which product is of the highest purity. In general, lte pure product
will have a color, texture and/or crystal structure that distinguishes it from the
less or more volatile products. The temperature gradient is nrgained using a
multizone furnace. The yield of a single gradient sublimatiopuri cation step can
vary between values< 10% and over 70%. However, the yield tend to increase for
subsequent gradient sublimation cycles as the impurities arepsgated from the
source material. This procedure can be carried out in multiplcycles to achieve the
highest possible purity. The limits to the achievable purity ae determined by the
thermal decomposition of the target compound and the condertgan temperature.
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Figure 4.1. (a) Quartz tube connected to the vacuum pump. The
physical separation between the compounds can be seen duettee di erent
colors of the materials within the tube. (b) Highly crystall ine compound
inside of the tube after gradient sublimation.

A picture of recrystallized ZnPc in a quartz tube after gradiet sublimation is
depicted in Fig. 4.1.
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4.2. Device fabrication

The potential advantages of organic electronics compared tonventional semicon-
ductors lie in the production of low-cost, exible and robust @vices lling niches
not occupied by Si-based electronics. Therefore, suitable pection techniques
are needed to deposit and fabricate organic electronic dessc In this section the
principles of device fabrication, starting from the substratedesign to the mate-
rial processing by spin-coating and/or thermal vacuum evapotian, are briey
reviewed and explained as these steps are also used here.

4.2.1. The substrate

The prestructured, ITO-covered glass substrates which were ustat the fabrica-
tion of all electronic devices during this thesis were desigh&y myself (Fig. 4.2).
They were fabricated and delivered by the lhstitut far Bildschirmtechnik und
Systemtheorié in Stuttgart. Since highly clean substrates are crucial in tams
of device reproducibility and performance, they were proaed under clean room
conditions and delivered to Ludwigshafen in sealed plastic bes. Thus, there was
no need for an additionally cleaning of the surface by acids @or liquid solvents.
Nevertheless, prior to the fabrication process of organic deeg, the substrates
were exposed to UV-ozone. This cleaning step removes possible lieing or-
ganic adsorbed layers and modify the surface electronic struce.

As shown in Fig. 4.2, 64 devices with 4 di erent diameters, vargg from 0.4
mm to 2 mm, can be fabricated on one substrate. The di erent diaeters were
used to investigate the dependence between the active area loé tsolar cells and
the probability of getting shorts. Since it turned out that even the "large" 2 mm
devices showed a reliabterectifying behaviour, | changed the substrate design
slightly to a 2 mm "only" one. This was done, since a larger actéevarea of the
fabricated solar cells lead to higher photo currents which nabe measured more
precisely without using sophisticated current ampli er. Sincealways 64 devices
were produced per substrafe the experimental results presented in the following
chapters are based on the average of at least 64 devices and &exdfore highly
reliable and meaningful. In App. D an overview of thdV -characteristics of 64
ZnPc/Cgg bulk heterojunction cells evaporated on one substrate is giveDuring
my work | used some hundred substrates and therefore usually everona than
one substrate was used per experiment.

lUsually 96% of all devices on one substrate worked.

2The tandem cells, presented in Chapt. 8, were produced on FTO-covered glass substrates,
since ITO can't withstand the sintering process which was used during the tandem cell
fabrication.
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The white dots define
the active area of the
a) organic solar cells.

5cm

Active area with a variable
diameter from 0,4 mm to 2 mm

b)

Resist,defining
th a

B S EEEEE—

Gold contact ITO layer
Glass substrate Glass substrate Glass substrate

Figure 4.2.: (@) Picture of a prestructured ITO-covered glass substrate.
As indicated, the active area of the solar cells is de ned by alack colored
resist. Thus, with the shown substrate one can produce organ solar cells
with four di erent diameters varying from 0.4 mm to 2 mm, resp ectively.
(b) Schematic cross section of the substrate shown in (a). Ta transparent
conducting indium tin oxide (ITO) anode has a sheet resistarce of 30 /cm.

4.2.2. Spin-coating

Spin-coating is used for the deposition of photoresists and inatihg layers in

conventional integrated circuit fabrication [48, 49, 50]Therefore, a small amount
of a liquid is dispensed on the substrate which is then accelerdt® a spin speed
typically in the range 100 rpm to 6000 rpm. During the spinningprocess, a solid
Im forms due to the ow and evaporation of the uid. The thick ness of the
respective organic layers can be controlled by the spin speedheldye-sensitized
subcell of the novel tandem cell architecture, described latén this work, was

fabricated with this technique (see chapter 8.1).
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4.2.3. Thermal vacuum deposition

Thermal vacuum deposition is the most commonly used method foredositing
low weight organic compounds [44]. The process is based on thélsoation
of a compound from a resistively heated boat or crucible in vaam reaching
from 10 ® mbar to 10 ° mbar onto a substrate [44, 51]. Here, the molecular
beam is collimated by the elongate shape of the crucible. Theean free path of
the evaporated molecules in the vacuum chamber is usually per than the size
of the chamber. Thus, the molecules could travel from source tbe substrate
without colliding with molecules inside the chamber. A schentia picture of an
evaporation chamber is depicted in Fig. 4.3. The sources argpically located
below the substrate to prevent dust and akes from falling onto he substrate
surface. In addition, this arrangement simpli es the use of sone materials in
granular, powder or liquid form since they are simply held insi&l the boat or
crucible by gravity. The limitation of the evaporation rate is set by the escape-
rate of the molecules from the solid or molten phase into vacuyrsince molecular
transport through vacuum is nearly instantaneous. The deposdn rate is therefore
controlled by the source temperature. Typical rates are A/s to 10 A/s, but
sometimes also signi cantly lower as well as higher rates can lbsed [44]. The
use of substrate and source shutters which can rapidly interruptmolecular beam

- Prestructured ITO-covered
glass substrate

Shutter D

Crucible with
% organic

| "

Figure 4.3.: Schematic picture of an evaporation chamber. The base
pressure within the evaporation tool used for this work varied between
610 © mbar to 2 10 7 mbar.
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allow a A-level control of the evaporated Im thicknesses. Quartz crysia are used
to monitor the actual deposition rate and Im thickness. By themal vacuum
deposition an unlimited number of layers, each optimized fori @rent functions,
can be grown in sequence. This feature is an important advamgfa compared
to spin-coating. The exibility in device design (i.e. materals choice and layer
thickness) is an inherent feature of dry processing techniqueschuas thermal
vacuum deposition. Most of the devices described in this work veerealized with
this fabrication technique. As depicted in Fig. 4.4, the couer electrode of the
fabricated solar cells was realized by an evaporated silveryés. While every
device had its own ITO-electrode, four cells were sharing omeunter electrode.
This was possible, since the lateral conductivity of the evapated organic layers
is negligible. A detailed explanation of the device speci @brication parameters
is given directly in the corresponding chapters.

4.2.4. Current-Voltage ( IV ) measurement setup

A highly precise experimental setup is crucial to ensure a retike 1V -measurement
of the fabricated organic solar cells. Additionally, the high mount of devices on
each substrate have to be measured in a decent time. Thereforestablished an
automized measurement robot in the beginning of my work (seedzi4.5). This

robot ensures the same horizontal and vertical position of the ANL.5 light beam
in reference to each measured solar cell on the substrate. Funimere, all cells
are measured one after another but within exactly the same timgpan. Like this,

the measurement errors are minimized to the uctuation of thdight spectrum

emitted by the AM 1.5 solar simulator.

4.3. Ultraviolet and X-ray photoelectron
spectroscopy

Direct photoelectron spectroscopy (PES) is an important gen&l method for map-
ping out the density of occupied states of a given material. Thigasic principle of
PES is illustrated in Fig. 4.6. When a photon is injected into he sample, it excites
an electron from an occupied state to an unoccupied state. Ifehelectron energy
is high enough to ionize the respective material, it can escafrem the solid into
the vacuum and can be detected. Thus, the kinetic energy of tlenitted electron
can be described by

Ewn = h Eg ; (41)

where B is the binding energy of the initial state with respect to the Fami level,
h is the photon energy and is the work function (Fermi level to vacuum) of the
material under study.

Depending on the incident photon energy, di erent parts ofthe occupied states
are measured. For occupied orbitals which are located 2 eV t® 2V below
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The white dots define
the active area of the
a) organic solar cells.

Four cells share one Ag
[ counter electrode which

can be connected to the
measurement system via
one gold contact. The Ag
counter electrode is
usually the cathode.

5cm
Each cell has itls own
ITO electrode which can
be connected to the
measurement system via
seperated gold contacts.
' ‘ The ITO electrode is
vy L 04 usually the anode.
Evaporated Ag
counter electrodes
b)

Evaporated organic
layers

Evaporated Ag counter electrode

ITO electrode is connected @

to the gold contact.

Resist,defining
th ea

i

Glass substrate Glass substrate Glass substrate

Figure 4.4.: (&) Picture of a prestructured ITO-covered glass substrate.
While every solar cell has it's own ITO electrode, the evapoated silver
counter electrode is shared by four cells. The sharing of theounter elec-
trode is possible since the lateral conductivity of the evaprated organic
layers is negligible. (b) Schematic cross section of the sgkrate shown
in (a) including evaporated organic layers as well as the Ag aunter elec-
trode. The area of the organic solar cell is de ned by the trarsparent ITO
electrode. The silver counter electrode as well as the ITO ektrode are
connected to gold contact-pads which can be connected in turto the mea-
surement system. As indicated, usually the ITO electrode ighe anode and
the silver counter electrode acts as the cathode.
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the Fermi level "¢, ultraviolet photons (h

10 eV to 50 eV) are used. This

technique is called ultraviolet photo emission spectroscopy (\&9, and is useful
to determine the density of valence states, the work function,na the ionisation
potential (IP) of materials [52]. For core levels, X-ray photns (h > 100 eV) are
used. This technique is called X-ray photo emission spectroscopyRS). XPS is
useful in establishing the presence of any element (with the ext®n of H, and

IV-Measurement robot

Control electronics

Glass fiber output,
which is movable
in the z-direction.

AM 1.5 solar silmulator

Glass fiber, which guides
the light from the

AM 1.5 solar silmulator
inside of the V-
measurement robot

Substrate holder, which
is movable in the xy-
direction.

Figure 4.5. Picture of the automized IV-measurement robot which |
established in the beginning of my work at the BASF. Since thesubstrate
holder can be moved in thexy-direction and the light ber output is mov-
able in the z-direction, a precise alignment of all 64 organic solar cells

towards the incident light beam is ensured.
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He), surface composition, or even depth pro le with angle res@d measurement.
XPS is one of the most widely used methods to determine the chemdidonding
and chemical environment of an element through well establistl chemical shifts
of specic core levels. Typical photon energies for UPS and XPSeashown in
Tab. 4.1.

4.4. X-ray scattering

The X-ray scattering technique is a non-destructive analytidatechnique which

can provide information about the crystallographic structue of materials and thin

Ims. X-ray scattering is based on observing the scattered intengitof an X-ray

beam hitting a sample as a function of incident and scattered gte, wavelength
or energy. Within this work, two X-ray scattering techniques were used: Single-
crystal X-ray diraction (XRD) [53] and X-ray powder diraction (XRPD) [54].

4.4.1. Single-crystal X-ray di raction (XRD)

Single-crystal X-ray di raction is a technique to determine he spatial distribution
of atoms within a single crystal. During di raction experimeris on single crystals,

source (notation) | Transition Energy (eV) Relative intensity
He | 1% - 1s2p 21.22 100
He | satellite 18 - 1s3p 23.09 3-4
He Il 1s-2p 40.48 0.1
He IlI 1s - 3p 48.38 0.01
Ne | 2p® - 2p°3s 16.85 100
Ne Il 2p° - 2p*3s  29.6/27.8/30.5 20/10/3
Al K 1486.6
Mg K 1283.6

Table 4.1.: Typical photon lines for UPS and XPS photoelectroapectroscopy. In
X-ray spectroscopy, K emission lines result when an electron transi-
tions to the innermost K shell (principal quantum number 1) fran a
2p orbital of the second or L shell (with principal quantum numier 2).
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a beam of X-rays strikes the crystal and diracts into many specic directions.
From the angles and intensities of these diracted beams, a theedimensional
picture of the density of electrons within the crystal can be dikiced. The mean

hn -
. <\
S » 8
A A
—>
E —» measured PES E
kin —p> kin
Y EVac EVac
A
hn
F
Yoo ds oL S
£, 5
v Valence States
Core levels

sample  detector

Figure 4.6.. Schematic diagram describing the principle of photo emissin
spectroscopy. A photon of energy h is incident into the sample and excites
an electron. With xed photon energy, the kinetic energy distribution of

the excited electron will be the convolution of the lled ini tial state and

the nal state. The Fermi energy "r of the UPS/XPS measurement setup
is usually calibrated with reference to gold since this methdoesn't oxidize.
Furthermore, it has to be ensured that the measured UPS/XPS smples
are conductive enough to avoid charging e ects.
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positions of the atoms in the crystal as well as the nature of tivechemical bonds
can be determined from the measured spatial distribution of thelectron density.

4.4.2. X-ray powder diraction (XRPD)

In contrast to the XRD technique, XRPD is used to characterize therystallo-
graphic structures in polycrystalline or powdered solid samm@e X-ray powder
di raction is commonly used to identify unknown substances by @amparing the
measured di raction data against the database of the Cambridg€rystallographic
Data Center (CCDC)3. If the XRPD technique is used in combination with lat-
tice re nement techniques such as Rietveld re nement [55]t is also possible to
deduce structural informations of unknown materials. Powdedi raction is also a
common and well known method for determining strains in crystine materials.
An e ect of the nite crystallite sizes can be seen as a broadeningf the peaks in
measured X-ray di raction patterns. This e ect can be explainé by the Scherrer
equation [56]

K

cos

C=

(4.2)

Here C is the mean crystallite dimension,K is the shape factor, is the x-
ray wavelength, typically 1.54A, is the line broadening at half the maximum
intensity (FWHM) in radians, and is the Bragg angle .

3http://www.ccdc.cam.ac.uk






5. Structure-performance relation
of metal phthalocyanines In
organic heterojunction solar cells

Although metal phthalocyanines (MPc) were one of the rst compunds used in
organic photovoltaics, twenty years later they are still rst doice due to their
special physical and chemical properties, investigated by nunoeis experimental
and theoretical studies. Depending on the nature of the centrenetal atom, MPc

based solar cells exhibit markedly di erent device performare. However, so far it
was not clari ed on a fundamental level, how the di erent cetral atoms in uence

the optical and electrical behavior of solar cell devices. Thichapter o ers one
possible straightforward explanation for this question. In théollowing, an exper-
imental and theoretical study on zinc (Zn), copper (Cu), nickl (Ni) and iron (Fe)

phthalocyanines is presented in which the fundamental physitorigin of their

characteristic performance in organic solar cells (Fig. 5.1ls investigated. The
study is restricted to metal-phthalocyanines, having the same atecular structure
and symmetry D 4).

5.1. Device setup and characterization

The organic heterojunction solar cells (HJC's) which | have fairated for this
investigation were evaporated on the prestructured glass subates shown in
Fig. 4.2. As described in chapter 4.2.1, the transparent condirg indium tin
oxide (ITO) electrode had a sheet resistance of 30 /cm and an ageof 31.5 mn.
Prior to organic deposition, | exposed the substrates to UV ozonerf20 min. The
organic Ims and a metal cathode were deposited via high vacauthermal evapo-
ration under a base pressure of 20 ® mbar. | puri ed the organic source materials
by gradient sublimation prior to use. The organic heterojungbn solar cells were
produced using FePc, NiPc, CuPc and ZnPc respectively as p-carating and Cgo
as n-conducting organic layers. | evaporated the metal phtk@cyanines with rates
of 2 A/s and di erent layer thicknesses from 10 nm to 60 nm in order to nd the
optimal layer thickness. This was followed by the layer sequescso (2 Als, 10
nm - 60 nm) and Bphen (0.6A/s, 6 nm). The cathode was realized by a 100 nm
thick silver electrode (5A/s) which was evaporated on top of the organic layers
(see Fig. 4.4). The structure of the molecules used as well as ttievice setup
are depicted in Fig. 5.1. The open circuit voltagé/,¢, the short circuit current
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a)

Metal Phthalocyanine Fullerene C ,
(M =2Zn, Cu, Ni, Fe)

b)
Ag-Electrode

6 nm Bphen
10 - 60 nm G
O O 10 - 60 nm MPc
()=

7\
N N Glass Substrate

Figure 5.1.:  (a) Chemical structure of the materials used in our bilayer
heterojunction solar cell (HJC). (b) Schematic device strwcture of the HIC.

ls, the |l factor FF and the power conversion e ciency were obtained under
simulated 100 mW/cn? AM 1.5 white light illumination with the measurement
equipment described in chapter 4.2.4. The illumination intesity was adjusted
with a calibrated Si detector. Fig. 5.2 shows thé V characteristics for HIC's
with optimized layer layer thicknesses of the MPc's and §. The respective layer
parameters and key characteristics are depicted in Tab. 5.With an open circuit
voltage V, of (550 10) mV, a short circuit current I s of ( 5:15 0:2) mA/cm?
and an e ciency of (177 0:15) %, ZnPc was identi ed to be the best perform-
ing metal phthalocyanine in our bilayer HIC's. All other MPc's stowed reduced
device performance in the ordering ZnPt CuPc! NiPc! FePc.

While the thickness of Gg has its optimum at 40 nm for all devices, the optimal
layer thickness of the metal phthalocyanines varied from 40nm for ZnPc to 10
nm for FePc. A complete thickness dependence lqf is depicted in Fig. 5.2b.

5.2. Thin Im characterization

5.2.1. Results of high resolution X-ray powder di raction
(XRPD)

Since | supposed, that the charge transport properties dependnséively on the
thin Im structure, | initiated detailed atomic force microscope (AFM) and high
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Figure 5.2.: (@) | V curves of the investigated bilayer heterojunction
solar cells: ZnPc/Cgg, CuPc/C gy , NiPc/C gg and FePc/Cgg. The corre-

sponding device data are given in Tab. 5.1. (b) Thickness degndence of
the short circuit current | ¢ (absolute value) of the MPc¢/C g heterojunction

devices: The layer thickness of the phthalocyanines was vaad from 10 nm

to 60 nm, while the Cgp layer was kept constant at 40 nm.
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MPc MPc/C g0 [NM]  Voc [MV] I [MmA/cm 2]  FF[%] [%]

ZnPc 40/40 550 10 515 02 63 1 177 015
CuPc 40/40 520 10 448 015 61 1 142 01
NiPc 20/40 440 10 267 009 55 1 064 0:05
FePc 10/40 160 10 1:.06 0:04 42 1 007 001

Table 5.1.: Key device characteristics measured for the optahthickness combi-
nation of the MPc and Gy, layer. The corresponding V curves are
shown in Fig. 5.2. The respective measurement errors are causad b
small but unavoidable uctuations of the light intensity emitted by the
AM 1.5 solar simulator during the measurement.

resolution x-ray powder defraction (XRPD) measurements. The XRP experi-

ments were done by Prof. Dr. Robert Dinnebier at the MPI for sadl state research
and the AFM pictures shown in Fig. 5.4 were recorded by Stefan I®der at the

BOSCH analytics department. The respective sample preparat as well as the
interpretation of the measured data was done by myself.

The high resolution X-ray powder diagrams were recored in ordéo look for
a correlation between device performance and the crystal stoture of vacuum
deposited ZnPc, CuPc, NiPc and FePc Ims with thicknesses of Im and 30 nm
(for details see Section A.1). As a result, the XRPD diagram of alhvestigated
materials turned out to be almost identical. For the 1 m Ims seven re ection
peaks (Fig. 5.3, Tab. 5.2) were observed. At layer thicknesset 20 nm only
the strongest peak at 2 = 6:8 could be measured. The peaks at 2 = 2127
and 3017 are attributed to [211] and [222] re ections of the ITO substrge [57].
Comparing the observed re ections with previously publishedasults of MPc Ims,
the crystalline polymorph could be identi ed as -phase [58, 59, 60] (Tab. 5.2).

In agreement with present fundamental crystallographic studs [62, 63], the
present observations show, that the crystal structure of the ingtigated MPc
Ims exhibit the -form [17], e.g. have a triclinic unit cell. Therefore, it beame
obvious, that the monoclinic maodi cation [19], having a completely di erent
arrangement shown in Fig. 5.3c, has been erroneously used to diéscthe crystal
packing in previous publications [64, 65, 66].

For the 30 nm vacuum deposited MPc Ims the calculated crystate sizes,
based on the [010] re ection peak, were found to be identicad the Im thickness.
For the 1 m Ims no domain sizes> 50 nm were observed in agreement with
complementary AFM studies (Fig. 5.4, details in Section A.2): \lth a diameter of
(27.6 8.7) nm NiPc shows the largest grains followed by ZnPc with (28 8.9)nm,
FePc with (222 6:5)nm and CuPc with (221 8:5)nm.
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Figure 5.3.:  (a-c) Crystal packings of three polymorphic forms of CuPc
showing di erent arrangements of the CuPc molecules: (a) ticlinic -phase
[17] showing parallel stacks in a single orientation. (b) Mmoclinic -phase
[18] exhibiting a herringbone arrangement and (c) the also rmonoclinic -
phase [19] with parallel stacks in a zigzag fashion with a dibdral angle of
54.8 between neighboring stacks. (d) Low angle region of powdergiterns
of 1 m and 30 nm thick, vacuum deposited CuPc Ims on ITO, compared
to calculated powder patterns of -, -, and -CuPc. (e) Full powder pat-
terns of the 1 m and 30 nm thick Ims shown partly in (d) in logarithmic
intensity scale. For the 1 m Im, a calculated pro le is given, consisting of
a LeBail t [61] of the ITO substrate and seven individually tted peaks
of -CuPc. The peaks markers of the two phases and the di erence aue
between measured and calculated powder patterns are givenelow.
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Figure 5.4..  AFM images of 30 nm thin Ims of (b) ZnPc, (c) CuPc,
(d) NiP and (e) FePc grown on ITO coated glass. The used ITO (a)is in
average very smooth (RMS = 0.48 nm), however slight hight di erences of
up to 3 nm could be detected (dark parts in the SEM picture).

As no signi cant di erences regarding packing and grain size ithe di erent
metal phthalocyanines were found, the performance variatn (Tab. 5.1) of the
fabricated devices is assigned tentatively to electronic pperties.

5.2.2. Absorption and uorescence of vacuum deposited metal
phthalocyanine Ims

Since no signi cant structural di erences which could explai the characteristic
device performance of the MPc's were found, | investigated i next step the
UV-Vis absorption of the MPc Ims evaporated on quartz glass. As depied in
Fig. 5.5a, the 30 nm thick Ims showed similar spectra with slighcharacteristic
di erences. With respect to the current-thickness dependenchown in Fig. 5.2b
it is concluded, that the absorption strength, which varied atmost by a factor of
two, could not explain the ve times higher current of ZnPc capared to FePc in
the present solar cells. Thus, the di erences in absorption canhaccount for the
huge di erences in the device performance of the MPc's.

The uorescence spectra of evaporated ZnPc, CuPc, NiPc and FeRms were
also measured on quartz glass. The applied technique is explaine Section A.3.
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-Form [17] -Form [19] -Form [18]
Observed peaks P-1 hkl C,/n hkl P2 i/ a hkl
6.84 6.82 010 6.73 200 7.04 001
7.27 7.37 001 7.47 002 - -
13.72 13.66 020 13.48 400 14.12 002
24.00 23.95 10-1 23.90 111 23.85 31-2
25.01 25.00 11-1 24.82 112 - -
26.60 26.63 10-2 26.79 312 26.66 11-3
27.56 27.55 12-1 27.53 31-3 27.65 60-2

Table 5.2.: Observed re ections of the Im CuPc Ims in values of 2 compared
with the calculated powder pattern of , , and -forms obtained from
the Cambridge Crystallographic Data Centre (CCDC). For the B nm
Ims only the rstreectionat2 =6 :85 could be detected.

As depicted in Fig. 5.5b, the uorescence intensity of ZnPc was easured to be
ninety times stronger than that of CuPc. The uorescence of NiPand FePc was
below the detection limit. Interestingly, in contrast to the very similar structure
and absorption characteristics, the uorescence quantum yielof the investigated
MPc Ims di ered tremendously from each other.

5.3. Ligand-metal exchange coupled states (LMEC
states) in metal phthalocyanines

To explain the variations of the solid state uorescence, | iniaited further investi-
gations of this e ect by quantum mechanical calculations. Tarefore | contacted
Dr. Jan Scheneboom from the quantum chemistry department ahe BASF. He
nally did the calculations which are visualized in Tab. 5.3 ad Tab. 5.4 as well
as in Fig. 5.6, Fig. 5.8 and Fig. 5.7.

The electronic structure of the MPc series (M = Fe, Ni, Cu, Zn) in heir ground
and excited states can be de ned by di erential occupationsfahe representative
molecular orbitals (MO's) depicted in Fig. 5.6. Two points hae to be emphasised:

1. The relevant metald orbitals are classi ed according to their representation

2. The relevant ligand-based molecular orbitals for the lownergy excitations
are the ay, orbital ( -orbital) and the set of degenerate & orbitals ( -
orbitals).
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Figure 5.5. (a) Absorption spectra of 30 nm thick evaporated Ims
of ZnPc, CuPc, NiPc and Fe(ll)Pc. (b) Fluorescence spectra 6 vacuum
deposited Ims of CuPc and ZnPc with a thickness of 800 nm. The Ims
were excited at a wavelength of 532 nm. The uorescent quantm yield of
CuPc is measured to be ninety times weaker than for ZnPc.
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Figure 5.6.:  Relevant frontier orbitals of the MPc's considered in the
present study. Shown orbitals are state-averaged natural dritals from a
DDCI2 calculation [67] on FePc. The corresponding orbitalsof ZnPc, NiPc
and CuPc are qualitatively the same, with a somewhat larger @mixture of
ligand and metal dy,=d,, orbitals.

MPc State electronic con guration Cl weight

Fe(I)Pc  3Azg  (b2g)?, (1eg)?, (a1g)?, (a1u)? (D1g)°, (264)° 0.83
Ni(l)Pc 1A (b2g)? (1eg)? (a1g)?, (B1u)? (D1g)°, (264)° 0.80
Cu(lllPc  2Big (b2g)?, (1eg)*, (azg)?% (a1u)?, (b1g)t, (2ey)° 0.79
Zn(lPc Ay (b2g)? (1eg)?, (a1g)?, (a1u)? (D1g)? (264)° 0.81

Table 5.3.: Ground state con gurations of the MPc's.

Due to the interaction between the ligand-based molecularloitals and metal or-
bitals, so-called ligand-metal exchange coupled states (LMESEates) are formed.
Electronic ligand-metal exchange coupling is a general pi@menon observed in
many transition metal complexes. An excellent introduction tothis subject is
given in Ref. [68]. Ligand-metal exchange coupled (LMEC) ses which are lower
in energy than the optical excited state (i.e. the ligand based;, ! 2e; exci-
tation) were found to be present for all molecules under studyub ZnPc. An
increasing number of electronically excited states was obt&d energetically be-
low the initially excited ligand-based state going from ZnPc (zero) CuPc
with one! NiPc withtwo ! FePc with over six excited states. It is important to
note that the LMEC states considered here are of the same spin agtrespective
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ground states. Therefore, they may be populated on the femtoe tpicoseconds
timescale by internal conversion from the initial ligand ex¢ed state (a;,). This
process is expected to lead to a fast depopulation of the initiaxcited state, and
could therefore in uence e ectively the solid state uoresceoe of the correspond-
ing MPc's. In Table 5.3 the ground state con gurations of all inestigated metal
phthalocyanines are summarized, while the excited states disted in Table 5.4.
In the following, the nomenclature for the LMEC states has beeadopted from

Ref. [68], where?S*? L(MS)280+1 M(My) denotes a LMEC state with a ligandL of
multiplicity (2 S + 1) and magnetic spin quantum numberM¢ and a metalM of
multiplicity (2 S’ + 1) and magnetic spin quantum numberM Q. The nature of
the LMEC states are assigned in Table 5.4 accordingly, where appriate linear
combinations are given to account for the correct symmetry difie wave functions.
A pictorial representation of the electron population of thdeading con gurations
is given in Fig. 5.8 and Fig. 5.7. Detailed information of theespective calculated
excited states of each of the MPc's are presented in the App. A.5.
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Figure 5.7.:  Electron population of the ground states and lowest excited
states shown in Tab. 5.4 for (a) CuPc and (b) ZnPc. The ground sate
con gurations are highlighted green, the states correspoding to the
excitation are highlighted red and the LMEC states are highighted in blue,
respectively. Since ZnPc has no LMEC states, only the ligandaseday, !
2ey4 excitation can take place with an energy of 2.5 eV.
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Figure 5.8.: Electron population of the ground states and lowest excited

states shown in Tab. 5.4 for (a) FePc and (b) NiPc. For FePc, the con g-
uration 13Byy (d-d excitation) state has been omitted. The ground state
con gurations are highlighted green, the states correspoding to the
excitation are highlighted red and the LMEC states are highighted in blue,
respectively.



MPc State excitation energy [eV] nature Cl weight

Fe(IlPc 1 3Eq (aig) ! (ley) 0.13 metal d-d 0.81
13Byg  (aigibzg) ! (1ley) 0.69 metal d-d 0.83
13A (aauiaag) ! (leg2gy) 0.89 3L(0)3M(1) 2 L(1)3M(0) 0.63
13E, (aw) ! (2ey) 1.17 3L(0)3M(1)  3L(1)3M(0) 0.77
23A (auuiag) ! (leg;2ey) 1.49 3L(1)*M(0) (tripsinglet) 0.82
33Az (A ag) ! (leg 2g) 1.62 1L(0)3M(1) (singtriplet) 0.79
Ni(h)Pc 1 E, (aigaw)! (big2ey) 2.17 3L( 1)3M(L) + 3L(1)3M( 1) 3L(0)3M(0) 0.83
11B1gq (1g) ! (b1g) 2.50 metal d-d 0.83
2'E, () ! (2eg) 2.60 ligand * 0.82
cu(ilPc 1 2E, () ! (2ey) 1.43 3L(0)2M(1=2) 3L(1)2M( 1=2) (tripdoublet)  0.68
2 2E, () ! (2ey) 2.70 ligand * 0.79
Zn(ihPc 1 1E, (@) ! (2ey) 2.50 ligand * 0.80

Table 5.4.: Calculated lowest excitations of the ground statenanifold (SORCI). For explanation of the nomenclature in
column "nature” see text.
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5.4. Inuence of the LMEC-states on the device
performance

The similar molecular structure, packing and grain size of the Fk's as well as
their absorption o ers no explanation for the huge performace variation in or-
ganic solar cells. However, the solid state uorescence spectra ok tinvesti-
gated MPc Ims were shown to di er signi cantly from each other. Based on the
guantum mechanical calculations of the excited states in thBIPc's, there is a
strong evidence, that the di erent uorescence behaviors arbased on character-
istic ligand-metal exchange coupled states (LMEC states).

To correlate the in uence of the LMEC states with the device pdormance of
the respective phthalocyanines, one has to consider, that etaris di use after
their generation towards the donor-acceptor interfacé with a certain rate kp.
Concurrently, these excitons could relax non-radiatively ith a rate k,, by reducing
the excitation energy of the exciton (see Fig. 5.9). In case ofig presence of
LMEC-states below the * excitation (a, ! 2gy), this relaxation process is
supposed to become very likely.

Therefore, it has to be discussed whether the exciton di usion ta kp or the
none radiative relaxationk,, is dominant and therefore responsible for the device
performance of the investigated metal phthalocyanines.

5.4.1. Implications on the excitation energy transfer

Incoherent exciton hopping is described in the weak couplifgnit, which means
that interchromophore electronic coupling is weaker thanhie donor excited state
vibrational reorganisation energy. In this case, the bimoledtar rate kp for excita-
tion energy transfer takes the form [69]

2
kp = FVgA Foa (5.1)

whereVp, is the electronic coupling integral for excitation energyransfer and
Fpa the overlap between donor emission and acceptor absorption spac nor-
malized on an energy scale (derived from the Franck-Condon igleted density
of states, the product of the density of vibrational states in thenitial and nal
states and their overlap). Under the assumption of separate chraphores,Vpa
is dominated by the Coulomb integral

J= 1 z dr.dr, 2w 12eg 1 a1y 1269 . 5.2

=4, dndrz (1) A (fl)m g (f2) g " (f2) (5.2)

The wave function §( A‘Z%) describes the moleculany,-orbital (2e;-orbital)
on the donor molecule A and 5 ( B;Zeg) is the ay-orbital (2e4-orbital) on the

acceptor molecule B. This integral may be approximated by araple dipole [25, 24]

Lvalid in vacuum deposited organic bilayer and bulk heterojunction solar cells.
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Figure 5.9.:  (a) Schematic picture describing the in uence of the cal-

culated LMEC-state of CuPc (Tab. 5.4) on the exciton transport: CuPc
has one additional calculated excitation which is lowered y a E of 1.27
eV compared to the excitation. This intermediate state has the
same spin as the respective initial state and therefore may & populated on
the femto- to picoseconds timescale by internal conversianThus, excitons
moving with a rate kp from molecule Ato B (the at A and B in the picture
should indicate that the molecules are not charged but excied) towards the
donor-acceptor (DA) interface could concurrently relax nonradiative with
a rate kpr on molecule B. These relaxed excitons are now trapped as they
cannot split at the DA interface due to their reduced excitation energy.
Hence, they cannot contribute to the current in an organic sdar cell. (b)
None radiative energy conversion in a polyatomic moleculesi based on the
fact, that for each electronic state, there exist a lot of addtional vibra-
tional excited states. Therefore, the rate of the none radiéive deactivation
processek, depends on the density , as well as on the overlap of the
electronic  and/or vibronic wave functions in the nal and initial state
(Born-Oppenheimer approximation, see Eq. (5.3)).
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or even multipole [70, 71, 72] interaction energy. It is notethat a quantitative
estimation of intermolecular coupling between closely padkenolecules requires
also the inclusion exchange and penetration terms [73, 74, 7). Here, only the
excitation energy transfer between thed;, ! 2e;) excited states is considered
Becausea;, and 2, are essentially una ected by the metal center (depicted in
Fig. 5.6), the electronic coupling integral, described in Eq(5.2), and therefore
Vpa Will be equal for all MPc's.

With respect to the analogy of the absorption and normalized orescence spec-
tra (Fig. 5.5), Fpa is expected to be similar as well. Based on these perceptions
kp can assumed to be similar for all MPc's.

5.4.2. Implications on the non-radiative deactivation

Non-radiative deactivation processes within molecules can loharacterized by
matrix elements derived from the time-dependent perturbaon theory. Under the
assumption of weak coupling, the wave functions can be divided in an electronic

and a vibrionic part (Born-Oppenheimer approximation). Therefore, the rge
for non-radiative deactivationk,, can be written [77] as

Knr ZhhfjH‘] PZhj 4% (5.3)
whereH %is the perturbation operator. In the case of internal conversh between
states of equal multiplicity (which is the case here) it has beeshown, that His
the operator of the kinetic energy of the cores [77]. Based og.H5.3) it becomes
obvious, that the excitation energies (Tab. 5.3) of the respgee phthalocyanines
must have a signi cant in uence on the radiationless deactivabn processes de-
scribed byk,,: As depicted in Fig. 5.9b the density of states, in the nal state
increases with the size of the energy gap E between the nal andhitial state.
At the same time the electronic excitation energy which has tbe absorbed by
the lattice vibration is also rising. Thus,h ;j :i? decreases due to the lower over-
lap of the vibrational wave functions with di erent vibrati onal quantum numbers.
Concerning the investigated metal phthalocyanines this mea, that k,, depends
on the number as well as on the energetic di erence of the LMES&tates lying in
between the initially excited state and the ground state: As ma& LMEC-states
are available and as closer their energetics atg, will increase due to Eq. (5.3).
Thus, FePc is expected to have the highest relaxation ratg, and ZnPc the lowest.

2To split excitons at the donor-acceptor interface into free charge carriers it isvidely accepted,
that the present energetic o set between the HOMO of the donor (metal phthalocyanines)
and the LUMO of the acceptor (Cgo) have to be equal or somewhat larger than the exciton
binding energy. Thus, only the excitons are considered to be able to split at the
MPc/C ¢ interface.
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5.4.3. Relation to device performance

Exciton transport is in general characterized by the e ectie exciton di usion
length L ey

p__
L= D (5.4)
The lifetime is related tok,, as
1
P—; (5.5)
i ki;nr
while D is directly proportional to kp,

Based on the presented experimental and theoretical resultgide suprg D is
assumed to be similar while an increasing number of intermediast¢ates leads to
a decreasing depending on the metal phthalocyanine of interest. Obviouslyhe
di erences in lifetime will lead to di erent values of L ¢ in the present MPc series.
This is in agreement with experimental results [33, 34, 35, Barurthermore, the
optimized thickness of the MPc layer in the device decreasestime series ZnPc
I CuPc! NiPc! FePc which is another indication thatL ., decreases in same
series, as less highly excited excitons are able to reach the dieacceptor interface.

Besides the speci ¢ exciton di usion lengthL ¢4, | also consider the hole mobility

to have an in uence onlg. and the Il factor. Therefore, the electronic e ects
which a ect the characteristic hole mobility still have to be éucidated; work in
this regard is currently on going.

5.5. Conclusion

In summary a study on di erent metal phthalocyanines (MPc's wih M = Zn, Cu,
Ni, Fe) was presented in which the fundamental physical originf éheir character-
istic performance in organic solar cells was investigated urrdg structural, optical
and electronic point of view. MPc/Cso based bilayer heterojunction solar cells ex-
hibited a clear dependence of the optimal layer thickness amderall performance
on the employed MPc material. The origin of these di erenceseave explored by
AFM and high resolution XRPD measurements on powder and evapoet thin
Ims. In the course of these measurements it was found, that all M exhibit a
similar thin Im crystal structure. Furthermore, the relation between the known
crystal structure of -CuPc [17] and the molecular packing of vacuum deposited
thin Ims was clari ed.

The optical properties of the metal phthalocyanines were westigated by solid
state uorescence and absorption measurements. While the MPc molles un-
der study had similar absorption characteristics, they di ered markedly by their
uorescence spectra. Based on this nding, the lowest excited s&s of the MPc
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series were explored by correlated multi-reference ab init@lculations. An in-
creasing number of excited states was obtained energeticaliglow the initially
excited ligand-based state going from ZnPc (zero)) CuPc with one!
NiPc with two ! FePc with over six excited states. These states arise from d-d
excitations and ligand-metal exchange coupling. It is argd that an increasing
number of intermediate states lead to increasing rates for neadiative relax-
ation. This will directly a ect the lifetime and therefore the di usion lengths L ¢

of photoelectrically active excitons in the present MPc serse Thus, the e ect of-
fers a straightforward explanation for the experimentally bserved reduced device
performances from ZnPc to FePc.



6. The in uence of the molecular
polarizability on the device
performance of organic
neterojunction solar cells based
on ZnPc and derivatives

The open circuit voltage V. of small molecule based organic solar cells is usually
considerably lower than the HOMO-LUMO o set at the DA-interface d the device
which determines the theoretical maximum of the ¥ in a rst approximation.
This is mainly caused by an attractive Coulomb interactiorEg = ¢?=4" ,"or be-
tween the charge carriers at the interface. It has to be meuwtned, that the charge
carriers in organic semiconductors are rather polarons analons than electrons
and holes (see chapter 2.3 and 3.2). Since the LUMO (HOMO) is deed to be
the electron a nity (ionization potential) of initially un charged molecules, these
energies do not exactly describe the energy levels of polasand/or holons, re-
spectively (see Fig. 3.2). However, it is very di cult to evalude exact values for
the energetical relaxation of a polaron (holon) in organic sgconductors. There-
fore, it is widely accepted to use the HOMO-LUMO o set at the DA-interface of
the device in a rst approximation to estimate the open circuitvoltage of organic
solar cell to

2
eV, j LUMO,j j HOMOpj] -1 . 6.1)
4" Mor
Here, ", represents the vacuum permittivity,"”; is the relative dielectric constant
of the organic material, andr is the initial separation distance of the optically
generated charge carrier pair at the DA interface. Furtherore, HOMGO; is the
highest occupied molecular orbital of the donor, LUM® the lowest unoccupied
molecular orbital of the acceptor. As shown in Eq. (6.1)g is determined by the
relative dielectric constant of an organic material which isnicroscopically related
to the molecular polarizability
In the following, the in uence of the interplay between moleular ordering and
polarization e ects at the DA-interface on the open circuit wltage V,. of organic
heterojunction solar cells (HJC) is investigated. Thereforegjovel zinc phthalocya-
nine (ZnPc) derivatives were synthesized having phenyl, naftyl or anthracenyl
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Figure 6.1.: a) Chemical structure of the materials used in the bilayer
heterojunction solar cell (HJC). The respective ionization potentials (IP)

were obtained from UPS measurements (Fig. 6.5). (b) Schemat device
structure of the HJC.

groups attached to basic ZnPc cores. The idea behind attachibglky groups with
increasing size to basic ZnPc cores was the successive increase efrtblecular
polarizability of the respective molecules. The ZnPc derivates were synthesized
by Dr. Sudhakar Sundarraj (BASF South East Asia) according to my stictural
speci cations.

In the following, a promising approach way will be presented,as$cribing a way
how to reduce the loss of Y; in organic solar cells.

6.1. Device setup and characterisation

The organic heterojunction solar cells (HJC's) which | have fairated for this
investigation were evaporated on the prestructured glass subates shown in
Fig. 4.2. As described in chapter 4.2.1, the transparent conduty indium tin
oxide (ITO) electrode had a sheet resistance of 30 /cm and an aseof 31.5
mm?. Prior to organic deposition, | exposed the substrates to UV ozorfer 20
min. The organic Ims and a metal cathode were deposited via ¢in vacuum
thermal evaporation under a base pressure of 20 ® mbar. | puri ed the organic
source materials by gradient sublimation prior to use. The hetejunction solar
cells (HJC) were produced containing respectively ZnPc andémovel synthesized
Ph-ZnPc, N-ZnPc and A-ZnPc as donors and 4 as electron accepting organic
layers. | evaporated the zinc phthalocyanine derivatives i rates of 2 A/s and
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Figure 6.2.. a) | V curves of the investigated bilayer heterojunction
solar cells: ZnPc/Cgg (black), Ph-ZnPc/C g (red) and N-ZnPc/C gq (green).
b) Due to the drastically decreased device performance of A4ZPc/C g
(blue) compared to the other ZnPc derivatives, thel V characteristic
is depicted here separately. The corresponding device dataf the ZnPc,
Ph-ZnPc, N-ZnPc and A-ZnPc based solar cells are given in Tab. G.
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Donor  Donor/C gg [Nnm] [%] Voc [MV]  IsmA/cm?]  FF[%]
ZnPc 40/40 1.77 02 550 10 515 02 63 1
Ph-ZnPc 20/40 1:82 01 680 10 4:19 015 64 1
N-ZnPc 10/40 1:48 01 760 10 324 011 60 1
A-ZnPc 10/40 5103 2 10°% 790 10 003 001 22 1

Table 6.1.: Device data measured for the optimal layer thicless combination of
the ZnPc derivative donors and G, acceptors. The corresponding
IV curves are shown in Fig. 6.2. The respective measurement errors
are caused by small but unavoidable uctuations of the light itensity
emitted by the AM 1.5 solar simulator during the measurement.

layer thicknesses of 10 nm to 60 nm. This was followed by adJdayer (2 Als,
10 nm - 60 nm) and a 6 nm thick Bphen (4,7-diphenyl-1,10-phenthroline) layer
(0.6 A/s). The cathode was realized by a 100 nm thick silver electrod® A/s)
which was evaporated on top of the organic layers (see Fig. 1.4 schematic pic-
ture of the layer setup, as well as the structure and the ionizetn potential (IP)
of the donor molecules, are depicted in Fig. 6.1. The open aiit voltage V,
the short circuit current |, the Il factor FF and the power conversion e ciency

were obtained under simulated 100 mW/crh AM 1.5 white light illumination
with the measurement equipment described in chapter 4.2.4. €hllumination
intensity was adjusted with a calibrated Si detector. Fig. 6.5hows thel V
characteristics for ZnPc (derivatives)/Go HICs with optimized layer thicknesses.
As depicted, the voltage increased from 550 mV to 790 mV by addjrphenyl,
naphthyl and anthracenyl groups respectively to a ZnPc core atecule. While the
current decreases slowly from ZnPc to N-ZnPc with a coinciderthigh [l factor
around (62 1)%, a drastic drop of these parameters was observed from N-ZnPc
to A-ZnPc. Within the investigated molecules Ph-ZnPc providd the best ratio
between current, voltage and |l factor resulting in the higtest power conversion
eciency of =(1:82 0:1)%.

6.2. Structural analysis

The in uence of polarization e ects on the device performace is considered to
depend strongly on the structural arrangement of the molecude Thus, | have
initiated single crystal XRD, XRPD and UV-Vis absorption investigations of the
molecular packing of the di erent ZnPc derivatives. While | dd the UV-Vis ab-
sorption experiments, Dr. Wolfang He ken and Antti Ojala (BASF analytics de-
partment) analyzed the respective compounds by synchrotron XRRat the beam-
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line PX IIl at the SLS in Basel. The long range ordering of the ZAc-derivatives
were investigated by XRPD at 30 nm thick Ims, which | have evapaated on
quartz glass. The XRPD spectra of these Ims which are shown in App. Bere
measured by Mr. Ojala (PhD student at BASF) in the analytics depament in
Ludwigshafen.

Due to the sparing solubility of the pigments, thermal evaporabn technique
was used to grow crystals of Ph-ZnPc and N-ZnPc for single crystal XRanalysis
(see Tab. 6.2 and App. B). For A-ZnPc no suitable single crystals weiobtained
as it condensed only as a ne semi-crystalline powder. For ZnPthave taken
already published crystallographic data from existing literture [58, 62, 63, 59].

The crystal structure of -ZnPc stack in parallel columns in a triclinic crystal
system [58, 62, 63, 59]. The translational o set of 1.58 leads to a 75 slip angle.
The intermolecular distance of the adjacent -systems stack with a van der Waals
distance of 3.42A(see Figs. 6.3a and b).

Interestingly, a similar stacking was observed for Ph-ZnPc desgithe presence
of its phenyl side groups (see Figs. 6.3c and d). The two phenylogips at the
ortho positions are observed to be distorted by angles of 52nd 35, respectively.
Therefore, the -systems of the adjacent ZnPc core units could stack tightly wht
a distance of 3.26A. The molecules crystallize in P-1 space group and stack
in parallel columns along the a axis. Within the columns, the mecules have
a translational o set of 1.99 A and a slip angle of 59 which tilt the stacking
direction by 31 in relation to the normal of the molecular plane.

In contrast to ZnPc and Ph-ZnPc, N-ZnPc provides a completelyigrent struc-

Ph-ZnPc  N-ZnPc

Space group P-1 14/a

Z 1 8

a 3.8200(8)  26.034(4)

b 15.330(3) 26.034(4)

c 16.950(3)  15.240(3)
66.99(3) 90
89.45(3) 90
87.16(3) 90

Cell V [A%] 912.5 10329.3

[g/cm?3] 1.606 1.392
R1, Rw 0.045, 0.12 0.095, 0.24

Table 6.2.: Crystallographic key parameters of Ph-ZnPc and BnPc measured by
the BASF analytics department by synchrotron XRD at the beamlie
PX Il at the SLS in Basel. For more detailed information see AppB.
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Figure 6.3.:  Crystal structure of ZnPC, Ph-ZnPc and N-ZnPc. (a) The

packing of the -ZnPc on the b-c plane and (b) along the a axis. (c) The
packing of the Ph-ZnPc on the b-c plane and (d) along the a axis. €) The

packing of N-ZnPc viewed on the a-b plane. (f) is showing the dirar of
N-ZnPc. Hydrogen atoms are omitted in (e).

ture. The molecules were observed to crystallize in tetragonarystal systems
within the space group 14/a (see Fig. 6.3c and d). The bulky naphthyl side
groups are located at the ortho position. Thus, they point nedy orthogonal to

the phthalocyanine plane and prevent the adjacent conjugatl -systems stack in
a parallel arrangement. Instead of the columnar structure, # neighboring chro-
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Figure 6.4.: UV-Vis absorption spectra of 30 nm thick evaporated ZnPc,
Ph-ZnPc, N-ZnPc and A-ZnPc Ims on quartz glass.

mophores stack perpendicular to each other by the tilted napiyl groups. The
bulky groups were measured to lie parallel to the adjacent phalocyanine core
unit plane within a van der Waals distance of 3.3& (Figs. 6.3e and f).

Complementary to the single crystal analysis, the long range agdng of the
ZnPc-derivatives were investigated by XRPD at 30 nm thick Ims,which I have
evaporated on quartz glass. It was observed, that only ZnPc Imare highly
(poly) crystalline. Ph-ZnPc showed a weak peak around 2 = 5 indicating a
very low degree of long range ordering (For more detailed orination see App. B).
Furthermore, the N- and A-ZnPc Ims did not show any long range atering. The
XRPD studies are supported by the absorption spectra of the 30 nmitk Ims
of the respective materials depicted in Fig. 6.4. Strong intaction between the
adjacent -system in the ZnPc Ims give rise to the broadest spectrum whereas
the line width of the peaks gets narrower in the successive ordefr the growing
steric bulkiness of the side groups. This e ect is attributed to e weaker or fully
prohibited interaction of the -systems on the substituted ZnPc's. This is best
pronounced for A-ZnPc, which provides similar thin Im and soltion spectra
showing merely isolated chromophores.
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6.3. Polarizability of the ZnPc derivatives

The static molecular polarizability of the molecules under sidy was calculated
by quantum mechanical methods, in particular by time-depereht density func-
tional theory. These calculations were initiated by me and péormed by Dr. Jan
Scheneboom (BASF computational department). After initialgeometry optimiza-
tion, the molecules were oriented such that the phthalocyamé moiety lies within
the xy plane. Due to symmetry, the principal components of the polaability
tensor . and , are equal and distinct from the ,, component. The results
for these components as well as the isotropic polarizabilitye., 1=3 trace( ), are
listened in Tab. 6.3. As expected, the molecular polarizaltiji increases with the
attachment of increasingly large substituents in the order (ne) ! phenyl !
naphthyl ! anthracenyl. In the same series the molecules become more araten
isotropic, as the ratio between 4,y and ., decreases. Comparing the isotropic
polarizabilities, there is a two-fold increase in going from rPc to the largest
derivative, A-ZnPc. An indirect experimental proof for an inceased from ZnPc

' Ph-ZnPc! N-ZnPc! A-ZnPc was adduced from UPS measurementas de-
picted in Fig. 6.5: Similar IP levels of (5.2 0.1) eV for all ZnPc-derivatives suggest
an equal dielectric constant’, of the materials at the surface. For an isotropic
material the relation between and", is expressed by the Clausius-Mossotti equa-
tion

" DM _ N |

(" +2) 3
where M is the molecular mass, the density and N the Avogadro constant.
Since the ratioM= between the molecular mas$1 and the density increase
from ZnPc to A-ZnPc, Eg. (6.2) suggests strongly, that also the patizability
has to increase in the same direction in order to provide equalktectric constants.
A similar balance between the molecular polarizability , molecular masav and
density at the surface of evaporated Ims has been already shown for amber
of polycyclic aromatic hydrocarbons [78].

(6.2)

1The preparation of the samples as well as the analysis and interpretation oftte UPS spectra
were done by myself. The UPS spectra itself were measured by Dr. Sabine Hirth (BSF
analytics department)
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Figure 6.5.: Measured UPS spectra (He I, 21.22 eV) of 30 nm thick
evaporated ZnPc, Ph-ZnPc, N-ZnPc and A-ZnPc layers.



Molecule  yxyy [au] 2z [au] 1=3trace( ) [au] Voc [MV] Density [g/cm 3] Mass [g/imol] Molecules per unit cell

ZnPc 874 151 633 550 10 1.62 577.91 1
Ph-ZnPc 1259 345 954 680 10 1.61 882.3 1
N-ZnPc 1298 693 1096 760 10 1.39 1082.55 8
A-ZnPc 1417 1143 1325 790 10 - 1297.82 -

Table 6.3.: TD-DFT calculated static polarizability (in atomic units [au]). The values for the density, and molecules per

unit cell are based on the respective crystal structures. Since ooystallinity could be observed for A-ZnPc, the
respective data is missing.
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6.4. Discussion of charge separation at the
Ced/ZnPc (derivative) interface

It has been reported, that usually no interface dipoles are psent at organic-
organic interfaces if both materials are undoped [79, 80hdluding CuPc-Gs in-
terface [81].

Therefore, it is assumed that also ZnPc and its derivatives formmterfaces gov-
erned by vacuum level alignment with Go. Thus, the HOMOp and LUMO, o set
is simply given by IP(donor) - EA(acceptor). As discussed, similarA for ZnPc
and the respective derivatives were observed by UPS. This suggestrongly, that
the increase in \4. from 550 mV to 790 mV by using the highly polarizable A-
ZnPc instead of ZnPc, depends mainly on di erent Coulomb bindg energies of

a)
e=-1
e=+1
(@)
@
<« 142A—»|4¢——1686A —%47 16.86 A —%47 16.86A —P
1- anion 2- neutral 3- neutfral 4- kation 5- neutral
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b)
e=-1
) (]
1414A ——Pig4—— 9.95A —P€— 989A— P 4——995A —4
1- anion 2- neutral 3-neutral  4- kation 5- neutral

Figure 6.6.: Molecular arrangements used for the charge separation sim-
ulation at the Cgo/Ph-ZnPc (a) and C go/N-ZnPc (b) interface. Picture (a)
and (b) show the 1-4 chain con guration. The arrangements of he ph-
thalocyanine derivatives were obtained from XRD single crgtal analysis.
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charge carriers at the DA-interface (Eg. (6.1)). To estimatelte energetic in u-
ence of polarization e ects, | have initiated quantum mechanal calculations of
the charge separation mechanism. To built up model systems forishitheoretical
investigation, | have chosen Ph-ZnPc and N-ZnPc due to their cqgrtetely di er-
ent single crystal structures: As depicted in Fig. 6.6, the rst door molecule were
placed in an edge-on geometry relative todg in order to model the maximum po-
larization e ect. The positions of the following donor moleales were taken from
the corresponding measured crystal structurewvigde suprg. Finally two di erent
molecular chains of a total length of ve molecules were fored (see Fig. 6.6).
Based on these model systems, Dr. Christian Lennartz (BASF computanal de-
partment) did the quantum mechanical evaluation of the eld@oostatic interaction
Eg of the charge carrier pair with respect of their distance on thehain.

The electrostatic interactionEg of the charge carrier pair was calculated classi-
cally via Coulombs law where atom centered charges were useivkr from DFT
calculations. Furthermore, the same point charge sets were sug@gently used
to quantum mechanically polarize the electron cloud of theemaining neutral
molecules of the respective chain. The sum of the classical Counlpinteraction
energiesEg and the quantum mechanically calculated polarization engies E g
sum up to the total electrostatic energyEg of the speci ¢ chain con guration. By

Pos. 1-2 Pos. 1-3
Molecule | d [A] Eg [eV] Epo [eV] Es[eV] | d[A] Eg [eV] Epa [eV] Esl[eV]

Ph-ZnPc | 14.20 -1 0 -1 30.78 -0.38 -0.20 -0.58
N-ZnPc | 14.14 -1 0 -1 24.03 -0.57 -0.27 -0.84
Pos. 1-4 Pos. 1-5

Molecule | d [A] Eg [eV] Epo [eV] Es[eV] | d[A] Eg [eV] Epq [eV] Es[eV]

Ph-ZnPc | 47.64 -0.21 -0.18 -0.39| 64.50 -0.12 -0.17 -0.29
N-ZnPc | 33.96 -0.42 -0.31 -0.73] 4391 -0.31 -0.26 -0.57

Table 6.4.: Calculated classical Coulomb interaction enesgEg, polarization en-
ergiesE,, and the total electrostatic energyEs of the specic chain
con guration at a de ned distances d. A graphical distribution of Eg
and E; is depicted in Fig. 6.7.
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repeating these calculations for all hopping steps, the potaat energy surface of
the charge migration process could be analyzed (Fig. 6.7). &walues forEg, Eq
and E¢ with respect to the distance of the charges are depicted in Tab.4.

It can be observed, that the alternating packing motive (edgen, side on, edge
on) of N-ZnPc lead to much stronger polarization e ects at the g/N-ZnPc in-
terface than at the Go/Ph-ZnPc interface. Thus, a suitable preferred orientation
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Figure 6.7..  Distribution of the classical Coulomb interaction energiesEg
in comparison to the total electrostatic energy Eg, including polarization
e ects of the speci c chain con gurations of (a) Ph-ZnPc and (b) N-ZnPc.
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of molecules [82, 83] in close distance to thedZnPc (derivative) interface could
lead to considerably di erent Coulomb interactions of the repective charges. As
depicted in Fig. 6.7, this results into a signi cantly higher @ergetic di erence
of Eg and Eg leading to a more shallow increase ds with increasing distance
to the DA-interface for the N-ZnPc setup than for the Ph-ZnPc systa. Thus,
less energy is required to separate the charges from the DA-irieee due to a
smaller Coulomb interaction within N-ZnPc. According to Eqg. (61) these di erent
Coulomb interactions o er a straightforward explanation fo the experimentally
observed increased open circuit voltage from Ph-ZnPc to N-ZnPc

Although my model systems were restricted to only ve moleculesug to the
high computational e ort, the calculations indicate, that Es will saturate at ma-
terial speci c valuesEg < 0 with increasing distance to the DA-interface. Thus,
Es becomes mainly dependent on the interaction between the pbicharges and
the polarized neutral surrounding molecules rather than onhe direct Coulomb
interaction of the charge carrier carrier pair with increasig distance to the DA-
interface. The experimentally shown increase of and V.. in the order ZnPc!
Ph-ZnPc! N-ZnPc! A-ZnPc (Tab. 6.3) together with the calculations on the
Ph-ZnPc and N-ZnPc model systemsvide suprg indicate, that the di erent ob-
served open circuit voltages within the whole ZnPc-derivate series are based on
di erent Coulomb interactions induced by characteristic pdarization e ects of the
respective molecules at the DA-interface.

6.5. Conclusion

Heterojunction solar cells were produced containing respeatly ZnPc, Ph-ZnPc,
N-ZnPc and A-ZnPc as p-conducting and € as n-conducting organic layers.
By adding de ned bulky groups to the ZnPc core, the polarizalbty  of the
molecules was successively increased. Concurrently an increadg. from 550 mVv
to 790 mV by using the highly polarizable A-ZnPc instead of ZnPc &s observed.
Quantum mechanical calculations, simulating the charge segion mechanism
at the DA-interface of Ph-ZnPc and N-ZnPc showed, that the intgslay between
characteristic packing and polarization e ects could leadd considerably di erent
Coulomb interactions of the electron-hole pair at the DA-inerface. Thus, the dis-
cussed experimental and theoretical observations strongly itypthat the increase
of Vo in the fabricated heterojunction solar cells in the order Zn@! Ph-ZnPc!
N-ZnPc! A-ZnPc is mainly based on di erent Coulomb interactions indued by
characteristic polarization e ects of the respective moledes at the DA-interface.
Hence, in contrast to similar dielectric constants, measured by UPS on the sur-
face of the respective 30 nm thick samplesifle supra, ", is considered to vary for
the di erent materials right at the DA-interface due to a characteristic interface
induced packing. Based on the discussed ndings, a high molecufzolarizability
might be one important property for the design of active mateals for high e -
cient organic solar cells. It is worthwhile to mention, that ptarization e ects as
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described in this chapter are not of importance in inorganic sgconductors due
to their high dielectric constant (see Tab. 2.1).






7. A novel p-dopant with low
di usion tendency and its
application to organic
light-emitting diodes

In this chapter the in uence of the molecular weight and struture on the dif-
fusivity of organic p-dopants will be investigated. Therefa, a novel p-dopant
2,3-di(N-phthalimido)-5,6-dicyano-1,4-benzoquinone (BPD, Fig. 7.3a) was de-
veloped and compared to the state-of-the-art p-dopant A/CNQ (for synthesis
details see App. C). The idea for the chemical structure of the mel p-dopant
was born in the course of the "Organic-Dopants” research projemside BASF:
During this project, | was doing the device tests of the orgaaidopants which
were synthesized by the chemists. With my feedbacks, ideas and posals | was
contributing to the success of this project which nally lead b the synthesis of
BAPD. The synthesis was done by Dr. Jiangiang Qu (BASF research daqb-
ment). | investigated the device properties of the organic depants with help
of -NPD/Alqg 3-based OLED devices instead of solar cells. The reason for this is
based on a technical issue: Most organic dopants are very small dadd therefore
to di use [79, 84, 85]. This di usion makes it di cult to fabric ate interface-only
doped devices [79, 86] because dopants tend to penetrate intber layers of the
device and thereby change their composition and electricatgperties. In con-
trast to phthalocyanines which have usually a crystalline layestructure, -NPD
transport layers which are used in standard OLED devices are amphious. This
amorphous structure can suppress the di usion process partly suthat the elec-
tronic in uence of the p-dopants on the device can be investged.

After a brief general introduction about OLED's, the device pdormance of
BAPD is compared to K TCNQ. Following, the experimental results concerning
the di usion characteristics of the p-dopants will be present and discussed.

LE.g. the increase of the molecular weight and bulkiness of organic dopants in ordéo achieve a
higher thermal stability as well as a reduced di usivity of the dopants within the ev aporated
layers.
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7.1. Working principle of an organic light emitting
diode (OLED)

Tang et al. demonstrated highly e cient organic light-emitting diodes (OLEDS)
rst in 1987 [87]. Nowadays, such applications are already comneeal on small
scales. Organic light-emitting diodes (OLEDs) are expected toecome the next-
generation at-panel displays and solid state lighting device because of their low
power consumption, high brightness, high contrast and low cost3, [88, 89, 90, 91].

Fig. 7.1 shows the cross section of a standard multilayer OLED segtult consists
of two organic layers between two electrodes, the anode andeticathode. The
typical thickness of the organic layers is less than 100 nm. Tlestire structure is
fabricated on a substrate, which may consist of glass or a exibleofymer Im, or
even of a silicon wafer. For an e cient light extraction out ofthe device, at least
one of the two electrodes has to be transparent. Often, the e&ttion is carried
out through the anode which usually consists of indium tin oxid€ITO), which
is electrically conductive and transparent. The operating finciples of an OLED
(see Fig. 7.1) are similar to inorganic LEDs. These are

1. injection of electron and holes into the device,
2. transport of the charge carriers,
3. exciton formation,

4. recombination of the excitons under emission of light.

The respective organic layers within an OLED are characteed by their HOMO
and LUMO energy levels. Thus, the energy gap, the binding energythe excitons
and hence the wavelength of the emitted light are material gendent. Due to the
wide variety of usable organic semiconductors it is possible toquuce OLED's for
nearly the entire visible spectral range. The anode of an OLEDsually consists
of a metal having a high work function , from which holes can be injected in the
HOMO of the organic layer. As depicted in Fig. 7.1, an activatio barrier g
must be overcome. The cathode consists of a metal having a low Wwdunction

c. Thus, electrons can be injected to the LUMO by overcoming thecéivation
barrier .. The two di erent electrodes are connected by the organic yars in
between, leading to an electric built-in eld. This eld prevents the transport of
injected charge carriers, if no external eld is applied. An ercompensation of
the built-in eld by an externally applied voltage lead to a awrrent ow through
the device. This case is shown in Fig. 7.1c. When electrons andlds meet
each other, they could form singlet or triplet excitons. The reombination of
singlet excitons results into uorescence, the recombinationf triplet excitons
into phosphorescence, respectively. Any non-radiative recomhtion reduces the
light output of OLEDs. A typical value for the HOMO-LUMO gap in an OLED is

3 eV. Typical driving voltages of an organic light emitting dode lie in between
3Vand6V.
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The luminous e ciency , of an OLED characterizes the external light output.
It is de ned as the ratio of the emitted light M, (spectral integral) and the injected
electrical power [93]:

LUMO

Figure 7.1.: Operational principle of a two-layer OLED: (a) HOMO-
LUMO energy levels of two organic semiconductors which are @ither con-
nected with each other nor in contacted with the two metal electrodes,
which dier in their work function 5 and (. A typical material for an
electron transport layer (ETL) is Alq 3. For the hole transport layer (HTL)
amorphous -NPD is often used. (b) All layers shown in (a) are connected.
Due to the Fermi level alignment of all materials, an internal electric eld
is present which causes a gradient of the respective HOMO andUMO
levels of the organic semiconductors within the device. (c)The device is
biased in the forward direction. Thus, the energiesk (x) of the HOMO's
and LUMO's are functions of the sum of the built-in eld and an e xternally
applied electric eld. If the external eld is strong enough, charge carries
can be injected which may form Frenkel excitons at the interfice and nally
recombine under light emission.
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Figure 7.2.. Schematic overview describing the in uence of a doped

organic layer on the energetic alignment at the metal-organt interface: To
run an OLED, holes have to be injected from a metal anode in theHOMO
of an organic hole transport layer (HTL). Therefore, the carriers have to
overcome an activation barrier g.,. This happens mainly by tunneling.
To increase probability of the tunneling process, the widthd; of the tunnel
barrier can be reduced by p-doing the hole transport layer [2192]. This
leads to a decrease of the driving voltage of an OLED [27]. (als showing
the undoped case where the intrinsic organic layer lead to afoad tunnel
barrier. The highly p-doped HTL shown in (b) lead to considerably smaller
tunnel barrier due to a stronger band bending of the doped HTL

_ M
Y,
By doping the hole transport layer, the Fermi level'r of the metal anode and
the organic semiconductors can be aligned energetically im@ore favorable way,
leading to a decrease widtldl; of the tunnel barrier [27] (see Fig. 7.2). This results
into a decrease of the driving voltage of an OLED [27] and thde to a higher
luminous e ciency , of the device.

(7.1)

7.2. OLED fabrication

The hole injection layers (HIL) which | have fabricated were mde of RTCNQ
or BADP doped into N,N-diphenyl-N.N'-bis(1-naphthyl)-1,1-biphenyl-4,4-diamine
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( -NPD). They were vacuum co-evaporated on indium tin oxide (ID) substrates
(Fig. 4.2) with a sheet resistance of 30 /cm. On top of the HIL, orgnic layers
were vacuum deposited at a base pressure of@ * mbar. -NPD was deposited as
the hole transport layer (HTL), and aluminum tris(8-hydroxyquinoline) (Alg 3) was
deposited as an electron-transporting emitting layer. Findl, LiF and aluminum
were vacuum-deposited using a metal shadow mask to de ne an ermg area
of 4.0 mn?. The device structure is depicted in Fig. 7.3. After the cathoel
formation, the devices were encapsulated using UV-epoxy resindaa glass lid
with an attached desiccant bag under a dry nitrogen atmosphef& 1.0 ppm H,O
and O,). Luminance and operational lifetime measurements were ce&d out at
room temperature.

a)  Ag,

ll
N
EA:5.0 eV

b)

a-NPD 0.5 nm

60 nm Alg3
Q 20 nm NPD

Dopant: aNPD (1:50)

N 30 nm
ITO

Figure 7.3. (a) Chemical structure of the emitter Alqs, p-dopants
F4TCNQ and BAPD with electron anity EA [94], HTL -NPD with
ionization potential 1P . The quantum mechanical calculations concern-
ing the electron a nity and ionization potentials were done by Dr. Imke
B. Muller (BASF quantum-chemistry department). (b) Schema tic OLED
device setup.

IP: 5.0eV
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7.3. Thermal stability and evaporation temperature
of the investigated organic dopants

Due to the high molecular weight, BAPD evaporates at (150 10) C under a
vacuum of 10 “ mbar. As a comparison, FTCNQ evaporates at (90 10) C at
the same pressure. Since the thermal stability of the dopants important for

the processability, | have sent both dopants to the analytics gartment within

the BASF where a thermogravimetric analysis (TGAs) of both compmds were
made. Here, BAPD shows a higher thermal stability ((1 0:4)% weight loss at
403 C) than F4,TCNQ ((1  0:4)% weight loss at 268C).

7.4. OLED results

In order to investigate the potential of the new dopant, standal OLED devices
[95] with a 2 weight% (wt%) p-doped -NPD hole injection layer (HIL) and an
Algs emitter (Fig. 7.3b) were prepared on the substrates shown in Fi¢.2. The
BAPD-doped device showed a slightly higher turn-on voltage (gi 7.4a), which is
in agreement to the expected less e cient host-to-dopant eléon transfer from
-NPD to BAPD compared to F,TCNQ: The UPS investigation which will be
presented in the following chapter, as well as the energatldadistance of the calcu-
lated electron a nity of BAPD and F 4,TCNQ compared to the ionization potential
of the host material Algs (see Fig. 7.3a) strongly suggests, that ACNQ will be
the more e cient dopant. The current e ciency of the BAPD-dop ed device was
slightly higher than the F,TCNQ-doped device (3.6 cd/A and 2.6 cd/A at 500
cd/m?, respectively), which could be due to a better balance of thenwunt of
holes and electrons recombining at the DA-interface withinhie diode: Ideally
exactly the same amount of electrons and holes should reach tinéerface in or-
der to convert all their potential energy into light. An asymetic charge carrier
transportation leads to the fact, that less energy is converteinto light but into
phonons which can destroy molecules and nally leads to a fasegradation of
the device. The diode lifetimes ({-,) were measured at a constant current den-
sity of 125 mA/cm?. Under these conditions the BAPD device showed a lifetime
of 140 h at an initial luminance ofL,=4800 cd/m? (see Fig. 7.4b). In contrast,
the F4,TCNQ-doped device showed a shorter lifetime of 122 h at an initigumi-
nance ofL,=3350 cd/m2. Calculated with an extrapolation factor [96, 97]n =
1.5, the lifetimes at an initial luminance of 500 cd/m are estimated to be 4200
h for BAPD-doped devices and 2100 h for A/ CNQ-doped devices, respectively.
The extrapolation factor n is basicly the ratio between the OLED lifetime and
the logarithm of the initial luminance of the device. Sincetihas been shown that
this ratio is more less constant [96, 97], one does lifetime nsegements for time
saving reasons at very high initial luminances followed by arxgapolation of the
lifetime for less intense luminaces. The improvement in devidiéetime can be a
result from the reduced di usion of BAPD and/or from the better charge-carrier
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balance.

7.5. Doping and di usion investigation by UPS and
XPS

In order understand the basic behavior of BAPD and FTCNQ in organic elec-
tronic devices, | have initiated ultraviolet photo emission speroscopy (UPS, He
I, 21.22 eV) and X-ray photo emission spectroscopy (XPS, Al K 1486.6 eV)
investigations. The UPS and XPS spectra itself were measured by Dr.al8ne
Hirth (BASF analytics department). However, the preparation ¢ the samples
(explained in the following) as well as the analysis and intpretation of the UPS
and XPS spectra were done by myself.

The doping strength of BAPD and R, TCNQ was investigated on two di erent
samples of type A (Fig. 7.5a and 7.5b): a 10 nm thick-NPD layer, doped with
5 weight% of BAPD or F, TCNQ, respectively. The doped layers were evaporated
ontop of a Ag covered Si wafer. The HOMO level of a 30 nm undopedNPD
layer, also evaporated ontop of a Ag covered Si wafer, acts a® tteference (-1.52
eV below Fermi level"g). The stronger the dopant, the closer the HOMO level of
sample type A will move to"r. The HOMOs of the BAPD- and F,TCNQ-doped

-NPD layers are located at -0.89 eV and -0.57 eV with respect t@. This means
that BAPD acts as a p-dopant, but less strong than ETCNQ. This con rms the
weaker electron-accepting properties of BAPD compared to,FCNQ, predicted
by the lower calculated EA {ide suprg).

Di usion of dopants into the light emitting layer of OLEDs could decrease
their lifetime due to exciton quenching [27]. This quenchon process is caused
by trapping of the electron at the ionized dopant. Thereforel investigated the
di usivity of F 4,TCNQ in comparison to BAPD by XPS and UPS. In the XPS
analysis, the F(1s) core level intensities of a 10 nm thick pure,FCNQ layer,
evaporated on a silicon wafer, were compared to samples in whibis F;,TCNQ
layer was covered by 30 nm of -NPD. The measurements were carried out 24
hours after the evaporation, in order to get a realistic pictte of the di usivity
of the dopant. The amount of uorine present on top of the 10 nmhick pure
F4TCNQ layer was measured to be (216 0:3)%. When the K, TCNQ layer was
covered by 30 nm of -NPD, only (0:2 0:1)% of uorine could be detected.

For BAPD, a comparable XPS investigation was di cult due to its elemental
composition: In contrast to KFTCNQ, BAPD contains no atoms which make
the molecule clearly distinguishable from the -NPD surface&. To overcome this
problem the di usion of dopants was indirectly probed by UPS. Tis investigation
was based on the fact, that UPS probes only the energetic condits right at the

2(4:6  0:1)% of oxygen atoms were found by XPS on all samples, caused by the air expos
during the sample transfer into the measurement set up. Therefore, is was not possiblto
distinguish between oxygen included in the BAPD molecule and oxygen originated frm the
air exposure.
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Figure 7.4.: (a) Luminance vs. bias voltage and (b) lifetimes of 2 wt%
F4TCNQ and BAPD doped -NPD/AIlq 3-based OLED devices. The life-
time measurement data was acquired based on a constant cume density
of 125 mA/cm? for both device types.
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Figure 7.5.: UPS measurements of the HOMO level with respect to the
Fermi level "¢ of (a) 5% homogeneously doped -NPD layers (sample type
A) in comparison to doped layers additionally covered by 30 m of undoped

-NPD (sample type B). The respective cuto s followed the HOMO shifts
accordingly. The Fermi energy" g of the UPS/XPS measurement setup was
calibrated with reference to gold since this metal doesn't &idize (see also
Fig. 4.6). (b) Energy gap between"g and the HOMO of BAPD (F 4 TCNQ)-
doped B-type samples in relation to the doped A-type samples am the
undoped -NPD reference.
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surface [98]. Studies on organic-organic interfaces (inding F;TCNQ doped -
NPD) have shown, that the energy level alignment in these systensdetermined
by dipole formation, and not by molecular level bending [99]Therefore we can
be assured, that the energy levels of our measured surface arerespntative of
those solely determined by doping concentration and not by anpterface e ects
where internal elds are present (i.e., band bending).

| prepared two types of samples: 10 nm thick 5% homogeneously édp -
NPD layers (sample type A,vide suprgd and samples where the doped layers
were additionally covered by 30 nm of undoped-NPD (sample type B, Fig. 7.5).
As a reference an undoped 30 nm thick-NPD layer was chosen. To relate the
characteristic shifts of the energy levels of sample type A and Bee Fig. 7.5) to
the di usivity of the respective dopants, one has to understandtte relation of the
Fermi energy"r to the doping densityN, in the samples: The electron density in
the conduction band of an intrinsic semiconductor is given by

2
n(M)=2 g8 e ("% T) d™ (7.2)

Ecs

where g8 is the normalized density of states in the conduction band and
feo ("% "g; T) is the Fermi-Dirac distribution function. Congruently, the hole den-
sity created by thermal excitations are given by

BB
pT) =2 DYB(IM feo ("8 T)] d (73)
1

At ambient conditions, the valence electrons of an p-doped semnductor are
rather excited into the acceptor state€ o of the p-dopant than into the conduction
band of the semiconductor. Thus, the normalized density of statey® of the
acceptor stateseE, of the p-dopant determines the electron density and Eq. (7.2)
changes to

4
nM=2  g*"("Yeo ("% T) d"°: (7.4)

Ea

It has been reported for FTCNQ doped amorphous hole transport layers [100],
that doping concentrations< 3% lead to deep acceptor statds,. Thus, the occu-
pation probability of the respective states can be described good approximation
by Boltzmann statistics. Therefore, Eq. (7.3) and Eq. (7.4) calbe written as

Z‘ nQ I n
E E
— A (n A n0 A F .
M =2 F(Yer ot - _E
Ea
| {z }

no(T)

(7.5)
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and are considered to be also qualitatively applicable to dedoe organics. Assum-
ing a very narrow density of acceptor stateg”, the integral in Eq. (7.5) is similar
to the doping density Na (no(T)  Na). Since the semiconductors are electri-
cal neutral, the relation n(T) = p(T) is valid. Therefore, using Eq. (7.5) and
Eq. (7.6) the position of the Fermi level"g(T) within the organic semiconductor
can be derived to

" _ Ea+Evws |, ksT  _po(T) .

F(T) = > + > In No
If two samples (A and B) contains the same matrix molecule (in tls case -NPD)
but di erent doping concentrations N& and N 2 of the same dopant, the energetic
di erence of their respective Fermi-level$£(T) and "B(T) can be derived as

(7.7)

CURR U IR (7.8)
Thus, the energetic di erence of the Fermi-levels is only demdent on the respec-
tive doping densities. If BAPD and K, TCNQ would show the same di usivity, the
energy di erence between the HOMO's of the respectively dopeshmple A and
B should be identical according to Eq. (7.8). BAPD sample B showsdi erence
of 0.29 eV compared to BAPD sample A, whereas,;FCNQ sample B shows a
di erence of 0.18 eV compared to FTCNQ sample A (Fig. 7.5). This 0.11 eV
larger shift for BAPD sample B indicates that the surface of the BAP sample B
is less p-doped than the respective,FCNQ sample B. Thus, it can be concluded
that BAPD shows a reduced di usivity through -NPD compared to RTCNQ.

7.6. Conclusion

In  summary, the novel p-dopant 2,3-di(N-phthalimido)-5,6-ttyano-1,4-
benzoquinone (BAPD) was synthesized and compared to the statétbe-art
dopant F,TCNQ. BAPD shows a signi cant higher evaporation temperature ad
thermal stability than F 4, TCNQ. This can be an important advantage in handling
and processing the material in mass-production. Furthermorg, was shown with
precise UPS and XPS measurements, that the di usion capability of 8°D was
e ectively lowered. Although BAPD is a less strong p-dopant tharF,TCNQ, the
lower di usion tendency and higher thermal stability of this rew class of organic
dopants forms an attractive potential for the lifetime impovement of organic
electronic devices. Further improvements on the electrorceepting strength of
this class of dopants are under way.






8. Development of a novel organic
tandem cell architecture

Solar cells based on organic materials have potential advagies compared to
traditional inorganic solar cells, such as lower production sts, their light weight
and the processability on exible substrates [101]. Despite emopus progress
made in research with small-molecule [4, 5], dye-sensitized 21@03, 104] and
polymer solar cells [105, 106], none of these device concesehfully reached
the performance and technical maturity to enter the marketface. A promising
approach for improvement could be the superposition of two e ient organic solar
cells with complementary absorption spectra [6]. This tandemrell architecture has
certain advantages compared to single cells: Due to the compientary absorption
of the subcells, the tandem cell can have a higher optical densibver a wider
spectral range than a single cell. Furthermore, as the two celare connected in
series, the open circuit voltage\{,¢) can be increased, in the best case, to the sum
of both subcells.

So far, organic tandem cells have been realized for dye-semsi devices [107,
108], for small-molecule solar cells [7, 8], for polymer- basdelices [109, 110, 111]
and for combinations of polymer and small-molecule concedtsl2, 113]. Here, a
novel all organic tandem cell concept based on a solid state dyensitized solar
cell (sDSC) combined with a vacuum-deposited bulk heterojution (BHJ) solar
cell will introduced and discussed.

8.1. Device fabrication of the novel tandem solar
cell

The structure of the fabricated tandem cell is schematically slwn in Fig. 8.1b.
On top of uorine-doped tin oxide (FTO) coated glass substrates| deposited a
titanium dioxide blocking layer (b-TiO;) by spray pyrolysis. This was followed
by a nano-porous titanium dioxide (np-TiQG,) Im prepared by spin coating a
colloidal TiO, paste containing nanoparticles of 18 nm diameter. After the np
TiO, layer had been sintered it was sensitized with the indoline dyelD2 [104]
(Fig. 8.1a). The sDSC subcell was completed by spincoating th@lk conductor
matrix via a solution of 2,2 ,7,7 -tetrakis( N,N -di-p-methoxyphenylamine)-9,9 -
spirobi uorene(spiro-MeOTAD) in chlorobenzene. The hole catuctor penetrates
into the pores of the np-TiQ, Im and additionally forms an overstanding layer
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Figure 8.1.: (a) Chemical structure, calculated electron a nity (EA) an d
ionization potential (IP) of the photo active materials used in the single and
tandem devices. (b) Schematic device structure of an optinded tandem
cell. The BHJ subcell is denoted in blue, the sDSC subcell is ehoted in
red.

on top. To add the bulk heterojunction (BHJ) subcell, the devie was transferred
into a high vacuum (2 10 ® mbar) system. First a Ag recombination layer was
evaporated on top of the spiro-MeOTAD hole transport layer 0.6A/s, 2 nm).
This was followed by the layer sequence Bphen (0&'s, 6 nm), Cgo (2 Als, 10
nm - 60 nm) and co-evaporated ZnPc:§ (2 A/s, 10 nm - 60 nm). As indicated,
the respective thicknesses of the organic layers where variedorder to nd the
optimal device setup. The co-evaporation of the zinc phthatyanine (ZnPc) and
Ceo Will from interpenetrating networks as schematically shownni Fig. 1.3. As
discussed in Chapt. 3.2, these so-called bulk heterojunctionsncarovide high
currents which are essential for e cient solar cells. The silveraunter electrode
was evaporated on top of the organic layers (&/s, 100 nm).

8.2. Device results

The open circuit voltage V,., the short circuit current |4, the Il factor FF and

the power conversion e ciency were obtained under simulated 100 mW/crh
AM 1.5 white light illumination with the measurement equipmen described in
chapter 4.2.4. To identify the best cell structure, | varied tle thickness of all
layers in each subcell. For an optimal tandem device setup (Fi§.1b), | obtained
a |l factor, FF= (54 1)%, a short circuit current, Isc = (8:2 0:1)mA/cm?
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Figure 8.2.: | V curves of the indoline dye based sDSC device (dots), the

ZnPc/C g9 based BHJ device (triangles) and the tandem cell (quadrats) For
the BHJ device, | measuredl sc = (14:3  0:2)mA/cm 2, Voe = (550 10) mV
and a FF=(54 1)%. This yields a power conversion e ciency , = (4:2
0:1)%. The sDSC cell hadlsc = (8:8 0:1)mA/cm 2, Voc = (810  10)mV,
FF=(58 1)% and an eciency of ,=(4:1 0:1)%.

and an open circuit voltage Vo = (1360 10)mV, leading to a power conversion
eciency of ,=(6:0 0:1)%. Fig. 8.2 shows thd V curves and device data
of a single ZnPc/G, based BHJ cell, an indoline dye based sDSC cell and the
tandem cell. Comparing the observed/,. of the tandem device with theV,. of
both subcells it becomes evident that they add up to the achiable optimum of
1360 mV. The short-circuit photocurrent of the stacked cells imn ideal tandem
device is limited by the lowest of the two individual cells. Ths, the measured
lsc = (8:2 0:1)mA/cm? of our tandem cell is close to the theoretical limit of
lsc=(8:8 0:1)mA/cm? given by the sDSC subcell.

During the optimization process, | recognized that the devicperformance is
heavily dependent on the thickness of the spiro-MeOTAD overstding layer. If
the overstanding spiro-MeOTAD layer is too thin or absent, the iterface between
the BHJ and sDSC subcells is de ned by the extremely rough np-TiK)Fig. 8.3a).
This could lead to short circuits within the 66 nm thick BHJ subc#. Overstand-
ing layers with a thickness greater than 150 nm cause high seriesistancesRq
between both subcells, resulting in a decrease of the FF ahg in the tandem
device. | found that a 150 nm thick overstanding spiro-MeOTAD Iger guar-
antees the best compromise between a smooth surface (Fig. 8.3mpviding a
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Figure 8.3.: (a) Detailed SEM cross sectional (200 nm scale bar) image
of a tandem device showing a suboptimal BHJ - sDSC interface.Due to
the missing, or rather very thin, spiro-MeOTAD overstanding layer the
interface is de ned by the extremely rough np-TiO,. This leads to a strong
incident angle dependence optical response and short cirita in the BHJ
subcells. (b) SEM cross sectional images of the complete (in scale bar)
and a detailed (500 nm scale bar) part of the tandem device wh optimized
spiro-MeOTAD overstanding layer.

reliable serial connection between the two subcells and an wesirable increase of
the series resistanc®;s of the whole device. Furthermore, the roughness of the
spiro-MeOTAD layer has a direct in uence on the absorption featres of the BHJ
subcell (discussed later).
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8.3. Discussion of the incident-photon-to-current
e ciency and absorption measurements

To compare the spectral response of the single cells with that dfe corresponding
subcells in the tandem device, | measured the incident-photdo-current e ciency
(IPCE) in the spectral range between 400 nm and 800 nm. Becausegeneral the
lowest| ¢ of the two individual subcells limits the current of the compéte device,
| used bias light provided by red or blue? LEDs in order to selectively activate
the desired subcell. The cell which was not addressed by the bakgnd light
could now be characterized by a sweep of monochromatic prolight through the
entire visible spectrum with a resolution of 10 nm. For the charderization of the
single cells | used whité LED light for background illumination.

The complementary absorption of the single cells (Fig. 8.4) re ected in max-
imum IPCE values of 71% at 450 nm for the sDSC cell and two dominapeaks
with values of 80% at 610 nm and 76% at 680 nm for the BHJ cell. Ihé¢ tan-
dem device, the sDSC subcell shows similar IPCE values comparedthe single
device. However, the spectrum of the BHJ subcell di ers from theotresponding
single cell. Between 400 nm and 600 nm, the absorption featue reduced by
the indoline dye in the sDSC subcell (Fig. 8.4b). Most of the indent light is
absorbed by the indolene dye D102 (structure shown in Fig. 8.1ahd therefore it
cannot generate excitons in the BHJ subcell. The loss of the IPCE wavelengths
greater than 600 nm has its origin in the optical interferere pattern within the
device: As the thickness of the BHJ subcell is in the order of the walength of
the incident light, the optical interference pattern becomes important for the cell
performance [114]. The optical standing wave has to have theaximum within
the 40 nm of the co-evaporated ZnPc/g layer to convert the incoming photons
most e ectively into excitons. Thus, two loss mechanisms could begtributed to
the present tandem cell device setup:

1. Due to the huge thickness of the sDSC top cell compared to théiB subcell,
internal re ectances and small, but still present, absorption awavelengths
greater than 600 nm lead to a decrease of the light intensity vin the BHJ
subcell. As a result, the IPCE value decreases.

2. Despite the fact that the surface of the spiro-MeOTAD overstaridg layer
can be controlled by its thickness, it is still much rougher tharthe ITO-
covered glass substrate which leads to an incident-angle dedent optical
response of the BHJ subcell [115, 116]. This reduces the IPCE walu

'Red LED (AlGalnP) with a luminous intensity of 8 cd and a peak emission waveength of 630
nm.

2Blue LED (InGaN) with a luminous intensity of 4.6 cd and a peak emission waelength of 472
nm.

SWhite LED (GaN/InGaN) with a luminous intensity of 18 cd.
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Figure 8.4.: (a) Incident Photon to Current E ciency (IPCE) of the
single and tandem devices. The single cell measurements veedone under
white light background illumination; the tandem device was illuminated
with LED's of 472 nm and 630 nm peak emission wavelength, resgtively.
(b) Normalized absorption spectra of a solid state dye-senszed (sDSC)
solar cell and a vacuum-deposited bulk heterojunction (BHJ)solar cell.
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Further work is aimed at improving the processing condition apiro-MeOTAD
in order to have a better roughness control of the overstandirigyer.

8.4. Conclusion

In conclusion, it was demonstrated that an e cient organic tardem cell can be
prepared from a solid state dye-sensitized solar cell combinedtiwia vacuum-

deposited bulk heterojunction solar cell. The complementargbsorption of the
dyes, as well as an adequate serial connection of both subceksgds to a high
power conversion e ciency of , = (6:0 0:1)% under simulated 100 mW/cn?

AM 1.5 illumination. By introducing the sDSC device concept aa candidate for
a tandem cell, a large variety of dyes can be used which were raminsidered so
far. This opens up many promising opportunities of increasinthe e ciency of

organic tandem solar cells in the future.






9. Summary

The development of e cient organic solar cells could be one @poach to provide
mankind with cheap, sustainable and ecofriendly energy.

The introduction of bulk heterojunction [4, 5] and tandem deice architectures
[6, 7, 8, 9] led recently to devices with power conversion e encies close or even
higher than = 6%, showing the potential of organic photovoltaics. NevertHess,
to compete for the foreseeable future to inorganic solar cekdhnologies, the
power conversion e ciencies of organic solar cells have to rifgerther in the range
of 10 % into 15 %. Since the functioning of organic photovolizs is based on
a complex interplay of the electronic properties of its moteilar components, it
is desirable for an e cient evolution, to identify structural and energetical key
characteristics of the molecular components that can lead te ciency gains.
Furthermore, there are virtually no limits for the synthesis & new photoactive
materials for the use in organic photovoltaics. Therefore, its crucial for the
device fabrication as well as under a chemical point of viewg narrow potentially
promissing classes of molecules and their derivatives under taar physical
criteria.

One aim of this study was to nd and identify so far unknown desigrcriteria
for molecules providing high e ciencies in organic solar cksl. Thus, the question
was raised: What is the physical cause for the di ering perfornmece of various
metal-phthalocyanines (MPc's with M = Zn, Cu, Ni, Fe) in orgaric solar cells.
Therefore, MPc/Cg, based bilayer heterojunction solar cells were fabricated
showing a clear dependence of the optimal layer thickness andemll perfor-
mance on the employed MPc material. Initially, the origin ofthese di erences
were explored through structural analysises by AFM and high resdgion XRPD
measurements on powder and evaporated thin Ims. In the coursef these
measurements it was found, that all MPc's exhibit a similar thn |Im crystal
structure. Furthermore, the relation between the known crystl structure of

-CuPc [17] and the molecular packing of vacuum deposited thinms was
claried which was described incorrectly in previous publiations [64, 65, 66].
The optical properties of the metal phthalocyanines were westigated by solid
state uorescence and absorption measurements. While the MPc molles
under study had similar absorption characteristics, they di erd markedly by
their uorescence spectra. Based on this nding, the lowest exed states of the
MPc series were explored by correlated multi-reference altmcalculations. An
increasing number of excited states was obtained energetlgabelow the initially
excited ligand-based state (Q-band) going from ZnPc (zero) CuPc with
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one! NiPc with two ! FePc with over six excited states. These states are
induced by the interaction of ligand and metal orbitals. An inceasing number
of intermediate states lead to increasing rates for non-radige relaxation of
photoelectrically active excitons. This directly a ects the lifetime and therefore
the diusion lengths L., of these excitons in the present MPc series. Thus,
the e ect o ers a straightforward explanation for the expermentally observed
reduced device performances from ZnPc to FePc.

A high open circuit voltage V,. of a solar cell is a prerequisite for high
e ciencies. Unfortunately, the V,. of small molecule based organic solar cells is
usually considerably lower than the HOMO-LUMO o set of the device which
determines the theoretical maximum of the ¥, in a rst approximation. Thus,
the gquestion was investigated: What causes the di erence betem the possible
open-circuit voltage and the actual measured voltage and havan this di erence
be reduced? To answer this question, heterojunction solar celivere produced
containing ZnPc or one of the novel synthesized Phenyl-ZnPc, Natyl-ZnPc
or Anthracenyl-ZnPc as p-conducting and g as n-conducting organic layers.
By adding the respective aryl substituents to the ZnPc core, th@olarizability

of the molecules was successively increased. Concurrently, aoréase of the
Vo from 550 mV to 790 mV by using the highly polarizable AnthracernyZnPc
instead of ZnPc was achieved. Quantum mechanical calculai® simulating
the charge separation mechanism at the DA-interface of PhenghPc/Cgy and
Naphtyl-ZnPc/C ¢, showed, that the interplay between characteristic packing ah
polarization e ects could lead to considerably dierent Colomb interactions
of the electron-hole pairs at the DA-interface. Thus, the expenental and
theoretical observations strongly imply, that the increase o¥,. in the fabricated
heterojunction solar cells in the order ZnP¢ Phenyl-ZnPc! Naphtyl-ZnPc !
Anthracenyl-ZnPc is mainly based on di erent Coulomb interations induced by
characteristic polarization e ects of the respective moledes at the DA-interface.
Based on these ndings, a high molecular polarizability might & one impor-
tant property for the design of active materials for high e cient organic solar cells.

The control of the conduction type and Fermi-level of semicatuctors is crucial
for the realization of all optoelectronic devices. In inorgac as well as in organic
devices this can be achieved by de ned doping of appropriateeas within the
device. Unfortunately, organic dopants have the disadvantag that they show
a tendency to diuse. This di usion precludes the fabricationof interface-only
doped devices because dopants could penetrate into otherdey of the device
and thereby change their composition and electrical propees. Furthermore, the
evaporation rates of commercially free available organicogants, e.g. ETCNQ,
are dicult to control during the evaporation process. The reaon for this are
the very low evaporation temperatures caused by the small moldar size of the
respective dopants. Thus, it has been investigated, how the moldar structure of
a dopant should be in order to reduce its di usivity and increas¢he evaporation



8.4 Conclusion 113

temperature to allow a more e cient processing of the compoundAs a result, the
novel p-dopant 2,3-di(N-phthalimido)-5,6-dicyano-1,4-enzoquinone (BAPD) was
synthesized and compared to the state-of-the-art dopant,FCNQ. Here, BAPD

showed a signi cant higher evaporation temperature and theral stability than

F4TCNQ. This can be an important advantage in handling and procsing the
material in mass production. Furthermore, it was shown with pecise UPS and
XPS measurements, that the di usion capability of BAPD was e ectvely lowered.
Although BAPD is a less strong p-dopant than ETCNQ, the lower di usion

tendency and higher thermal stability of this new class of orgec dopants forms
an attractive potential for the use in organic electronic daees. Further im-
provements on the electron a nity strength of this class of dopnts are under way.

In addition to basic and applied physical questions, | worked orhe development
of new, e cient solar cell architectures during my PhD thesis. i the course of
this work it could be shown, that an e cient organic tandem cel can be prepared
from a solid state dye-sensitized solar cell combined with a vaauedeposited bulk
heterojunction solar cell. The complementary absorption ofhe dyes, as well as
an adequate serial connection of both subcells, leads to a higbwer conversion
e ciency of ,=(6:0 0:1)% under simulated 100 mW/cni AM 1.5 illumination.
By introducing the sDSC device concept as a candidate for a tdem cell, a large
variety of dyes can be used which were not considered so far. Thgens up many
promising opportunities of increasing the e ciency of orgarg tandem solar cells
in the future.






10. Deutschsprachige
Zusammenfassung

Die Entwicklung von e zienten organischen Solarzellen kanrein Ansatz far
eine billige, nachhaltige und umweltfreundliche Energiersorgung der Menschheit
darstellen.

Mit organische "Bulk-Heterojunction"- [4, 5] und Tandem-Sdrzellen [6, 7, 8, 9]
konnten bereits E zienzen um = 6% erreicht werden, was das Potential der
organischen Photovoltaik belegt. Um auf absehbare Zeit konkemzfahig zu
anorganischen Technologien zu werden, massen die E zienzemrv organischen
Solarzellen in den Bereich von 10% bis 15% gesteigert werdeDa die Funk-
tionsweise von organischen photovoltaischen Bauteilen auf em komplexen
Zusammenspiel der elektronischen Eigenschaften verschiedenstdoleksle
basiert, ist es fur eine e ziente Weiterentwicklung notwendg, strukturelle
sowie energetische Schlasseleigenschaften der molekularenmidonenten zu
identi zieren, die zu einer nachhaltigen E zienzsteigerurgen fuhren kennen.
Weiterhin sind der Synthese von neuen Materialien far die oapische Photo-
voltaik nahezu keine Grenzen gesetzt. Aus diesem Grund ist eshiaur far den
Zellenbau sondern auch aus chemischer Sicht wichtig, potegitivielversprechende
Molekulklassen und deren Derivate unter bestimmten Kriteria einzugrenzen.

So wurde die Frage aufgegri en, was die grundsatzlich physiksche Ursache
fur die unterschiedliche Leistungsfahigkeit von verschiedeen, in der organischen
Photovoltaik weit verbreiteten Metall-Phthalocyanine (MPc's mit M = Zn,
Cu, Ni, Fe) in organischen Solarzellen ist. Dabei wurden zurast MPc/C 4
basierende "Heterojunction"-Solarzellen hergestellt. Dieseeigten eine klare
Abhangigkeit der optimalen Schichtdicken als auch der Zalzienzen von den
verwendeten Metall-Phthalocyaninen. Die Ursache far diese Waerschiede wurde
als erstes durch Strukturanalysen anhand von AFM und hochaugende XRPD
Messungen an Pulver und aufgedampften deannen Schichten ungéecht. Im
Zuge dieser Messungen wurde herausgefunden, dass alle Metath&locyanin
Filme eine gleichartige Struktur haben. Weiterhin wurde de Zusammenhang
zwischen der bekannten Kristallstruktur von -CuPc [17] und der molekularen
Packung in aufgedampften Filmen klargestellt. Dieser Zusammiegang wurde in
vorangegangenen Publikationen falsch beschrieben [64, 65].6 Die optischen
Eigenschaften der verschiedenen Metall-Phthalocyanine vae mit Hilfe von
Festkerper-Fluoreszenz- und Absorptions-Messungen untersuchtDabei wurde
festgestellt, dass im Gegensatz zu den sehr ahnlichen Absorpticigemschaften
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gro e Unterschiede in den Fluoreszenz-Spektren zu beobachtend. Auf Grund
dieser Entdeckung wurden die niedrigsten AnregungszustanderddPc-Serie mit
Hilfe von korrelierten Multi-Referenz ab initio Rechnungemuntersucht. So konnte
eine steigende Anzahl von angeregten Zustanden, ausgehend vAnPc(null)!
CuPc(einem)! NiPc(zwei)! FePc (>sechs) angeregten Zustanden, energetisch
unterhalb der urspranglich angeregten Liganden basierten Zustanden
(Q-band) aufgezeigt werden. Diese Zus@ande werden durch Wselwirkungen
zwischen Liganden- und Metallorbitalen induziert. Eine stgiende Anzahl dieser
Zwischenzustande fuhrt zu einem Anstieg der strahlungslosen Didévierung von
optisch angeregten Exzitonen. Das wiederum beein usst direktie Lebensdauer
und damit die Di usionsiange L, dieser Extionen in der vorliegenden MPc-Serie.
Dieser Sachverhalt bietet eine direkte Erklarung fur die gperimentell beobachtete
sinkende E zienzen von ZnPc basierten Solarzellen zu FePc basien Solarzellen.

Eine hohe Leerlaufspannung,. ist eine Grundvoraussetzung far hohe E zien-
zen einer Solarzelle. Unglacklicherweise ist di#,. von organischen Solarzellen
oft deutlich kleiner als der HOMO-LUMO-O set innerhalb der Zele, welcher in
erster Nahrung das theoretische Maximum der Leerlaufspannurigestimmt.

Es wurde der Fragestellung nachgegangen, welche Ursache dieelenz
zwischen der meglichen Leerlaufspannung und der tatsachfiqgemessener Span-
nung hat und wie diese Dierenz reduziert werden kann. Um dieserdge zu
beantworten, wurden zurmachst "Heterojunction"-Solarze#n hergestellt. Diese
enthielten ZnPc bzw. jeweils das neuentwickelte und synthsterte Phenyl-
ZnPc, Naphtyl-ZnPc oder Anthracenyl-ZnPc als p-Leiter und @ als n-Leiter.
Durch das de nierte Anfagen von immer gm eren Aryl-Substituenten an den
ursprnanglichen ZnPc-Kern wurde die Polarisierbarkeit der entsprechenden
Moleksle sukzessiv erheht. Zug um Zug konnte so durch die Berziing des hoch
polarisierbaren Anthracenyl-ZnPc anstatt des reinen ZnPc dikeerlaufspannung
der entsprechenden Solarzellen von 550 mV auf 790 mV erheh¢rden. Quanten-
mechanische Berechnungen, die die Ladungstrennung an der DAeGz ache von
Phenyl-ZnPc/Cg, und Naphtyl-ZnPc/C gy simulieren, zeigten, dass das Wechsel-
spiel zwischen der molekslcharakteristischen Packung und Ruoisationse ekten
zu deutlich unterschiedlichen Coulombwechselwirkungen detektron-Loch Paare
an der DA-Grenzache fahren kennen. So implizieren die egerimentellen und
theoretischen Beobachtungen, dass der Anstieg der Leerlaufspang V. Iin
den hergestellten "Heterojunction"-Solarzellen in der Re#nfolge der benutzen
p-Leiter von ZnPc ! Phenyl-ZnPc ! Naphtyl-ZnPc ! Anthracenyl-ZnPc
hauptsachlich auf unterschiedliche Coulombwechselwirkueg, ausgelest durch
charakteristische Polarisierungse ekte der entsprechenden Méadle an der DA-
Grenzache zumackzufehren sind. Basierend auf diesen ForbBangsergebnissen
kennte die molekulare Polarisierbarkeit eine bedeutende d3ign-Eigenschaft fur
photoaktive Materialien far hoche ziente organische Solazellen sein.

Die Realisierung von stabilen und reproduzierbaren ptibergangen, welche
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den Grundbaustein far fast alle heutigen elektronischen Gate darstellen, war
und ist von entscheidender Bedeutung. In anorganischen wie &aua organischen
Bauteilen kann dies durch gezieltes Dotieren von entspreciteen Bereichen
bzw. Schichten erreicht werden. Dabei zeigen organische Boten den gro en
Nachteil, dass sie auf Grund ihrer kleinen molekularen Gm e ioht an Ort und
Stelle bleiben, sondern in dem entsprechenden Bauteil di uigten. Weiterhin
sind die Aufdampfraten der kommerziell frei verfagbare orgaschen Dotanten wie
F,TCNQ wahrend des Verdampfungsprozesses schwer zu kontrollierela durch
die geringe Gm e die Verdampfungstemperatur sehr niedrigidgt. So wurde
der Frage nachgegangen, wie die molekulare Struktur eine®tBnten aussehen
muss, um seine Di usiviat zu verringern und die Verdampfungsteperatur zu
erhehen um eine e zientere Verarbeitung zu ermeglichen. Resultierend aus
diesen Uberlegungen wurde der neuartige p-Dotant 2,3-di(N-phthaiido)-5,6-
dicyano-1,4-benzoquinone (BAPD) synthetisiert und mit dem @agigen p-Dotant
F4TCNQ verglichen. Dabei zeigte BAPD eine deutlich erhehte Vefampfungs-
temperatur und thermische Stabilitat als F, TCNQ. Das kann ein wichtiger Vorteil
bei der Verarbeitung und Handhabung dieses Materials in der Maenproduktion
sein. Weiterhin wurde mit prazisen UPS und XPS Messungen gezeigllass
die Di usionseigenschaften von BAPD e ektiv verringert wurden Obwohl sich
herausstellte, dass BAPD ein schwacherer p-Dotant als ;FCNQ ist, stellt
die hehere thermische Stabiliat und die niedrigere Di usvilat ein attraktives
Potential far den Einsatz in der organischen Elektronik dar.Damndber hinaus wird
an einer weiteren Verbesserung der elektronenziehenden Bighaften dieser
Dotantenklasse gearbeitet.

Neben physikalischen Fragestellungen habe ich mich wahrend imer Promo-
tion auch mit der Suche und Entwicklung von neuen, e zientenSolarzellen-
Architekturen beschaftigt. Im Zuge dessen konnte gezeigt weed, dass eine ef-
ziente organische Tandemzelle basierend auf einer Kombinah aus einer Fest-
sto farbsto sensibilisierten Solarzelle (sDSC) und einer vakumverdampften
"Bulk-Heterojunction"-Solarzelle realisiert werden kann.Die komplementare Ab-
sorption der Farbsto e als auch die hinreichend gute serielle evhindung der
beiden Subzellen fehrte zu einer hohen E zienz von , = (6:0 0:1)% unter
simulierter 100 mW/cm? AM 1.5 Beleuchtung. Durch die Einfahrung der sDSC
Solarzelle als ein meglicher Kandiat far Tandemzellen é&mnen nun eine Gro zahl
von Farbsto en benutzt werden, die bisher nicht in Betracht geogen wurden. Dies
em net zahlreiche vielversprechende Meglichkeiten zuteigerung der E zienzen
von zukanftigen organischen Tandem-Solarzellen.






A. Detailed experimental
Information for chapter 5

A.1l. High resolution X-ray powder di raction

A.1.1. Sample preparation and measurement setup

Fe,Ni,Cu and Zn-Phthalocyanine layers of 30 nm and 1m thickness were vacuum
deposited (2 10 ¢ mbar) with a rate of 2 A/s on precleaned ITO covered glass
substrates. High resolution X-ray powder diraction patterns of hin Ims were
recorded at room temperature. A laboratory powder di ractaneter (D-8, Bruker,
Cu-K- ; radiation from primary Ge(111) Johannson monochromator; LiyxEye
position sensitive detector (PSD) with an opening angle of Bin Bragg-Brentano
mode was used. The sample was loaded on a plexiglas sample holtra 2 mm
deep cavity of 32 mm diameter. The samples were aligned such tonimize sample
height errors and rotated during measurement for better paitle statistics. Data
were generally taken in steps of 0.002 from 2.0 2 -62.0 2 ata scanning
speed of 0.9minute.

A.1.2. Sample height correction

To account for the small but (almost) unavoidable sample displaenent error, a
glass substrate with a sole ITO thin Im was aligned carefully in apreviously

calibrated sample holder and used as reference standard. Th&Z2re ection as

the strongest re ections of ITO turned out to be largely insensite to peak shifts
and could thus be used as a suitable reference for correctingeteample height
error. This approach is based on the assumption that the positioaf the (222)

re ection of ITO is constant throughout all samples under invstigation which

seemed to be reasonable [117]. The calculated cubic latticergraeter was xed

to 10.28104A. LeBail ts [61] using exclusively the (222) re ection of ITO for

all samples containing ITO, immediately revealed individuesample displacement
parameters and allowed the angular correction of the re eins of the di erent

phthalocyanine samples.

A.1.3. Determination of domain size

The fundamental parameter (FP) approach [118] was used to deibe the peak
prole of our 1 m and 30 nm thick evaporated MPc Ims using direct convo-
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lutions of wavelength distribution, the geometry of the diractometer and the
microstructural properties like domain size and microstrainDue to the fact that
the geometry of the LynxEye position sensitive detector is notufly characterized
by FP's, ne tuning of the available parameters was performedby using re ned
values of the FP's from a precise measurement of the NIST line ple standard
SRM 660a (LaB) measured in a silicon (911) low background sample holder over
the full 2 range of the di ractometer.

A.2. Estimating the grain size from the AFM images

The morphology of 30 nm thick Ims of di erent metal phthalocyanines vacuum
deposited on ITO coated glass was investigated with an atomicré@ microscopy
(AFM) with Si-tips (resonance frequency 68 kHz, force constant,3 N/m) used
in tapping mode. As shown in Fig. 5.4, the used ITO is very smooth (RS =
0,48 nm) but with height di erences of up to 3 nm not completgt at. This
in uences the further Im growth of the organic materials, resulting in dints in
the Pc Im (Fig. 5.4). All Pc's show a similar topography and ther crystallite sizes
are only slightly di erent. For estimating the grain size from the AFM images a
threshold method was used. First, the images were attened with third grade
polynomial t. Only structures higher than the threshold levd of the geometrical
mean were taken into account and the average diametdrof their 2D projection
was calculated.

A.3. Fluorescence measurement technique

Due to the in general low uorescent quantum yield of the measad phthalocya-

nines the smallest and almost unavoidable amount of uorescentight coming

from impurities became signi cant. To get still a clear and reable measurement
signal the ZnPc and CuPc Ims were exposed with a 532 nm laser whidescribes
a signi cant shift to the maximum absorption regime of the respdave phthalocya-

nines. Using this technique it was possible to avoid overlap congifrom parasitaric

impurities within the phthalocyanine Ims by shifting their uorescence peaks to
shorter wavelength than the uorescence of the MPc's.

A.4. Method for quantum state calculations

The metal basis set was triple- quality with polarization functions (TZVP [119]).
The ligand heavy atoms were treated with a split valence basisid polarization
functions, while hydrogens do not carry polarization functins (SV(P) [119]). This
basis set leads to overall 625 basis functions, and is expectedjiee qualitatively
meaningful results in a correlated ab initio calculation.
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Geometry optimizations were carried out under [}, symmetry constraints at
the B3LYP [120, 121, 122]density functional theory (DFT) levie using TURBO-
MOLE, v5.10 [123]. All molecules were optimized in the respeet ground states
that are indicated in the main text.

The multireference-con guration-interaction (MRCI) calculations were done
with the the spectroscopy oriented Cl (SORCI [67]) proceduresaimplemented
in ORCA [124].

The reference wave functions were built by the complete-ae¢-space (CAS)
technique, involving the relevant frontier orbitals n, containing m electrons -
CAS(n; m) - of the molecule under study. In order to keep the MR-CI calcu
lation tractable and balanced, CAS(; m) was chosen to be for ZnPc: CAS(2,3);
CuPc: CAS(3,4); NiPc: CAS(8,7); FePc: CAS(8,7).

The initial orbitals for the MR-CI calculation were quasi-restricted orbitals from
an unrestricted DFT calculation, obtained at the B3LYP [120, 21, 122] level. This
approach leads in the present case to the expected energetidesrof the relevant
orbitals (the metal d-block and the ligand a, and g orbitals), that were chosen
to belong to the active space. Also Hartree-Fock orbitals were wbkas initial
orbitals, however, this made it necessary to re-order the rekawt orbitals in the
de nition of the active space of the MR-CI procedure (see abojeThe energies
of the resulting MR-CI excited states agrees between both afteatives to within
0.1eV.

In all MRCI calculations, the thresholds Tse;, Tpre and Tna: de ned previously
[67] and introduced to enhance computational e ciency at smlialoss of accuracy
were set to 10° Eh, 10 # Eh and 10 ° Eh, respectively.

A.5. Detailed information of the calculated excited
states

It was demonstrated already in early theoretical work, e.g. mCuPc [125], that
exchange coupling of the metal center with ligand states giseise to spin-allowed
transitions at low energy [68], i.e. a doublet (tripdoublet]126] state in CuPc. Re-
sults from ultrafast spectroscopy indicate that this state is regmnsible for e cient
uorescence quenching [127].

While there are a number of more recent theoretical studies dhe excited states
of MPc's [128, 129, 130, 131, 132, 133, 134, 135, 136, 137igerous theoretical
treatment of the ligand-metal exchange coupled states (LMEGtates) is lacking
to this date. Herein, the low-energy LMEC states were calculatl by an ab initio
multi-reference con guration interaction technique (MRCI) [138], speci cally the
Spectroscopy-Oriented Cl (SORCI) approach by Neese [67]. Thalaulations
explicitly take into account double-excitations and multicon gurational mixing.
In the case of FePc, NiPc, and CuPc, LMEC states are located enetigally
well below the Q-band excitation on the phthalocyanine ligad at around 1.7 eV.
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Because the oscillator strength of a transition from ground statéo the LMEC
state is zero, the corresponding absorption features are notwitus. However, it
is important to note that the LMEC states considered here are dhe same spin as
the respective ground states. Therefore, they may be populated the femto- to
picoseconds timescale by internal conversion from the initiigand excited state.
This process is expected to lead to a fast de-population of thaitial excited
state, and could therefore in uence e ectively the solid stateuorescence of the
corresponding MPCcC's.

A.5.1. FePc

The leading ground state con guration obtained for FePc is ariplet, 3A,4, with

two unpaired electrons occupying the degenerate 4J1€d,,, dy,) set of orbitals
located on the metal. The rst two excited states are d-d transibns and are
low in energy, 0.13 eV and 0.69 eV. The three low-lying metal dl-states may
couple to both the ligand a,! 2g singlet and triplet excitations, giving rise
to a total of nine possible LMEC triplet states. In the energy rang up to 1.7
eV four such con gurations were obtained ; the assignments arevgn in table

5.4. Interestingly, the coupling of the rst excited d-d state ;4! 1g) to the

ligand excitations obviously leads to a larger exchange stéibation, hence, all of
the three possible corresponding triplet LMEC states®f,,) have been obtained
below 1.7 eV. Due to limitations in the current implementatio, higher roots of
the Cl we have not been calculated.

A.5.2. NiPc

NiPc has a closed shell ground statéA.4, because the metal lgare completely
lled. A singlet d-d excited state a;g ! b;q4 is predicted at 2.50 eV, even slightly
below the Q-band transition. The corresponding (spin-forbideh) triplet 3d-d state
is obtained at 0.82 eV. The (spin-forbidden) triplet ligand egited state a, ! 2g,
is calculated at 1.47 eV. Three terms arise from the ligand tript coupling to
the metal triplet 3d-d state: quintet, triplet and singlet. The singlet component
1E,, is calculated at 2.17 eV. Hence, the calculations predict twstates below the
Q-band excitation (at 2.60 eV), which both belong to the singtemanifold: the
d-d state B4, and the LMEC state 'E,.

A.5.3. CuPc

In CuPc, the ground state spin is a doublet, with one unpaired ettron residing
in the Cu b4 orbital. Exchange coupling of the ligand excited statea;, ! 2e4 to
the singly occupied metal orbital gives rise to one quartet antivo doublet states
[68], the tripdoublet and the singdoublet. The latter correspnds to the singlet
excitation in the Pc ligand (the Q-band excitation), and is alculated at 2.70 eV.
The tripdoublet is signi cantly stabilized, to 1.43 eV. Also the quartet state was
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calculated, which was obtained 20 cml higher in energy than the corresponding
doublet. This is somewhat surprising, but may be due to di erenal con guration
mixing of the quartet with other ligand excited con gurations. [68]

A5.4. ZnPc

The 'E, [aiy ! 2ey] excited state is calculated at 2.5 eV (500 nm), which may be
compared to the absorption maximum in gas phase at 1.9 eV [13%cathe DFT
values between 1.4 eV [135] to 2.0 eV [133] The blue-shift ipigally observed with
this methodology [67] and can be attributed to the neglect dhigher excitations
(T, Q, ...), as well as the limited basis set, which is only of vahce double-zeta
guality on the ligand atoms due to the high computational cosaissociated with
the MR-CI method. No excitations are calculated below this sta.






B. Detailed experimental
Information for chapter 6

B.1. Crystal structure determination of N-ZnPc

Green plate shaped crystals were grown by thermal sublimationt 420 C at pres-
sure 10 ° mbar. The crystals were analyzed by synchrotron XRD at the beainke
PX 11l at SLS in Basel. Data collection was performed with MAR28 CCD di rac-
tometer equipped with Barter mirrors monochromated radidon ( = 0:71073A).
The analyzed crystal belongs to tetragonal crystal system withetl dimensions a =
26.034(4), b = 26.034(4) and ¢ = 15.240(3). The space group #¥(1)/a with Z =
8. A total amount of 34877 re ections were collected with 5B5unique re ections
in the range from 2 min = 4.40 to 2 max = 52.92 at 100 K. The structure
was solved by direct method and re ned on Fusing the full matrix least square
method [140] (Fig. B.1a). All the non-hydrogen atoms were r@ed as anisotropic
and the hydrogen were assigned using rigid model and re ned astrepic atoms.
The nal R factor is 0.0951 and weighted R factor 0.2375. Theogdness of the t
for the solution is 1.056. Only very small single crystals were @ined by thermal
evaporation which has likely an in uence on the nal quite hgh R factor: The
thermally evaporated crystals were very small and poorly reaing. Therefore,
the nal R factor remained quite high.

B.2. Crystal structure determination of Ph-ZnPc

Green plate shaped crystals were grown by thermal sublimatiort 890 C at pres-
sure 10 ® mbar. The crystals were analyzed by synchrotron XRD at the beaink
PX Il at SLS in Basel. Data collection was performed with MAR23 CCD di rac-
tometer equipped with Barter mirrors monochromated radiabn ( = 0:73000
A). The analyzed crystal belongs to triclinic crystal system withcell dimensions
a = 3.8200(8), b = 15.330(3), c = 16.950(3), =66:99(3), = 89:45(3) and
=87:16(3) . The space group is P-1 with Z = 1. A total amount of 6616 re ec-
tions were collected with 3412 unique re ection in the ranggom 2 min = 5.02
to 2 max = 59.64 at 100 K. The structure was solved by direct method and
re ned on F? using the full matrix least square method [140] (Fig. B.1b). Allhe
non-hydrogen atoms were re ned as anisotropic and the hydreg were assigned
using rigid model and re ned as isotropic atoms. The nal R factois 0.0448 and
weighted R factor 0.1177. The nal goodness of tis 1.041. Thstructure is still
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Figure B.1.: (a) ORTEP drawing of N-ZnPc (50% thermal probability
ellipsoids) with atomic numbering. (b) ORTEP drawing of Ph-Z nPc with
atomic numbering.

preliminary due to problems in the anisotropic re nement of he non-hydrogen
atoms. We believe that the problem is in the employed absorptiocorrection and
we will work on it before the structure will be send to Cambridgerystallographic
database.

B.3. XRPD analysis

XRPD graphs of the thin Ims (30 nm) of ZnPc and its derivativeswere recorded
with PANalytica's X'Pert Pro MPD di ractometer employing Cu K  radiation
( =1;542 nm) (Fig. B.2). Typical scanning program was from 3to 60 (2)
with a step size 0.017 and counting time 100 s/step. Polycrystalline ZnPc thin
Im shows a strong peak at 6.84 (2) which is assigned to (010) re ection of
-ZnPc. For the Ph-ZnPc thin Im a broad and very weak peak at 6 (2) is
detectable whereas no re ections were observed for N- and A-Znkhin Ims.

B.4. Polarizability calculations

The calculations were performed with théfurbomole program [141, 142], at the
RI-BP86/def-TZVP level of density functional theory [143, 14]. After geome-
try optimization, single point calculations with convergee criteria of 10 8 Eh in
energy and 10’ for the change in electron density were carried out. Static po
larizabilities were obtained from a subsequent time-depenatedensity functional
theory calculation employing the ESCF module offurbomole .
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Figure B.2.: XRD scans of the thin Ims (30 nm) of ZnPc, Ph-, N-
and A-ZnPc on ITO substrate in a logarithmic intensity scale. Peaks at
21.5 and 31.2 (2) represent the (211) and (222) re ections of the ITO,
respectively.

B.5. Charge separation calculations

The energetics were calculated in the following way: For theharged molecules,
the molecular electron density was calculated via density fetional theory (DFT)
for each molecule. Speci cally the BP86 functional [145, 02in combination with
a split valence basis set (SV(P)), including polarization funa@ns on all heavy
atoms [119], was used. Following, the atom centered partiaharges were derived
by tting the electrostatic potential of the density [146]. Electrostatic interactions
between the charged molecules were then calculated clas$ycala Coulombs law,
where atom centered ESP charges were used, also derived fromT&lculations.
The same point charges were subsequently used to quantum meclkaly polarize
the electron density of the remaining neutral molecules of éhrespective chain.
This was achieved by adding the point charges to the one elemh hamiltonian of
the DFT calculation of the molecular aggregate using the sameuel of theory as
above. The sum of the classical coulomb interaction energiesdahe total energies
of the polarized DFT calculation give then the total electrgtatic energy of the
speci ¢ chain con guration. It is important to note, that an additional neutral
ZnPc molecule has to be added at the ZnPc-end of the chain as adr. This
is necessary to avoid energetical artefacts from a positive cga directly exposed
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to vacuum on one side. All calculations were carried out with # Turbomole
program package [142, 141].



C. Synthesis of the novel dopant
BAPD

A mixture of 2,3-dichloro-5,6-dicyano-benzoquinone (38.g, 147.1 mmol) and
potassium phthalimide (54.5 g, 294.2 mmol) in acetonitrile (B ml) was stirred
under re ux for 12 hours. The resulting deep brown suspension wakrated. The
solid was washed three time with warm water and one time with etmol. After
drying at 100 C under vacuum, a yellow solid was obtained (9.3 g, 14%)H-NMR
(D,SOy), =7.6 ppm; Maldi-MS: m/z= 447.9. Before device fabrication BAPD
was puri ed by gradient zone sublimation.






D. IV -characteristics of 64 organic
solar cells on one substrate

See next page.
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Efficiency
Fillfactor [%]

lsc [mA/cm?]
Ve [mV]

Figure D.1.:  Measurement report generated by the automized measure-
ment device described in Sec. 4.2.4 and shown in Fig. 4.5. Theell type
which was measured here is a ZnPc/gy bulk heterojunction solar cell. On
the upper part of the report an overview of the cell yield on the substrate is
given: All cells which had a 30% or lower e ciency in relation to the best
working cell on the substrate are indicated black. All the other cells are
indicated green. In the lower part the average cell charactastics as well as
the best values of each quadrant on the substate are given.
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